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Abstract— Point-to-point routing is central to communication
networks. In this paper, we present a novel addressing and
routing scheme for wireless sensor networks. We base our
approach on the observation that in real applications, sensors
are usually deployed in groups; while it is impractical to predict
the landing location for each individual sensor, the locations of
sensors from the same group tend to follow certain probabilistic
model. By taking advantage of this deployment knowledge, we
design a Monte Carlo sampling algorithm that distributedly
discovers group-level topology of the sensor field, and represents
it as a compact atlas. Meanwhile we assign each node an address
comprised of its group ID and local coordinates within the group.
Efficient point-to-point routing is achieved as two sub-procedures,
proactive path planning on the high-level atlas and reactive
actual routing using local coordinates information. In addition,
our approach takes account of node density information, and
prolongs the network lifetime by conserving the energy of sensors
in sparse areas, which is especially important for non-evenly
dense sensor networks. Experimental results show that our
approach enables efficient and density-aware routing even in
environment with complex topology structures.

I. I NTRODUCTION
Early sensor networks were modeled mainly as data acquisition systems, where the collected information was aggregated
and routed to powerful base stations. However with increasing
computing and communication capability of sensor node, the
sensor networks nowadays are more like peer-to-peer systems,
where individual node can perform complex data processing and storage. This trend necessitates efficient and robust
point-to-point routing techniques to support a wide scope of
applications, including data centric storage/retrieval [6], [16],
integration with database [8], [13], etc.
Unlike networks with powerful nodes and stable connectivity, e.g., Internet, ad hoc sensor networks feature unstable
communication, energy-constrained nodes and frequent topology changes. Hence it is reasonable to adopt reactive routing
protocols that find a route on-demand: given the address
of destination node, starting from any node, one selects a
successor from the neighbors of current node. By repeatedly
jumping from current node to successor, the destination is
finally reached.
Assuming that the geographical locations of sensor nodes
are known, a number of location-based routing approaches
have been proposed [9], [10], [12]. In these schemes, the
address of a sensor node can simply be its geographical

location. At each step, the packet is forwarded to the neighbor
closest to the destination. Geographical routing approaches
are efficient in the sense that the found path is close to the
optimal minimum-hop path, and the forwarding decision is
made locally requiring only the location information of neighbors and destination. The main problem however lies in the
requirement of exact location information, which is difficult
or expensive to obtain: The equipment of each sensor node
with GPS is impractical in large-scale applications; though
various localization methods are proposed [2], [4], [15], they
are expensive in terms of computation and communication,
and moreover prone to error.
In response, a set of location-free routing schemes are proposed recently [3], [4], [5], [7], [17]. The basic idea is to assign
each sensor node virtual coordinates based on its connectivity
distance (minimum hop counts) to a set of beacons/landmarks.
Within the virtual coordinate system, geographical routing
techniques can then be applied. These methods however have
their drawbacks: The virtual coordinate system may not reflect
the actual geometric features, such as holes and obstacles,
thus routing tends to fail in the presence of these features;
the deployment of beacons/landmarks has significant influence
on the effectiveness of routing, which however can hardly be
studied a priori without knowledge regarding the layout of
sensor nodes.
To our best knowledge, most previous routing approaches
are proximity-based, i.e., packets are routed in a greedy
minimum-hop manner in order to conserve energy. In simulation environment of uniformly dense deployment, the communication load is evenly distributed. In many real applications
however, the sensors are deployed in groups, resulting in
highly varying node density in the sensor field. In such
scenarios, one is interested in conserving the energy of nodes
in sparse areas, in order to guarantee the coverage of the whole
network. The proximity-based approaches perform poorly for
this purpose, since they make no distinction between redundant
nodes and indispensable ones. This situation is illustrated in
Fig. 1, where two groups of sensors are deployed. Given
the source and destination nodes, the greedy proximity-based
routing strategy finds a minimum hop path, which however
crosses straight the sparse areas. By taking account of the
node density information, one can find a better path, which is
trivially longer than the greedy one, but employs much less
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nodes in the same group form a connected graph; the groups
are of roughly same size; on deployment, each group has a
unique group identifier (temporary group ID), which is known
to all its members. Note that this identifier is temporary, and
sensor node can change its group ID after deployment.
B. GROUP-BASED ADDRESSING AND ROUTING

s

Fig. 1. Trade-off between routing efficiency and network lifetime in a nonevenly dense sensor network. The dashed line represents the path found by
a greedy proximity-based routing approach; The solid line a path found by a
density-aware routing strategy.

