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Abstract—This paper tackles the problem of boundary detec-
tion by proposing a simple, distributed and connectivity-based
algorithm. Our algorithm examines the 2-hop iso-contour of
each node, and outperforms existing algorithms examining iso-
contours. Specifically, the proposed algorithm makes a rough
decision on a suspected boundary node by examining its 2-
hop iso-contour, and then refines the decision based on a
heuristic operation, which significantly reduces the size of the
suspected boundary node set. More importantly, boundary cycles
corresponding to inner and outer boundaries are identified and
provide valuable knowledge to various applications. A thorough
evaluation shows that our algorithm is applicable to dense as
well as sparse WSNs.

I. INTRODUCTION

In WSNs (wireless sensor networks), nodes on or near
boundaries (termed boundary nodes) normally play a more
important role than the other nodes. On the one hand, boundary
nodes not only directly interact with the outside environment
(such as events entering or leaving the region monitored by
the WSN, any communication with the outside environment
and so on), but also help to extract further information about
the WSN structure (which is useful for routing, guiding and
management purposes). On the other hand, due to the corre-
spondence between the boundaries of a WSN and its physical
environment, such as a building floor plan, a map of a trans-
portation network, terrain variations, and obstacles (buildings,
lakes, etc), boundary nodes are important for keeping track
of the WSN shape which indicates significant features of the
underlying environment. In contrast to the outer boundary of
a WSN, boundaries of inner holes (termed inner boundaries)
are critical indicators of the general health of a WSN, such
as insufficient coverage and connectivity. Therefore, boundary
detection is of great importance for various WSN applications.

Considerable efforts have been invested in developing
boundary detection algorithms, resulting in three categories
of methods: geometric, statistical and topological methods.
Though the geometric methods can find more accurate bound-
ary nodes than the other two categories, the requirement of
node location information limits its application, especially
in large scale WSNs. The statistical methods usually make
assumptions about the probability distribution of the node de-
ployment, and then probabilistically identify boundary nodes
based on some statistical properties under certain network

conditions. One major weakness of the statistical methods is
the unrealistic requirement on node distribution and density
(e.g., the average degree needs to be 100 or higher in [1]).
The topological methods [2]–[4] uses topological properties
such as connectivity information to detect boundary nodes.
Normally, the topological methods have higher packet con-
trol overheads than the other two categories due to having
to collect connectivity information from neighboring nodes,
but do not require node location information and generally
outperform the statistical methods.

As a typical topological method, the Funke’s algorithm
[2] constructs iso-contours1 of one common node, examines
where the contours are broken and outputs boundary nodes
with certain guarantees. But, only nodes near the boundaries
are identified, and the density requirement is rather high.
Khan et al. [3] proposed a variant of Funke’s algorithm by
examining the 2-hop iso-contour of each node, and argued
that one node is an interior node if a closed cycle exists
in its 2-hop contour and encloses this node. Another similar
algorithm proposed by Chu et al [4] relaxes the condition
of distinguishing boundary nodes from interior nodes and
identifies more nodes as boundary nodes. Though the latter two
algorithms are as simple as the Funke’s, they have common
weakness, namely requiring a high node density, identifying
far more than actual boundary nodes and not showing the
identified boundary nodes in a meaningful way.

In this paper, we focus on recognizing accurate boundaries
using low-cost connectivity information in WSNs. Like the
approaches in [3], [4], our approach is also based on local
iso-contours. Specifically, our algorithm utilizes only 3-hop
neighboring node information of each node to construct its
2-hop iso-contour, and identifies a set of nodes as suspected
boundary nodes. Then, a heuristic operation is introduced to
refine the suspected boundary node set. Lastly, by searching
the refined set of suspected boundary nodes, our algorithm
selects most probable boundary nodes and connect them
into boundary cycles. These boundary cycles correspond to
both inner and outer boundaries and provide much valuable
knowledge to WSN applications. We carry out a thorough

1The 𝑖-hop iso-contour of a root node contains all the nodes whose minimal
hop count to the root is identically 𝑖.
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evaluation and show that our algorithm is applicable in both
dense and sparse WSNs.

