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Abstract—A cardinal prerequisite for the system design of
a sensor network, is to understand the geometric environment
where sensor nodes are deployed. The global topology of a large-
scale sensor network is often complex and irregular, possibly
containing obstacles/holes. A convex network partition, so-called
segmentation, is to divide a network into convex regions, such
that traditional algorithms designed for a simple geometric region
can be applied. Existing segmentation algorithms highly depend
on concave node detection on the boundary or sink extraction on
the medial axis, thus leading to quite sensitive performance to the
boundary noise. More severely, since they exploit the network’s
2D geometric properties, either explicitly or implicitly, so far
there has been no general 3D segmentation solution.

In this paper, we bring a new view to segmentation from
a Morse function perspective, bridging the convex regions and
the Reeb graph of a network. Accordingly, we propose a
novel distributed and scalable algorithm, named CONSEL, for
CONnectivity-based SEgmentation in Large-scale 2D/3D sensor
networks. Specifically, several boundary nodes first perform
flooding to construct the Reeb graph. The ordinary nodes then
compute mutex pairs locally, thereby generating the coarse
segmentation. Next the neighbor regions which are not mutex
pair are merged together. Finally, by ignoring mutex pairs
which leads to small concavity, we provide the constraints for
approximately convex decomposition. CONSEL is more desirable
compared with previous studies: (1) it works for both 2D and
3D sensor networks; (2) it only relies on network connectivity
information; (3) it guarantees a bound for the regions’ deviation
from convexity. Extensive simulations show that CONSEL works
well in the presence of holes and shape variation, always yielding
appropriate segmentation results.

I. INTRODUCTION

Recent years wireless sensor networks have been witnessed
a wide usage for many critical applications, such as habitat
monitoring and battlefield surveillance. A cardinal prerequisite
for efficient design of a sensor network is to understand the
geometry of the environment where sensor nodes are deployed.
The global topology of a large-scale sensor network is often
complex and irregular, possibly containing obstacles/holes. As
such, a sensor field is rarely in a simple shape such as a
square or a disk, as assumed in many research studies (e.g.,
[4], [18]). For example, geographic routing [10] is a typical
routing scheme for wireless sensor networks, where a node
makes routing decisions greedily, often based on a small set
of local coordinates. Specifically, a node routes a message to
its neighbor closest to the destination. Despite its success on

a regular sensor field, this protocol performs poorly in irreg-
ular and concave areas [11], [12], [19], [22]. Also, irregular
network shapes may lead to inaccurate localization results,
as many existing localization algorithms assume straight-line
shortest paths between nodes. This does not hold when the
network topology is highly irregular, resulting in an over-
estimated shortest path length [13], [20] and thus inaccurate
localization results.

Numerous methods [11]–[13] have been proposed to im-
prove the traditional algorithms’ performance by adapting
them to irregular sensor field. On the downside, these ef-
forts are mostly application-specific, thereby increasing the
complexity significantly. Alternatively, to tame the challenges
brought by irregular shape, there has been an increasing
interest on a convex network partition, so-called segmenta-
tion/convex partition [19], [22] (in this paper, we consider
shape segmentation instead of data segmentation [17] or signal
field segmentation [23]), which is to divide a network into
convex regions/subregions/subnetworks, such that traditional
algorithms designed for a simple geometric region can be
applied. By doing so, without heavily modifying particular
algorithms, traditional algorithms are able to perform well in
each convex region, no need to consider a deviation of many
geometric elements such as hop distance along a straight-line
shortest path.