nodes in the sparse areas.
In this paper, we present a novel addressing and routing
scheme for such non-evenly dense sensor networks aiming at
overcoming the problems listed above. Specifically, we intend
our approach to have the following properties:
• It is merely based on connectivity, and assumes no information regarding geographical locations of sensors;
• It requires no deployment of beacons/landmarks to provide
topological guidance;
• It enables efficient and delivery-guaranteed routing even in
environment with complex topology structures;
• It combines proximity and density information in routing,
and achieves optimal trade-off between routing efficiency
and energy conservation for sensors in sparse areas.
The remainder of the paper will be organized as follows:
Section II gives an overview of our group-based routing
scheme; Section III and IV describes in detail our addressing
and routing approaches respectively; We present the experimental analysis in Section V; This paper is concluded in
Section VI.
II. OVERVIEW
A. PRELIMINARIES
A sensor network is modeled as a communication graph G
= (V, E) over a set of sensors V . The edge set E describes
the connectivity of V : two nodes share an edge if they can
directly communicate with each other.
In real scenarios, sensors are usually deployed in groups,
e.g., via airborne vehicle [4]. The sensors in a group are
deployed from the same deployment point. While it is impractical to predict the landing location for each individual
sensor, the locations of sensors from the same group tend
to follow certain probability model. The actual distribution is
application dependent. In this paper, we assume that it follows
a two-dimensional Gaussian model [1]:
1 − 12 [(x−µx )2 +(y−µy )2 ]
e 2σ
(1)
2πσ 2
where (µx , µy ) is the mean (center) of the distribution, and σ
is the deviation.
We assume that all groups have the following properties:
Each node belongs to a group, which is called its home group;
f (x, y) =

Based on the deployment knowledge, we propose a groupbased addressing and routing scheme for non-evenly dense
networks. The basic observations are as follows: while individual nodes may join or leave the network frequently, resulting
in highly unstable connectivity, the group-level topology is
much more static [5]. Thus it is possible to pro-actively precompute a group-level atlas to facilitate routing; every single
group has simple topology structure, thus it is feasible to apply
proximity-based approach to actual routing within a group
using local coordinate information.
Based on these observations, our scheme realizes pointto-point routing in the following way: In the pre-processing
phase, the connectivity of groups is discovered and encoded
in a highly compact atlas accessible to all the sensor nodes.
With the help of this atlas, the actual routing is implemented
as a sequence of local reactive forwarding, which is trivial if
the local coordinate information is available.
To implement this scheme, we propose the concept of group
adjacent graph (GAG) to represent the high-level topology.
Formally, for a communication graph G = (V, E) of a
sensor network, its GAG is a graph Gg = (Vg , Eg ), where Vg
represents the set of groups, and the edge set Eg describes the
connectivity of Vg . Two groups g1 and g2 share an edge g1 g2 ,
if there exists at least two sensor nodes n1 ∈ g1 , n2 ∈ g2 , and
an edge n1 n2 ∈ E. Note that the edges of Gg are weighted by
the connectivity graph distance (in what follows we will use
“distance” and “connectivity distance” exchangeably, if not
stated otherwise.) between the centers of the corresponding
two groups. Compared with G, Gg provides a more stable,
and high-level description of the underlying topology features,
such as connectivity, holes and obstacles. An example of GAG
is shown in Fig. 2(a) where 20 groups of sensors are deployed
in a field with a hole in the middle.
While GAG provides sufficient information for global planning of routing path, one still needs an effective addressing/naming scheme that encodes local coordinates information.
In our framework each sensor node is assigned a two-layer
address, which consists of its group ID and local coordinates,
derived from its distance to the centers of its own and neighboring groups. The group ID enables to pinpoint the node’s
home group on the GAG, and the local coordinates make it
possible to reach the node within its group by proximitybased approaches. Note that our approach can be extended
to hierarchical addressing scheme [14] to support huge scale
network, by organizing adjacent groups into super-groups, and
addressing sensor nodes by {super-group ID:group ID:local
coordinates}.
With these constructs, distributed routing can be accomplished as two operations, global path planning and local
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Fig. 2. (a) Example of group adjacent graph (GAG). In a field with a hole in the center, 20 groups, each of 80 sensors are deployed. The group centers
form a weighted adjacent graph based on the connectivity of groups. (b) Demonstration of Monte Carlo center election algorithm. A set of sample nodes
(dark dashed nodes) are randomly selected. The one with the largest number of samples within its neighborhood (dashed circle) is elected as the center.