II. PROPOSED BOUNDARY DETECTION ALGORITHM

Suppose a large number of nodes are scattered in a 2-
dimensional geometric region to form a WSN. The wireless
channel satisfies the UDG (unit disk graph) model where two
nodes are connected if and only if their distance is at most
1. The WSN can be modeled as a graph 𝐺(𝑉,𝐸) where
the vertex set 𝑉 denotes nodes and the edge set 𝐸 denotes
communication links between pairs of nodes. Without loss of
generality, we assume the graph 𝐺(𝑉,𝐸) is connected. Be-
sides, we use the following mathematical notations throughout
this paper: the 𝑖-hop neighbor nodes of node 𝑛𝑥 is denoted
𝑁𝑖(𝑛𝑥); ∣ ⋅ ∣ computes the cardinality of a set.

For clarification, we call the nodes on geometric boundaries
as actual boundary nodes, and accordingly call the other nodes
as actual interior nodes.

The basic idea of the algorithm is firstly identifying a set of
suspected boundary nodes, then refining it and lastly searching
it for boundary cycles. The outline is listed below.

1) Each node, say node 𝑛0, maintains a local variable,
denoted 𝑓𝑡, which is initialized based on the 2-hop
iso-contour extracted from the subgraph of 𝐺(𝑉,𝐸)
induced by 𝑛0, 𝑁1(𝑛0) and 𝑁2(𝑛0). The value of 𝑓𝑡
roughly decides whether this node is a boundary node:
𝑓𝑡 = 1 indicates that the associated node is likely to be
a boundary node and is termed a suspected boundary
node, while 𝑓𝑡 = 0 indicates that the associated node is
identified to be an interior node, as shown in Fig. 1(b).

2) Each node exchanges its 𝑓𝑡 with its 1-hop neighbor
nodes, and suspected boundary nodes locally performs a
heuristic operation to refine the decision on 𝑓𝑡 according
to the ratio of identified interior nodes in their neighbor-
hoods, as illustrated in Fig. 1(c).

3) Each suspected boundary node, say 𝑛0, maintains a local
variable, denoted 𝑓𝑑, differentiating itself from the other
suspected boundary nodes in 𝑁1(𝑛0) in terms of the
proximities to geometric boundaries. The value of 𝑓𝑑
of node 𝑛0 is evaluated according to the minimal hop
counts from node 𝑛0 and suspected boundary nodes in
𝑁1(𝑛0) to all the identified interior nodes.

4) The suspected boundary nodes cooperatively search for
boundary cycles based on their values of 𝑓𝑑. As a result,
a set of boundary cycles corresponding to tight inner and
outer boundaries are obtained, as shown in Fig. 1(d)

In what follows, we shall describe the critical steps of the
proposed algorithm in detail.

A. Initializing 𝑓𝑡

In this step, node 𝑛0 initializes its local 𝑓𝑡 using the return
value of a key function 𝐼𝑁𝐼𝑇𝐼𝐴𝐿𝐼𝑍𝐸(𝑛0). According to
the initial value of 𝑓𝑡, a coarse judgement as to whether node
𝑛0 is likely to be a boundary node is made, so that the nodes
in the WSN are classified into suspected boundary nodes with
𝑓𝑡 = 1 and identified interior nodes with 𝑓𝑡 = 0.

procedure 𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑖𝑧𝑒(𝑛0)

1: Construct 𝐺2(𝑉2, 𝐸2) based on 𝐺(𝑉,𝐸), where 𝑉2 = {𝑖 :
𝑖 ∈ 𝑁2(𝑛0)} and 𝐸2 = {𝑒𝑖𝑗 : 𝑖, 𝑗 ∈ 𝑉2