A. Related Work

A pioneer piece of work on sensor network segmentation
is [22]. It first extracts the media axis and constructs the
distance field of a network. Next, based on flow complex [2],
a node on a flow is assigned a flow direction and identifies
itself a sink if there is no flow direction. According to the
flow direction to the sink, the ordinary nodes are grouped to
individual regions. Inspired by polygonal partition, the solution
in [19] partitions the network via concave node identification
on the boundary. The main idea of their algorithm is to
perform bisector-induced convex partitioning. These segmen-
tation algorithms, unfortunately, depend on the existence of
nodes on distinguished concave boundaries, and thus they may
fail for the networks where no such nodes (or sinks on the
media axis) exist, as shown in Fig. 1. The reason is that
their algorithms do not consider the global topology of the
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network. Besides, this dependency leads to performance quite
sensitive to the boundary noise. More severely, since they
exploit the network’s 2D geometric properties, this hinders
their applicability in 3D sensor networks. In 3D space, we
are aware of one partial solution proposed in [21] based on
bottleneck identification. A parameter named injectivity radius
is calculated by each boundary node. The purpose of this
parameter is to measure the narrowness of the nearby boundary
area, so as to identify the undesired bottlenecks in a 3D sensor
network. These bottlenecks are then used to partition the
network boundary, and the non-boundary nodes are grouped
finally. Due to the hallmark of bottleneck identification, this
algorithm is inapplicable to networks without bottlenecks (see
the networks in Fig. 7). Finally, it does not work for 2D
networks.

2D/3D segmentation algorithms have been studied in the
computer vision and graphics area [14], which target at
continuous shapes and use centralized solutions. Despite the
resemblance to those works, the problem we strive to address
is more challenging because of the nature of a distributed
sensor network. First, the random deployment of sensor nodes
makes the geometric objects (e.g., holes) do not necessarily
follow the properties of their counterparts in a continuous
space. The nature of the random deployment also makes im-
practical to manually identify convex/concave regions during
deployment or extract a graph of the network. Second, in
practice sensor nodes may have no knowledge of location
information. As a result, inter-node distance is often estimated
by shortest path hop count, whose measurement accuracy is
adversely affected by network concavities. Third, since the
sensor network is discrete, it is impractical to decompose a
sensor network into strictly convex regions due to the boundary
irregularity. It is more meaningful to decompose the network
into approximately convex regions [19], [22]. However, how to
provide a bound of convexity deviation is not straightforward.

B. Our Contributions

This paper brings a new view to segmentation from a Morse
function [3] perspective, bridging the convex regions and the
Reeb graph of a network. Accordingly, we propose CONSEL
for CONnectivity-based SEgmentation in Large-scale 2D/3D
sensor networks. In CONSEL, several boundary nodes first
perform flooding to construct the Reeb graph. The ordinary
nodes then compute mutex pairs locally, generating a coarse
segmentation layout. Next the neighbor regions that are not
mutex pair are merged. Finally, by ignoring mutex pairs that
lead to small concavities, we provide a configurable bound
for the subnetworks’ deviation from convexity. CONSEL is
desirable compared with previous solutions: (1) it works for
both 2D and 3D sensor networks; (2) it only relies on network
connectivity information; (3) it provides a bound of convexity
deviation. CONSEL is distributed as no centralized operation
is required, and is scalable as both its time complexity and its
message complexity are linearly proportional to the network
size. Extensive simulations show that CONSEL works well
in the presence of holes and shape variation, always yielding

appropriate segmentation results.
The remainder of the paper proceeds as follows: Section II

outlines the background of Morse functions and Reeb graph.
Section III is devoted to a description of CONSEL algorithm.
We evaluate our CONSEL in Section IV. Finally, Section V
concludes the paper.

II. PRELIMINARY

A. Morse Functions and Reeb Graph

1) Morse Functions: For a manifold M , a Morse func-
tion [3] is a mapping f : M → R, where R is the set of real
numbers, which can be considered to be a projection from
higher dimensions to one dimensional manifold. That is, the
outputs of a Morse function are real numbers.

In this paper, the Morse function f is constructed as follows
(see Fig. 2): given an origin node o, for each sensor node p in
the sensor field, f(p) is referred to as the hop distance between
the node p and the node o. In Fig. 2, all the nodes on the same
arc have an equal value of f(·). We refer to f−1(r0) as the
set of nodes whose Morse function values are r0.

Fig. 2. A simple example of the Morse function.

2) Reeb Graph: Reeb graph has a mathematical foundation
in Morse theory. It often has two basic operations: first, we
construct a Morse function f : M → R; second, we contract
the connected components of the level sets f−1 to nodes.

Fig. 3 illustrates the Reeb graph (red nodes and edges) of
the network in Fig. 2. The Reeb graph is determined by the
changes in the number of connected components of f−1. In
Fig 3, the Reeb graph has three vertices, each corresponding
to one connected component of the network, which roughly
reflects the network’s topology. In addition, the lines (defined
by a set of connected nodes) of l(p1, p2) and l(p2, p3) are
called cuts. The set of a network’s cuts corresponding to f is
denoted by L(f). For example, the cuts in Fig 3 partition the
network into three convex regions.