actual routing. Each sensor node can pre-compute a grouplevel routing table based on GAG, which tells the next group
(one of its neighbor groups) on the optimal paths to other
groups. When given a routing request, a node first looks up
the table to find the next group on the path to the destination,
and then chooses a successor from its neighbor nodes towards
the center of the next group or the destination node, depending
on whether the final group is reached.
This separation of proactive high-level path planning and
reactive local routing is not new in the sensor network research. Fang et al [5] proposed a landmark-based naming and
routing approach, which also realized point-to-point routing
as two steps, path planning and local routing. Our work
differs significantly from theirs in that we do not employ any
beacon/landmark to provide high-level topological guidance.
Moreover, we take into consideration the node density in
routing, which is of special importance for non-evenly dense
sensor networks.
III. GROUP-BASED ADDRESSING
A. GLOBAL TOPOLOGY DISCOVERY
Following we present in detail our approach of discovering
global topology, which constructs GAG distributedly with light
communication overheads. We also theoretically prove the
accuracy of this approach.
1) Monte Carlo Center Election: In ad hoc environment,
the key of constructing GAG is to identify the nodes located
at the centers of the groups, which can then communicate with
each other to determine the relative distances between adjacent
groups. Based on the deployment knowledge, we propose a
Monte Carlo sampling algorithm, which can find centers with
high accuracy and low communication cost.
In order to lessen communication overhead, only a randomly
selected subset of nodes from the group participate in the
center election. As can be noticed in the two-dimensional
Gaussian model, the node density grows exponentially as the
distance to the center decreases, hence the sample nodes fall in
the area nearer to the center with higher probability. For each
sample node p, by measuring the number of samples falling in
its neighborhood (e.g., within radius 5 hops) and their distance

to p, we can estimate the node density at p. The sample node
with highest density will be elected as the center.
The basic protocol runs as follows: Each node activates
itself with certain probability, i.e., sampling rate. For example,
a sampling rate of 5% means that 5% nodes of each group
involve in the center election. Assume that a sample node p,
receives k messages from other samples within its neighborhood, with relative distance hi (1 ≤
ik ≤ k) 2respectively, its
density estimation d(p) is: d(p) = i=1 e−hi . This form of
estimation heuristically follows a Gaussian model.
The sample nodes then broadcast their density estimation
within the group. The node with highest node density, i.e., the
one receiving no higher density information from other sample
nodes, automatically becomes the center. This procedure is
illustrated in Fig. 2(b). Center nodes then broadcast their group
IDs within adjacent groups, and estimate the relative distance
to neighboring centers. By exchanging information between
adjacent groups, these “mosaics” can be further composed into
a global atlas. Meanwhile every node records its distance to
the centers of its home and neighbor groups.
2) Proof of Accuracy: Following we prove that this Monte
Carlo sampling algorithm can identify the center or nearcenter node with high probability (detailed proofs are referred
to [18]). For the ease of demonstration, we assume (µx , µy ) =
(0, 0), and rewrite the two-dimensional Gaussian distribution
in polar coordinate system:
f (r, θ) =

1 − r22
e 2σ
2πσ 2

(2)