⋀
𝑒𝑖𝑗 ∈ 𝐸}

2: Index nodes in 𝑉2 by 1, 2, ⋅ ⋅ ⋅ , ∣𝑉2∣
3: 𝑟𝑜𝑎𝑑𝑚𝑎𝑝← Integer array of size ∣𝑉2∣ with all zeros
4: 𝑉𝑐 ← 𝑉2

5: 𝑒𝑥𝑝𝑎𝑛𝑑𝑖𝑛𝑔 𝑝𝑎𝑡ℎ← Empty Stack
6: while ∣𝑉𝑐∣ > 0 do
7: 𝑛𝑟 ← An arbitrary node in 𝑉𝑐

8: 𝑉𝑐 ← 𝑉𝑐 − 𝑛𝑟

9: 𝑃𝑢𝑠ℎ(𝑒𝑥𝑝𝑎𝑛𝑑𝑖𝑛𝑔 𝑝𝑎𝑡ℎ, 𝑛𝑟)
10: 𝑟𝑜𝑎𝑑𝑚𝑎𝑝(𝑛𝑟)← 1
11: 𝑠𝑡𝑒𝑝← 2
12: while true do
13: 𝑐𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒 𝑛𝑜𝑑𝑒𝑠← 𝑉2

∩
𝑁1(𝑛𝑟)

14: 𝑛𝑚 ← The node in 𝑐𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒 𝑛𝑜𝑑𝑒𝑠 and satisfying
𝑟𝑜𝑎𝑑𝑚𝑎𝑝(𝑛𝑚) ≤ 𝑟𝑜𝑎𝑑𝑚𝑎𝑝(𝑐𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒 𝑛𝑜𝑑𝑒𝑠)

15: if 𝑟𝑜𝑎𝑑𝑚𝑎𝑝(𝑛𝑟)− 𝑟𝑜𝑎𝑑𝑚𝑎𝑝(𝑛𝑚) > 𝐿𝑡ℎ then
16: return 0;
17: end if
18: 𝑐𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒 𝑛𝑜𝑑𝑒𝑠← 𝑉𝑐

∩
𝑁1(𝑛𝑟)

19: if ∣𝑐𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒 𝑛𝑜𝑑𝑒𝑠∣ > 0 then
20: 𝑉𝑐 ← (𝑉𝑐 − 𝑐𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒 𝑛𝑜𝑑𝑒𝑠)
21: 𝑟𝑜𝑎𝑑𝑚𝑎𝑝(𝑐𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒 𝑛𝑜𝑑𝑒𝑠)← 𝑠𝑡𝑒𝑝
22: 𝑠𝑡𝑒𝑝← 𝑠𝑡𝑒𝑝+ 1
23: 𝑛𝑟 ← An arbitrary node in 𝑐𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒 𝑛𝑜𝑑𝑒𝑠
24: 𝑃𝑢𝑠ℎ(𝑒𝑥𝑝𝑎𝑛𝑑𝑖𝑛𝑔 𝑝𝑎𝑡ℎ, 𝑛𝑟)
25: else if 𝑠𝑡𝑒𝑝 > 2 then
26: 𝑠𝑡𝑒𝑝← 𝑠𝑡𝑒𝑝− 1
27: 𝑟𝑒𝑐𝑜𝑣𝑒𝑟 𝑛𝑜𝑑𝑒𝑠← {𝑛 : 𝑟𝑜𝑎𝑑𝑚𝑎𝑝(𝑛) = 𝑠𝑡𝑒𝑝}
28: 𝑟𝑜𝑎𝑑𝑚𝑎𝑝(𝑟𝑒𝑐𝑜𝑣𝑒𝑟 𝑛𝑜𝑑𝑒𝑠)← 0
29: 𝑉𝑐 ← (𝑉𝑐 + 𝑟𝑒𝑐𝑜𝑣𝑒𝑟 𝑛𝑜𝑑𝑒𝑠− 𝑛𝑟)
30: 𝑃𝑜𝑝(𝑒𝑥𝑝𝑎𝑛𝑑𝑖𝑛𝑔 𝑝𝑎𝑡ℎ)
31: 𝑛𝑟 ← The top node in 𝑒𝑥𝑝𝑎𝑛𝑑𝑖𝑛𝑔 𝑝𝑎𝑡ℎ
32: else
33: break
34: end if
35: end while
36: return 1
37: end while