In general, the number of connected components changes
when a concave node exists [3], as shown in Fig. 2. In
order to detect the concave parts effectively, we choose to
evenly select t origin nodes, {oi|i = 1, · · · , t} on the outer
boundary (see details in Section III-A). We then construct
the Morse functions as follows: fi(pj) = dist(pj , oi). where
j = 1, · · · , N and dist(·, ·) is the hop distance of two nodes.
Clearly, every Morse function is a projection from higher
dimension to one dimensional manifold. In essence, some
information is inevitably lost. However, as the number of
Morse functions increases, the loss of information quickly
decreases.

2087



(a) (b) (c)

Fig. 1. A network of 3844 nodes. The average node degree is 16.4. (a) Medial axis result by [22] where nodes in medial axis are shown in dark green; (b)
Segmentation result by [22] or [19] where no obvious geometric features on the boundary exist. Existing algorithms generate a single region; (c) Segmentation
result by CONSEL where four (approximately) convex regions are generated.

Fig. 3. A simple example of the Reeb graph.

B. Approximate convexity

In theory, a convex region is a part where the line segment
between every pair of its inner points lie entirely within the
region. However, as shown in Fig. 3, the cuts are arcs instead
of straight lines in practice. To address this problem, we give
a definition of approximate convexity as this paper aims at
partitioning the network into approximately convex regions.
To that end, we define an ε-straight line:

Definition 1. For two nodes p and q, a path from p to q is
called an ε-straight line if and only if any node in the path is
at most ε hops away from the straight line between p and q.

The concept of ε-convex regions thus follows.

Definition 2. For any pair < p, q > in a region, if there exists
an ε-straight line path from p to q such that all nodes on the
path are within the region, this region is called an ε-convex
region.

When the network is finally partitioned by a set of cuts into
several regions, intuitively each region is approximately con-
vex, or ε-convex. As an example, in Fig. 3, let dist(p1, p3) = d
and dist(o, p1) = r. To satisfy the condition in Definition 1,
it is obvious that r −√

r2 − d2/4 < ε should hold. That is,
d2 + 4ε2 < 8rε. One observation is that when d << r, this
condition holds always.

C. Mutex Pairs

In a continuous space, if an area is convex, then it contains
the line segment between every pair of its inner points. This
fact motivates us to consider the relation between inner points
of a network in the light of Morse functions.

Definition 3. Given f , for two nodes, p1 and p2 and f(p1) =
f(p2), in the network O, a Morse Path is a path from p1

to p2, denoted by ˆpath(p1, p2), such that for any node q ∈
ˆpath(p1, p2), we have f(q) = f(p1).

Definition 4. Given f , for two nodes, p1 and p2 (and f(p1) =
f(p2)), in the network O, if O does not contain a Morse path
between p1 and p2, we call p1 and p2 a mutex pair, denoted
by p1 ∼ p2.

According to Definition 4, in Fig. 3 we can find one node
in area B and one node in area C that form a mutex pair.
Intuitively, after segmentation, they cannot be in the same
region. For two regions A and B without intersection, if there
is a mutex pair formed by a node from A and a node from B,
regions A and B are called a mutex pair, denoted by A ∼ B.
Note that a node can be regarded as a singleton set, so a mutex
pair of regions in fact includes a mutex pair of nodes.

Given the Reeb graph constructed from f , the task of deter-
mining a mutex pair is very easy. Since Reeb graph is deter-
mined by the changes in the number of connected components
of f−1, two connected components (i.e., regions) determined
by function value in the range [r1, r2] (or two connected
components formed by nodes belonging to f−1([r1, r2])) is
a mutex pair. At the same time, the cuts between adjacent
nodes of Reeb graph can separate these mutex pairs.

Recall we seek to partition a network into approximately
convex parts. We thus have the following definitions.

Definition 5. Given f , for two nodes, p1 and p2 and f(p1) =
f(p2), in the network O, a δ-Morse Path is a path from p1 to p3

to p4 to p2, such that: (1) dist(p1, p3) < δ and dist(p4, p2) <
δ; (2) f(p3) = f(p4); (3) there exists a Morse Path from p3

to p4.