Note that the accuracy is a relative measurement, depending
 2π  3σ on the parameter σ. It is trivial to prove that
f (r, θ)drdθ > 0.988, which means more than 98.8%
0
0
nodes concentrate in the circle of r ≤ 3σ. Thus we evaluate
the accuracy of our approach relative to 3σ.
Lemma 1: Given a radius 3σ, the expected number of
samples needed to guarantee that at least one node appears
2
in the circle r = 3σ is 1/(1 − e−9 /2 ).
This gives a lower bound of the number of samples needed
to guarantee that a sample falls near the center. In real
scenarios, this number is usually trivial, compared with the

total number of sensors. For example, given  = 0.1, we have
N ≥ 23. The actual number of samples needed depends on
the accuracy requirement of the application.
Lemma 2: Given a neighborhood radius z, and the number
N of sample nodes, for a node with distance l to the center,
the expected number F (l, z) of sample nodes within its
neighborhood decreases super-linearly as l increases.
Since the expected number of sample nodes appearing in the
neighborhood of a node is N F (l, z), one can conclude that
with high probability, the nodes close to center have more
sample nodes within their neighborhood than those far from
center.
B. LOCAL COORDINATES ASSIGNMENT
While the global adjacent graph (GAG) provides highlevel topological guidance, within each group local coordinate
information is needed in order to construct the routing path
distributedly and reactively. In our framework, the local coordinates of a sensor node are defined as a distance vector, with
entries as its distance to the centers of its home and neighbor
groups.
Formally, a node p with g1 , g2 , . . . , gk as its own and
neighbor groups respectively, has the distance vector V (p) =
[p1 , p2 , . . . , pk ] denoting its distance to the centers of these
groups. This basic representation in able to support various
proximity metrics, such as l1 -norm, l2 -norm and centered
virtual distance [5].
The name/address of a sensor node comprises of its group
ID and local coordinates. After estimating its distance to the
centers of adjacent groups, each sensor node re-assigns its
group ID as the identifier of the group to which it has the
minimum distance. The address of node p is of the form
{group ID : V (p)}. Because the addresses are defined on
minimum hop counts, it is possible that more than one nodes
may share the same name/address, though the case is rare
in practice since most sensor nodes have multiple neighbor
groups for reference. Also note that with multiple references,
the nodes sharing the same address are highly likely to be
close to each other, in which case one can solve the ambiguity
trivially by a small-scale flooding.
In addition, for each sensor node one also estimates the node
density at its location. A naive way is to count the number
of nodes within its transmission range, which however is
dependent on the coverage of each node. Instead we define the
node density based on the deployment model. For a sensor p
with distance vector V
(p) = [p1 , p2 , . . . , pk ], its node density
2
k
is defined as D(p) = i=1 e−pi , which intuitively represents
the influence of the densities of home and neighbor groups at
that location.
IV. GROUP-BASED ROUTING
Within our framework, distributed routing is implemented
as two operations, proactive path planning and reactive local
routing. In the following discussion, let s and t denote the
source and destination nodes respectively. Without loss of
generality, we assume that s and t belong to different groups.

A. PROACTIVE PATH PLANNING
Based on the group adjacent graph (GAG) constructed in
the pre-processing phase, each sensor node can pre-compute
a group-level routing table, which tells the next group (one of
its neighbor groups) on the optimal path to other groups. For
example, in Fig. 2(a) the routing table of group g1 is listed in
Fig. 3.
Destination
Gateway
Fig. 3.

g1
g1

g2
g2

g3
g3

g4
g3

g5
g2

...
...