Fig. 2. The function 𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑖𝑧𝑒(𝑛0). 𝑃𝑢𝑠ℎ(𝑒𝑥𝑝𝑎𝑛𝑑𝑖𝑛𝑔 𝑝𝑎𝑡ℎ, 𝑛𝑟) pushes
𝑛𝑟 into the stack 𝑒𝑥𝑝𝑎𝑛𝑑𝑖𝑛𝑔 𝑝𝑎𝑡ℎ and 𝑃𝑜𝑝(𝑒𝑥𝑝𝑎𝑛𝑑𝑖𝑛𝑔 𝑝𝑎𝑡ℎ) pops the
top node from the stack 𝑒𝑥𝑝𝑎𝑛𝑑𝑖𝑛𝑔 𝑝𝑎𝑡ℎ.

The function 𝐼𝑁𝐼𝑇𝐼𝐴𝐿𝐼𝑍𝐸(𝑛0) identifies node 𝑛0 as a
suspected boundary node if a closed path enclosing node 𝑛0

is not found in its 2-hop iso-contour, similarly to [3], [4]; for
simplicity, we term this condition as the CLOSED-CYCLE
condition. Since the method for examining the CLOSED-
CYCLE condition in [3] randomly chooses a node for node
expanding, there is a possibility that an eligible closed path is
not found, while the function 𝐼𝑁𝐼𝑇𝐼𝐴𝐿𝐼𝑍𝐸(𝑛0) considers
every possible situation.

The pseudo-code of the function 𝐼𝑁𝐼𝑇𝐼𝐴𝐿𝐼𝑍𝐸(𝑛0) is
described in Fig. 2. The parameter 𝐿𝑡ℎ denotes the minimal
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(a) (b) (c) (d)

Fig. 1. Snapshots of each step during running the proposed algorithm in a WSN with the average node degree of 18.8. (a) The node deployment in the
WSN; (b) After initializing 𝑓𝑡 at each node; (c) After performing the erosion operation; (d) After searching for boundary cycles. Dark black points denote
nodes with 𝑓𝑡 = 1, grey points denote nodes with 𝑓𝑡 = 0, and red curves denote boundary cycles.

length of all possible closed paths that satisfy the CLOSED-
CYCLE condition. Under the UDG model, it is straightforward
that 𝐿𝑡ℎ = 7. Obviously, nodes with 𝑓𝑡 = 0 are definitely
actual interior nodes, but nodes with 𝑓𝑡 = 1 are only probable
to be actual boundary nodes, and thus are named suspected
boundary nodes. From another point of view, one can readily
deduce that the initial values of 𝑓𝑡 for actual boundary nodes
are always 1, whereas take either 0 or 1 for actual interior
nodes, implying that a portion of actual interior nodes are
improperly discovered as suspected boundary nodes. Hence,
the CLOSED-CYCLE condition is just sufficient.

The successful rate of the function 𝐼𝑁𝐼𝑇𝐼𝐴𝐿𝐼𝑍𝐸(𝑛0)
reduces with decreasing the node density. In order to en-
hance the performance of the proposed algorithm in sparse
WSNs, we can enlarge the neighborhood of each node to
examine the CLOSED-CYCLE condition, intuitively, by re-
placing the original graph 𝐺(𝑉,𝐸) in the execution of the
function 𝐼𝑁𝐼𝑇𝐼𝐴𝐿𝐼𝑍𝐸(𝑛0) by its power graph, denoted
𝐺2(𝑉 2, 𝐸2). As a result, the 2-hop neighbor nodes of each
node in the graph 𝐺2(𝑉 2, 𝐸2) are actually the 3- and 4-
hop neighbor nodes in the original graph 𝐺(𝑉,𝐸), and each
node needs to collect all the neighbor nodes within 5 hops to
accordingly construct the subgraph 𝐺2(𝑉2, 𝐸2) (See Fig. 2)
of the power graph 𝐺2(𝑉 2, 𝐸2).