Definition 6. Given f , for two nodes, p1 and p2 (and f(p1) =
f(p2)), in the network O, if O does not contain a δ-Morse path
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Fig. 4. Step by Step CONSEL algorithm. (a,b) Reeb graph construction; (c) Coarse segmentation layout; (d) Merging result. The final refined result is in
Fig. 1(c).

between p1 and p2, we call p1 and p2 a δ-mutex pair, denoted
by p1 ∼δ p2.

Definition 6 gives an approximate mutex pair which allows
a small part of non-convex subregions to be merged finally.
Overall, ε and δ can be considered as two parameters allowing
the network operator to control the level of convexity after
network segmentation. As such, our algorithm is to generate
a set of (ε + δ)-convex regions. That is, CONSEL guarantees
a bound for the subnetworks’ deviation from convexity.

III. CONSEL ALGORITHM

In this section we present the implementation details of the
segmentation algorithm. It is noted that even in a 2D domain,
computing a minimum number of convex components for a
polygon with holes is NP-hard [15]. We therefore do not
pursue an optimal convex segmentation algorithm. Instead, our
goal is to provide a simple and practical algorithm that can be
performed in a distributed way.

A. Computing Morse Functions

In the first step, we randomly choose I nodes roughly in
the outer boundary of the network. We use a similar technique
like the one in [12]: a randomly selected node p performs
a flooding to find the farthest node o1 to p. Thereafter, o1

initiates a flooding to find the farthest o2 to itself. Then, o3

is the node that has the maximum sum of the square roots
of the hop counts from the nodes o1 and o2. This process
continues until I nodes (oi, 1 ≤ i ≤ I) are obtained on the
outer boundary. Note that this selection phase works well for
both 2D/3D networks.

Given I nodes on the boundary, each of them then per-
forms a flooding over the network. The goal of the flooding
operations is two-fold. First, after a flooded message from oi

reaches a node p, p records the parent from which it receives
the message, as well as the hop count to the node oi. By doing
so, the node p has the knowledge of the Morse function value
fi(p), 1 ≤ i ≤ I corresponding to oi, 1 ≤ i ≤ I . Second, we
show how to construct the Reeb graph in a distributed way in
the next subsection.

B. Constructing Reeb Graph

Recall that Reeb graph is determined by the changes in
the number of connected components of f−1

i . The key is to
identify the number of connected components at a distance of
r hops from oi, that is f−1

i (r). To do so, a set of randomly
selected nodes qk (1 ≤ k ≤ K) on f−1

i (r) perform floodings,
whose messages contain the information of node ID ID(qk)
and hop count r. The process of selecting these nodes is similar
to the landmark selection in [16]: each node on f−1

i (r) will
claim it is a landmark with a given probability and broadcast
to its neighbors. This kind of flooded messages is only sent to
nodes exactly on f−1

i (r). That is, when a node p receives the
flooded message, it compares the hop count value r with its
own Morse function value fi(p). If the values are not equal, the
message is discarded; otherwise, the node compares ID(qk)
with the landmark ID LIDi(p) (if it has one) it previously
received. When ID(qk) < LIDi(p) the node p will set its
landmark ID to be qk (i.e., LIDi(p) ← ID(qk)) and then
forwards the message to its neighbors except the node from
which p receives the message. By doing so, only one landmark
with the smallest ID can dominate in each connected compo-
nent. We call this node a dominating landmark node. That is,
all nodes in each connected component has the same landmark
ID LIDi(p). Without loss of generality, we assume there exist
two connected components for f−1

i (r), corresponding to two
dominating landmark nodes q1 and q2. Under this assumption,
for the nodes on f−1

i (r + 1), several landmark nodes are
found as well but few dominating landmark nodes remain.
We consider three cases below.

