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Abstract—This work addresses the problem of geographic
routing in the presence of holes or voids in wireless sensor
networks. We postulate that, once the boundary of the hole has
been established, relying on the existing algorithms for bypassing
it may cause severe depletion of the energy reserves among the
nodes at (or near) that boundary. This, in turn, may soon render
some of those nodes useless for any routing (and/or sensing)
purposes, thereby effectively enlarging the size of the pre-existing
hole. To extend the lifetime of the nodes along the boundary of
a given hole, we propose two heuristic approaches which aim
at relieving some of the routing load of the boundary nodes.
Towards that, our approaches propose that some of the routes
that would otherwise need to bypass the hole along the boundary,
should instead start to deviate from their original path further
from the hole. Our experiments demonstrate that the proposed
approaches not only increase the lifetime of the nodes along the
boundary of a given hole, but also yield a more uniform depletion
of the energy reserves in its vicinity.

I. INTRODUCTION

One of the sources of disrupting the expected quality of
service in Wireless Sensor Networks’ (WSN) settings is the
occurrence of holes — which is, regions void of operational
nodes for sensing and/or routing purposes [1]. Such voids can
originate as early as the deployment stage of the network,
however, they may also be generated during its continuous
operation, either because a significant amount of nodes have
depleted their battery-reserves, or because of some environ-
mental phenomenon (e.g., a forrest fire).

The problem of detecting and bypassing holes in WSNs has
spurred a significant amount of research results in the past few
years [2], [8]-[10], [13], [15], [20], [21]. The settings in the
existing works range from purely topological/connectivity re-
lationships (e.g., [10]), to assuming some type of a geographic
knowledge regarding the locations of the nodes [3], [16]. When
it comes to forwarding a packet from a given source to a given
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sink node, typical approaches from the latter settings [9], [10],
[13], [15] assume a combination of:
o greedy forwarding, from the source towards the sink
along the shortest path; and
o around-perimeter forwarding (a 1la’ face-routing [14]), in
order to bypass the hole that has been encountered along
the route towards the sink.

Fig. 1. Motivational Scenario: two routes bypassing the same hole

While the problem of bypassing a given hole using the
nodes around its boundary has been investigated in the lit-
erature, at the heart of the motivation for this work is the
following observation: In scenarios in which there are multiple
(source, sink) pairs whose routes rely on some (e.g., GPSR-
like [13]) protocol to bypass a given hole, their combined-
effect may cause the operational nodes along the boundary
of the hole to be depleted faster than their neighbors (and the
rest of the network). As an additional effect, this could cause a
more rapid “expansion” of the hole itself. In addition, routing
a particular packet around the boundary of the hole imposes
an extra latency on that packet’s delivery to the sink. Namely,
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if one could, route the packets directly along the tangent from
the source to the boundary of the hole, and vice-versa for
the sink, the source-to-sink delay will be smaller than the one
incurred via greedy geographic algorithms combined with face
routing. This is a straightforward consequence of the triangular
inequality.

An illustration is presented in Figure 1 which shows two
(source, sink) pairs, (Sci,Ski) and (Sca, Sko) that need to
bypass a given hole — depicted as a region containing dark
circles (dead nodes). The shaded ellipse points the sequence
of nodes that will be used for routing twice, once for each
(source, sink) pair, thereby doubling the depletion of their
energy resources compared to the rest of the nodes along
the hole’s boundary, not to mention the rest of the nodes in
the respective neighborhoods. Observe that routing along the
tangent to the hole starting from Sc¢p reduces the hop-count
by 3. Both effects will be further amplified in applications
in which long-running periodic transmission is required for
sampled values from source towards the sink.

The main contributions of this work are methods for com-
pact representation of the hole-boundary and two heuristic-
based routing protocols: RCF (Ring-Constraint Forwarding)
and WCF (Wedge-Constraint Forwarding) — aiming at balanc-
ing the load vs. latency trade-offs. Our experiments demon-
strate that each of the proposed heuristics prolongs the lifetime
of the boundary nodes and improves the uniformity of the rate
of energy-depletion in the network — expressed as a standard
deviation of the energy reserves over time.

The rest of this paper is structured as follows. In Section
IT we present the basic definitions and recollect the necessary
background. Section III presents the details of our proposed
approaches, and the experimental observations regarding their
benefits are given in Section IV. In Section V, we position
our work with respect to the relevant literature, summarize
the paper and outline directions for future work.

II. PRELIMINARIES

We now introduce the basic terminology and definitions
used in the rest of this paper, along with the methodology to
generate hole representation used in our heuristics (cf. Section
3).