B. Performing the Erosion Operation

After initializing 𝑓𝑡, the number of suspected boundary
nodes is multiple times of that of actual boundary nodes, and
we have to refine the decision as to 𝑓𝑡 at nodes with 𝑓𝑡 = 1.

Observations indicate that, a majority of 1-hop neighbor
nodes of actual boundary nodes have 𝑓𝑡 = 1, but some actual
interior nodes, which are adjacent to actual boundary nodes or
which have relatively sparse neighborhoods, often turn out to
have 𝑓𝑡 = 1, and a majority of 1-hop neighbor nodes of these
nodes have 𝑓𝑡 = 0. In view of this feature, for any node with
𝑓𝑡 = 1, if the ratio of its 1-hop neighbor nodes with 𝑓𝑡 = 0 is
above a threshold, denoted 𝐸𝑡ℎ, this node is highly probable to
be an actual interior node, so that its 𝑓𝑡 should be accordingly
set to 0. As such, we design a heuristic operation, which is
like the erosion operation in image processing, to shrink the
size of the suspected boundary node set.

C. Determining 𝑓𝑑

To present our result in a meaningful way, we strive to
obtain boundary cycles corresponding to both inner and outer
geometric boundaries of the WSN. Prior to this, we define a
new local variable, denoted 𝑓𝑑, at each suspected boundary
node. The value of 𝑓𝑑 at node 𝑛0 is computed as below.

𝑓𝑑 = ℎ(𝑛0) +
∣{𝑛𝑥∣𝑛𝑥 ∈ 𝑁1(𝑛0)

⋀
ℎ(𝑛𝑥) = ℎ(𝑛0)− 1}∣

∣𝑁1(𝑛0)∣ , (1)

where ℎ(𝑛𝑥) returns the minimal hop count from a suspected
boundary node 𝑛𝑥 to all the identified interior nodes, i.e.,
nodes with 𝑓𝑡 = 0. To compute ℎ(𝑛𝑥), the identified interior
nodes are supposed to be synchronized among themselves by
using the method e.g. in [5], and as a “root node” start to
flood the WSN at roughly the same time; then, each suspected
boundary node records the minimal hop count to the root node,
namely the value of ℎ(𝑛𝑥). During the network flooding, each
suspected boundary node also records the minimal hop count
from each of its 1-hop neighbor nodes to the root node, which
are useful in the determination of 𝑓𝑑 by (1).

It is evident taht, the greater is 𝑓𝑑, the further is the
corresponding node away from the actual interior nodes, and
in other words, the closer is this node to the geometric
boundaries. Therefore, 𝑓𝑑 differentiates each node with 𝑓𝑡 = 1
from its 1-hop neighbor nodes in terms of the proximities
to the geometric boundaries, and is much helpful for finding
boundary cycles in the next step.

D. Searching for Boundary Cycles

The proposed algorithm searches all the suspected boundary
nodes for boundary cycles based on the same mechanism
(i.e., node expanding) as in the function 𝐼𝑁𝐼𝑇𝐼𝐴𝐿𝐼𝑍𝐸(𝑛0)
except for the following two aspects.