In the first case, we find two dominating landmark nodes
p3 and p4 in f−1

i (r + 1). Then the edge nodes, that have the
different landmark ID with one of its neighbors, will notify
the dominating landmark nodes p1 and p3 of the simplified
local topology graph [1], [9], as shown in Fig. 5(a) (there
exists an edge between p1 and p3). We consider a simplified
local topology like Fig. 5(a), that is, q1 is with only one edge
connecting to dominating nodes in f−1

i (r + 1) and q3 is with
only one edge connecting to dominating nodes in f−1

i (r)
as well. In this case, a change of the number of connected
components does not happen. Therefore, p3 will broadcast
a message to all nodes which have LID(·) = ID(p3) on
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f−1
i (r + 1) so that these nodes change their landmark ID,

LID(·) ← ID(p1). In such a way the simplified topology
becomes Fig. 5(d) where p2 and p4 become non-dominating
landmark nodes.
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Fig. 5. Simplified local topology graph.

In the second case, there are two kinds of nodes on
f−1

i (r + 1). One kind has landmark ID ID(p1) and also
one of its neighbors has the landmark ID ID(p3). The other
kind of nodes have landmark ID ID(p2) and also one of its
neighbors has the landmark ID ID(p3). This case is shown in
Fig. 5(b). In this case, a change of the number of connected
component takes place. Intuitively new vertices (for simplicity,
qk is considered as the vertex) should be added to the Reeb
graph like in Fig. 3 where one vertex represents one region.
Often newly generated vertices are introduced to the Reeb
graph of the network. In addition, two edge are generated on
the Reeb graph according to Fig. 5(b).

The last case, shown in Fig. 5(c), is similar to the second
one. In this case, there is a change of the number of connected
component as well. At least two dominating landmark nodes
are connected to q2. The simplified topology becomes Fig. 5(e)
and q3 becomes a non-dominating landmark nodes. Also, two
vertices and two edges are added to the Reeb graph.

Besides the above-mentioned three cases, to guarantee the
bound for the final subnetworks’ deviation from convexity,
the condition of d2 + 4ε2 < 8rε should be satisfied, as we
mentioned in Section II-B. To that end, when this condition
does not hold for a connected component in f−1

i (r0) where d
is its diameter and here r = r0, this component is subject to
be partitioned. Specifically, we find out two nodes, represented
by p′ and p′′, who have the longest path length in f−1

i (r0)
and thus those nodes closer to p′ than p′′ belong to one region
and the rest belong to another region. The condition will be
examined again for each region until it is satisfied. This case
is then processed similar to Fig. 5(b).

Finally all dominating landmark nodes send their local
simplified topology back to the origin oi. After this phase,
the origin oi has the full picture of Reeb graph based on the
Morse function fi. Fig. 4(a) and Fig. 4(b) show the result of
the Reeb graph after the flooding for a Morse function. In
Fig. 4(a), the nodes marked with the same color are in the
same region, corresponding to one vertex in Reeb graph.

It is noted that we have randomly choose I nodes as origin
nodes. Therefore, besides the Reeb graph shown in Fig. 4(b),
there are I − 1 additional Reeb graphs obtained in a similar
way since a Reeb graph is generated every time an origin node
has performed a flooding operation.

C. Computing Mutex Pairs and Coarse Segmentation

Given the Reeb graph constructed from fi, the task of
computing mutex pairs is very easy. Since the Reeb graph
is determined by the changes in the number of connected
components of f−1

i , two distinct connected components (re-
gions) determined by function value range [r1, r2] (one region
composed of nodes in dark green and the other in dark blue in
Fig. 4(a), or two distinct connected components represented by
q2 and q3 in Fig. 4(b)), is a mutex pair. At the same time, the
cuts between adjacent vertices of the Reeb graph can separate
these mutex pairs.

As mentioned in eariler, all nodes in the same connected
component on f−1

i ([r1, r2]) should have been labeled the same
landmark ID. For simplicity, these nodes record their landmark
ID as ID(qk) and the dominating landmark q2 records its
mutex pair dominating landmark ID ID(q3) (here we use
Fig. 4(b) as an example). Since I origin nodes are used, each
node p records I landmark IDs accordingly.

The subregion recognition/partion works as follows. The
basic idea behind coarse segmentation is that all nodes
with the same I landmark IDs should be in one subre-
gion. For simplicity, we use the network in Fig. 4(a) where
I = 8, as an example, in which 32 dominating landmark
nodes are obtained. Here each node p maintains 8 land-
mark IDs LID1(p), LID2(p), · · · , LID8(p) (corresponding
to o1, o2, · · · , o8).