An example of group-level routing table

The global path planning amounts to finding the shortest
path on the GAG, which is trivial with the help of this routing
table: by a look-up operation in the table, the sensor nodes can
construct a group-level shortest path to the group containing
the destination node.
B. REACTIVE LOCAL ROUTING
Assume the shortest path from s to t consists of a sequence
of groups, g1 , . . . , gk , where g1 and gk are s’ and t’s home
groups respectively, then the actual distributed routing consists
of a series of inter-group routing from gi to gi+1 (1 ≤ i ≤
k − 1), and one intra-group routing in gk to reach t.
1) Inter-Group Routing: In the inter-group routing from gi
to gi+1 , one follows a path consisting of nodes with decreasing
distance to the center of gi+1 , until hitting the border of gi
and gi+1 . One then enters the phase of routing from gi+1 to
gi+2 .
Formally, assume that the jth entry Vj of the distance vector
V corresponds to gi+1 , the routing follows a sequence of
nodes with decreasing Vj values. Note that since the distance
vectors are defined on hop counts, it is highly possible that
more than one nodes share the same Vj value. In selecting the
successor to which the packet should be forwarded, one also
takes account of the node density information. Specifically,
among the neighbors with Vj less than that of current node,
one selects the candidate with the highest node density. This
additional criteria embeds our preference for the path passing
dense areas, in order to conserve the energy of nodes in sparse
areas.
2) Intra-Group Routing: After the home group of destination node t is reached, one applies intra-group routing to
relaying the packet to t. The general idea is to forward the
packet to a neighbor closer to the destination t than current
node. Given two nodes p and q with distance vectors V (p) =
[p1 , p2 , . . . , pk ] and V (q) = [q1 , q2 , . . . , qk ] respectively, a
number of distance metrics δ(p, q) can be used
k to measure
the closeness, including l1 -norm, δ(p, q) =
i=1 |qi − pi |,
k
l2 -norm, δ(p, q) = i=1 |qi2 − p2i |2 , centered virtual distance
k
k
k
δ(p, q) = i=1 |(qi2 − k1 j=1 qj2 ) − (p2i − k1 j=1 p2j )|2 [5]
etc. We will not discuss the selection of distance metric, which
is not the focus of our work. In selecting the successor, a
greedy proximity-based criteria is to choose the neighbor p
with the minimum δ(p, t) value in order to minimize the hop
count, which however may result in a path crossing sparse
area. Thus again it is desirable to sacrifice some efficiency for
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Fig. 4. Trade-off between path length and path density in intra-group routing.
The square nodes present the path found by a pure proximity-based strategy,
and the triangular nodes the path travelled by a density-aware routing strategy.

lessening the communication overheads on those indispensable
nodes.
Compared with inter-group routing, where one proceeds
towards the next group with constant speed (one hop per
step), intra-group routing involves more tricky trade-off. The
convergence speed may not be constant, hence one has to
specify the expected progress δ0 every step should achieve.
Specifically, let pi be the current node, δ(pi , t) − δ(pi+1 , t)
indicates the progress made by selecting the neighbor pi+1 .
Let δmax denote the possible maximum progress, and the
expected progress is defined relative to δmax , i.e., δ0 = αδmax ,
α ∈ (0, 1]. One obeys the following rules in selecting the
successor pi+1 : (1) pi+1 is closer enough to the destination t
than pi , i.e., δ(pi , t) − δ(pi+1 , t) ≥ δ0 , If no such neighbor
exists, one chooses the neighbor pi+1 with minimum δ(pi+1 , t)
value; (2) Among all the neighbors satisfying criteria (1), the
node pi+1 with the highest node density D(pi+1 ) is selected.
Note that regardless of the distance metrics used, there
can exist local minimum that may trap the routing process.
In this case, a small scope of flooding (e.g., the package
is broadcasted within 5 hops until a successor is found) is
sufficient to find node closer to the destination than the current
local minimum.

C. SETTING OF PARAMETER α
As discussed above, the parameter α adjusts the expected
progress each step should achieve. In intra-group routing, it
controls the trade-off between routing efficiency and energy
conservation in sparse areas. Though specific αs should be set
empirically for different groups, we can gain some theoretical
insight about its influence on our routing approach.
To simply the analysis, we assume that the possible maximum progress δmax is constant for every step. Starting from
a node p, the pure proximity-based approach will follow a
straight line towards t, with step-length of δmax . Now instead
of making the maximum progress each step, one expects to
achieve δ0 (δ0 = αδmax ) only, and among the candidates, the
one with the highest node density is chosen. This strategy is
illustrated in Fig. 4. Let c, t, pi and pi+1 be the coordinates of
the center of the group, the destination, the current node and
the successor respectively, and ri , ri+1 denote the distance of
pi , pi+1 to t respectively, i.e., ri = δ(pi , t), ri+1 = δ(pi+1 , t).
The selection of successor pi+1 is equivalent to the following