First, unlike the function 𝐼𝑁𝐼𝑇𝐼𝐴𝐿𝐼𝑍𝐸(𝑛0) which only
involves the nodes in 𝑁2(𝑛0) and is realized in a centralized
fashion, searching for boundary cycles deals with a relatively
large number of nodes and is thus suitable for a distributed
implementation. To do so, each node with the locally minimal
𝑓𝑑 will serve as a starting node to launch a search process. To
reduce the risk of having two search processes to conflict,
a random waiting time is assigned to each starting node.
However, if two searching processes unfortunately conflict,
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(a) (b)

Fig. 3. Results of applying the proposed algorithm in a WSN with a circular
hole: (a) the average degree is 15.6; (c) the average degree is 22.4.

namely that one node is involved in two search processes, the
one whose starting node’s ID is smaller will stop, while the
other one will continue.

Second, node is arbitrarily expanded in the function
𝐼𝑁𝐼𝑇𝐼𝐴𝐿𝐼𝑍𝐸(𝑛0), but is expanded in a weighted way in
the process of searching for boundary cycles. Specifically, the
node with the maximal 𝑓𝑑 among all expandable nodes is
preferentially expanded, which is the key factor for obtaining
tight boundary cycles.

Like 𝐿𝑡ℎ in the function 𝐼𝑁𝐼𝑇𝐼𝐴𝐿𝐼𝑍𝐸(𝑛0), we define
a similar parameter 𝐶𝑡ℎ for specifying the boundary cycle’s
length of the minimal boundary hole that can be recognized
by the proposed algorithm. If 𝐶𝑡ℎ is set to a small number, the
searching processes might be terminated too early so as to fail
to find boundary cycles. 𝐶𝑡ℎ is dependent on the deployments
of WSNs and is suggested to be greater than 10.

With boundary cycles, it is straightforward to distinguish an
outer boundary from each inner boundary by comparing the
lengths of their corresponding boundary cycles or by com-
paring the length of each boundary cycle with the perimeter
of the WSN which can be roughly estimated based on the
deployment information. Moreover, we can further refine the
set of suspected boundary nodes by excluding the nodes which
are more than 1-hop to boundary cycles.

III. PERFORMANCE EVALUATION

We conduct extensive simulations to evaluate the perfor-
mance of the proposed algorithm with respect to the node
density and existing boundary detection algorithms.

In this simulation, we assume the UDG model and deploy
2700 sensor nodes according to a uniform and random dis-
tribution in a square region of size 240 m with one circular
hole of radius 50 m, which is the same as the WSN shown
in Fig. 1. The average node degree of the graph is varied by
adjusting the communication radius of the UDG model. The
choices of 𝐶𝑡ℎ and 𝐸𝑡ℎ are 15 and 0.8 respectively.

As illustrated in Fig. 3 and Fig. 1(d), the larger is the average
node degree, the more accurate are suspected boundary nodes,
the tighter are the boundary cycles, and hence, the better is the
performance of the algorithm. The underlying reason is that,
a larger node density increases the possibility of forming a
closed path enclosing each interior node due to having more 2-
hop neighbor nodes, and thus lowers the chance of mistakenly

(a) (b)

Fig. 4. Results of applying existing boundary detection algorithms. (a) The
algorithm in [2]; (b) The algorithm in [4]. The average node degree is 18.8.

identifying interior nodes as suspected boundary nodes.
Furthermore, we implement another two typical

connectivity-based boundary detection algorithms [2],
[4] for comparison. As can be seen in Fig. 4, the algorithm
in [2] can only identify a small portion of actual boundary
nodes, but cannot correctly find boundaries of the WSN;
the algorithm in [4] can identify all the actual boundary
nodes, but mistakenly include many actual interior nodes. In
contrast, the proposed algorithm obviously deliver superior
results, as shown in Fig. 1.

IV. CONCLUSIONS

In this paper, we reported a simple and distributed bound-
ary detection algorithm for WSNs, which utilizes only local
connectivity information at each node and is able to produce
boundary cycles corresponding to tight inner and outer bound-
aries of WSNs. We carried out a thorough evaluation and
showed that our algorithm is applicable in both dense and
sparse WSNs.
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