Let these dominating landmark nodes be q1, q2, · · · q32.
Each of them performs flooding with its ID as subregion ID,
denoted by SID(qk) (SID(qk) = ID(qk)), as well as its
8 landmark IDs LID1(qk), LID2(qk), · · · , LID8(qk). Here-
inafter qk is called a representative node in a subregion if and
only if ID(qk) = SID(qk). When no confusion occurs, we
use the term the region SID(qk) to refer to the node set of a
convex region. The term the node SID(qk) is referred to as the
representative node qk in the region SID(qk). When a sensor
node p receives a flooded message, it compares the landmark
IDs with its own LID1(p), LID2(p), · · · , LID8(p). When
they are equal, p simply discards the flooded message. If p has
the same landmark IDs with the message, but it has already
had one subregion ID (SID(p)) and SID(p) < ID(qk), p
still discards the flooded message. Otherwise, it will update
its subregion ID (SID(p) ← ID(qk)) and then forwards
the flooded message to all the neighbor nodes except the
message’s transmitter.

It is noted that not all 32 dominating landmark nodes will
become the representatives of subregions because some of
them may have the same eight landmark IDs. In addition,
some subregions may have no representative nodes since they
may not include a landmark node. To address this problem,
each of the rest nodes, say node p′, that still has not been
assigned a subregion ID, will asynchronously claim itself as
a representative node in its subregion (and its subregion id is
SID(p′)← ID(p′)), and then broadcast to all the neighbors
that have the same eight landmark IDs. When a node q receives
this message, it again compares ID(p′) and SID(q). Only
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when ID(p′) < SID(q), the node p updates its subregion ID
with SID(q)← ID(p′) and forwards this message containing
the subregion id SID(p) accordingly.

Finally, every node has one subregion ID (SID()) and
within each subregion, one node is selected to represent
this subregion. The representative node SID() maintains the
information of I landmark IDs in this subregion as well as I
Reeb graphs to identify the mutex pair later. All subregions
in turn are the result of the coarse segmentation of the sensor
network. Fig. 4(c) shows a result of coarse segmentation of
the network where 65 subregions are obtained.

D. Merging Subregions

Often there are many subregions separated by cuts of Morse
functions. For instance, 65 subregions are obtained in Fig. 4(c).
Since each candidate cut can satisfy some mutex pairs, to
achieve segmentation, we only need to select some cuts to
satisfy all mutex pairs.

This process of cuts selection is called merging subregions.
Each representative node in the subregion maintains a land-
mark ID list. The representative node, say q1, sends a mes-
sage, containing this landmark list LID1(q1), · · · , LIDI(q1),
to another representative node, say q2, in its neighboring
subregion. If q2 does not find any mutex pair in the two
landmark list, it replies a positive message to q1 to allow the
merging of SID(q1) and SID(q2). The merging process is
quite simple: q2 will broadcast a message to ask all nodes
in its own subregion to update their subregion IDs, that is,
SID()← ID(q1). In addition, q1 will update its landmark list
to include q2’s landmark list. This process will continue until
no more neighboring subregions can be merged. The result
of this step is shown in Fig. 4(d) where 8 regions are finally
generated.

E. Refinement

Generally for a network, its mutex set is the set of all mutex
pairs that are used to generate strictly convex areas. However,
as we mentioned earlier, by ignoring mutex pairs that lead to
small concavities, it can generate significantly fewer partitions.

To that end, we exploit the definition of δ-mutex pair,
mentioned in Section II-C. Based on the result given in the
previous subsection, shown in Fig. 4(d), two regions that are
not δ-mutex pair can be merged together. Fig. 1(c) shows the
result after the refinement.

This process works as follows. Each representative node q
first finds out all mutex pairs with its neighboring subregion.
Without loss of generality, we assume LID1(q) and LID1(q′)
are a mutex pair. Motivated by Fig. 3, if there exist two cuts
(l1 and l2) in L(f1) such that l1 ∩ l2 �= ∅, l1 ∩ SID(q) �= ∅,
and l2 ∩ SID(q′) �= ∅, the subregions SID(q) and SID(q′)
determine whether a δ-mutex pair exists. To that end, the two
cuts l1 and l2 perform flooding within the subregions SID(q)
and SID(q′) so that the remaining nodes have the information
of its hop distance to the cuts.