We evaluate the impact of α on the performance of our
approach using two metrics, path length and path density.
The former is the hop count of the path, indicating routing
efficiency, while the latter is the average node density of nodes
on the path, indicating how well the routing approach bypasses
sparse areas. An numerical simulation (details are referred
to [18]) shows that α in the range of (0.3, 0.4) provides a
good trade-off between path length and path density.
V. EXPERIMENTAL ANALYSIS
In this section, we present the experimental analysis of our
addressing and routing scheme with two aims:
• To evaluate the correctness of our approach. Specifically, we
measured the accuracy of the Monte Carlo center election
algorithm, and the success rate of routing with different
settings, e.g., sampling rate, transmission range, etc.
• To study the trade-off between routing efficiency and conservation of sensor energy in sparse areas. Specifically, we
measured path length and average node density for both
density-aware routing strategy and greedy proximity-based
one.
The simulated network consists of 20 groups, each of
80 sensor nodes, i.e., 1600 nodes in total, distributed in a
square of length 500 units, with a circle hole of radius 100
in the center, as shown in Fig. 2(a). All the groups follow
two-dimensional Gaussian distribution with σ = 100. The
centers of groups are distributed on a perturbed grid. The
communication graph used here is the unit disk graph over the
nodes. Two nodes can communicate with each other directly if
their distance is less than the transmission range. If not stated
otherwise, the default setting will be: transmission range 20
units, sampling rate 5% and α = 0.35. All the experiments
are implemented in C++.
A. Accuracy of center election algorithm
We evaluated the accuracy of our Monte Carlo center election algorithm by measuring the average Euclidean distance
between the centers of underlying distributions (true values)
and the locations of elected center nodes for the 20 groups.
Note that the lower bound of the error may not be zero,
because of the discrepancy between probabilistic distribution
and actual deployment. We ran the experiments with different
settings of sampling rate and transmission range. The result is
plotted in Fig. 5(a). One can notice that with sampling rate of
15% or higher, the error approaches the possible lower bound,
no matter what transmission range is.
B. Success rate of routing without flooding
Our routing algorithm can always make progress across
intermediate groups towards the destination, however it may
get stuck in the final group due to local minimum, in which
case, small scale flooding is necessary. The node density plays
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Fig. 5. (a) Accuracy of the Monte Carlo center election algorithm versus the sampling rate. (b) Success rate of routing without flooding versus transmission
range. (c) Ratio of the results (path-length, path-density) produced by density-aware routing and greedy proximity-based strategies, versus transmission range.

an important role in determining the rate of successful routing.
Though our algorithm is designed with intension for densely
distributed sensor network, it is very tolerant to sparse and
non-evenly dense deployment. We ran the experiments with
varying transmission range, which is in effect equivalent to
changing the node density. For each setting, we measured the
average percentage of successful routing out of 30 random
tests. The result is shown in Fig. 5(b). It is clear that with
transmission range above 20 units, our routing approach can
achieve success rate near 100% regardless of the distance
metric used.
C. Trade-off between efficiency and network lifetime
Density-aware routing scheme is designed to achieve good
trade-off between routing efficiency and prolonged network
lifetime. We compared the performance of our approach with
that of a pure proximity-based implementation, by measuring
the path length and path density, as discussed in the previous
section. The ratio of the results produced by two approaches
is plotted in Fig. 5(c). It is clear that with trivial extra cost
on path length, our approach achieves considerable gain on
path density. Also note that this trend becomes even more
significant as transmission range increases, which implicates
the fact that the selection of successor plays an important role
in densely deployed sensor network.
VI. CONCLUSION
In this paper we present a novel addressing and routing
scheme for wireless sensor networks. By taking advantage of
deployment knowledge, we design a protocol that distributedly
discovers the high-level topology of the field. Efficient routing
is achieved as two sub-procedures, proactive path planning
and reactive local routing. Moreover, our approach also takes
consideration of node density information, and achieves a good
balance between routing efficiency and energy conservation for
indispensable nodes, which is especially important for nonevenly dense sensor networks.
This paper is only preliminary work on group-based routing,
and there is plenty space for exploration. For example, the
selection of local coordinate system is an important research
problem, combining our location-free routing technique with

location-based approaches to achieve better performance deserves to be explored, and adapting our routing approach to
sensor networks with mobility is also worth further investigation.
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