Each node with a landmark ID LID1(q) (LID1(q′)) then
checks its hop distance to the cut l1 (l2). A negative message

is then replied to the representative node SID(q) when the
its hop distance is greater than δ. If both q and q′ do not
receive any negative reply, no δ-mutex pair exists. In this case,
the node q notifies the node q′ that these two regions can be
merged. That is, all nodes in the region of SID(q′) will update
their region ID to SID(q). This process will continue until no
more neighboring regions can be merged. Fig. 1(c) shows the
refined result. We emphasize that as mentioned in Section II,
each of the obtained subnetworks is an (ε+ δ)-convex region.

IV. SIMULATIONS

We have implemented a simulator, conducted a series of
simulations on various simulated topologies, and compared
with the algorithms used in [19], [22]. In the tested topologies,
sensors are deployed with a perturbed grid model where the
grid has a width around 4.5 and the radio range of all tested
topologies is around 6.8. Most of the tested networks have
an average node degree of around 10 for 2D, 30 for 3D. By
default, we set the parameter δ to be 5 hops and ε to be 2
hops unless otherwise stated. Due to space limitation, we only
present some representative results.
Evaluation on 2D networks. We first compare CONSEL
with two state-of-art algorithms in [19], [22] designed for 2D
sensor networks. Fig. 6 shows the results. Since the previous
algorithms mostly rely on the knowledge of boundary, it can be
seen that they result in representations with an unmanageable
number of subnetworks. The results by [19], [22] are quite
sensitive to boundary noise (or boundary deformation), as we
mentioned in Section I. In addition, they cannot deal with
networks like Fig. 1. In contrast, CONSEL provides a bound
of convexity deviation of subnetworks, resulting in appropriate
segmentation results.
Evaluation on 3D networks. We did not implement the
algorithm in [21] since, based on bottleneck identification, it
does not work for most networks in Fig. 7 except for Fig. 7(d).
Fig. 7 shows the segmentation results of CONSEL for several
3D networks. We can see that CONSEL works well for 3D
networks, always yielding appropriate segmentation results.
For example, in the 8-shape network, six convex regions are
generated, reflecting the impact of the two holes in the network
topology.
Sensitivity to node distributions. We next consider another
sensor placement scheme: uniform random distribution. This
distribution, compared to the perturbed grid model, results in
more randomness of node deployment. We show the result
in Fig. 8. With the increased randomness, the segmentation
results show no significant difference compared with their
counterparts in Fig 6 and Fig. 7. Despite the higher variability
of the node distribution, CONSEL partitions the network
according to the Reeb graph and mutex pair, which makes
itself robust to the variation of the node connectivity.
Sensitivity to the parameter δ. Recall that ε and δ can
be considered as two parameters allowing the algorithm to
control the level of convexity of generated subregions after
network segmentation. Since they have similar influence on
the convexity deviation, we study the algorithm’s sensitivity
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Fig. 6. Comparisons on 2D networks. Columns (from left to right): results using CONSEL, results in [22], results using CONVEX algorithm in [19]. Rows:
(1) smile shape, 3045 nodes, avg deg 10.09. (2) single-hole shape, 3700 nodes, avg deg 13.1. (3) Cactus shape, 2,172 nodes, avg deg 8.76. (4) Airplane shape,
1,878, avg deg 8.65.

to the parameter δ. Fig. 9 depicts the segmentation results with
varying δ values. It is found that, with increased δ value, more
and more approximately convex regions are grouped together.
Recall that each of the obtained subnetworks is an (ε + δ)-
convex region. This parameter also provides a flexible tool
to balance the number of generated subnetworks and their
convexity.

V. CONCLUSION

We have presented CONSEL, a novel distributed and scal-
able algorithm for segmentation in 2D/3D sensor networks.
It is the first solution with both 2D and 3D segmentation

capability. This algorithm requires the connectivity informa-
tion only. In addition, the convexity deviation of subnetworks
after segmentation can be bounded. We have demonstrated the
effectiveness of CONSEL through extensive simulations.

In the future we will study its uses in applications such as
data processing [5]–[7], skeleton extraction [1], [8], [9], rout-
ing and localization [20], especially for 3D sensor networks,
which have attracted the attention of many researchers.
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