We assume a dense WSN with NV nodes, where the sensor
nodes {sni,sng,...sny} are randomly deployed over the
geographic area of interest. Each node sn; has a unique,
fixed physical location represented as a coordinate in a given
reference system. Nodes are assumed to have the capability of
determining their locations at run-time, either by means of a
location hardware, such as a GPS device, or by implementing
a location discovery algorithm [7], [17]. Each node sn;
has information about the position and state of its one-hop
neighbors N B(sn;).

Given a set of point-locations P = {Py, Pa,..., Py} in
the Euclidian 2D space, its convex hull C H(P) is defined as
the smallest convex polygon whose vertices are Vo (py © P
and all the other points from P\ Vo (p) are inside CH(P)
[6]. Using the existing techniques (cf. [8] for determining the
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nodes that are on the boundary of a given hole, we can readily
apply the techniques proposed in [20] to determine the convex
hull of the boundary nodes. Assuming that the hole’s boundary
is determined by M nodes, the complexity of the convex hull
algorithm will be bound by O(M log M), with the worst-case
of O(M) messages overhead for the boundary nodes.

o ©O o O o

O Hole Boundary

Smallest Enclosing
Circle of the
», Convex Hull
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Fig. 2. Convex hull and Smallest Enclosing Circle of a Hole

Let My = |Vop(p)| denote the cardinality of the set of
vertices in the convex hull of P (My < M). The smallest
enclosing circle of CH(P) is the circle with the minimal ra-
dius which contains every vertex from Vo pr(py and, due to the
convexity of C'H (P) also contains every point from the edges
and the interior of C'H(P). The construction of the smallest
enclosing circle can be performed in O(My, log My) time
complexity (O(Mp) if randomized algorithms are used) [6],
with an overhead of O(M) messages for the nodes on the
convex hull — since the vertices of the convex hull of the hole
need not be within each other’s 1-hop communication range.

The concepts that we introduced so far are illustrated in Fig-
ure 2. We note that applying a divide-and-conquer strategy, in a
manner presented in [20], could yield savings in the messages
overheads for both convex hull and smallest enclosing circle
computations, however, the upper-bound of O(M) is correct.

III. HOLE EXPANSION AND BYPASSING

We now present the details of the two routing protocols
that aim to balance the trade-offs between two complementary
desiderata: reducing the latency of the sink-to-source com-
munication, and the load balancing among the nodes in the
network.

A. Ring-Constrained Forwarding (RCF)

The first heuristic that we propose consists of four distinct
phases:
Phase I (Pr): Initially, the source S, starts forwarding along
the shortest path towards the sink S, e.g., following the
S.Sy line segment in a TBF-like manner [18]. If no hole
is encountered to be bypassed, the protocol completes the
transmission within Pr.
Phase Il (Pry): IF a hole is encountered, the first node along
the boundary of its smallest enclosing circle (cf. Section 2)
initiates a return-message towards Sc. The content of the




message includes the location of the center C, and the radius
rc of the hole’s smallest enclosing circle.
Phase III (Prrr): Whenever Pry takes place, it is followed by
Prr1, during which:

1) The source S. selects the value of d — the width of the

ring centered at C,. and with inner-radius r¢.
2) It adds the three parameters (C.,7¢c,d) to the packet-

content, which will be subsequently carried along the

hops.
3) Every subsequent routing node randomly selects as a

next-hop one of its neighbors that is:

— closer towards Sy, than itself;

— is within the zone bounded by the tangents to the inner
and outer circles of the ring, as constructed both from
S. and Sy, and the portion of the ring bounded by the
circular arcs in-between the tangents.

Fig. 3. Back-propagating Hole’s Enclosing Circle and Ring Construction

The main ideas behind the RCF protocol are illustrated in
Figure 3. As shown, after encountering the hole during Phl
and having that information propagated back to the source
(Phll), S. selects the value for the width of the ring (d). Note
how the sensor node denoted as A in Figure 3 can select any
of its neighbors B or C, because they both satisfy the criteria
of P II ].3

B. Wedge-Constrained Forwarding (WCF)

While our first heuristic RCF aims at allowing smaller
variations within some bounds from the shortest path around
the (smallest enclosing circle of) the hole, the second heuristic
that we considered offers a wider choice of selecting next-hop
routing nodes.

The first two phases of the WCF, denoted P; and Pj;
are exactly the same as the corresponding ones in the RCF
protocol. For that matter, even P7;;.1 and Pj;;.2 are the same
with the corresponding parts of RCF. The main difference is
in the forwarding policy part of the third phase:

Phase III’ (Pj;;):
1) (same as Pryr.1)

2) (same as Pjj7.2)
3) Every subsequent routing node randomly selects as a

next-hop one of its neighbors that is:

— closer towards S), than itself;

— is within the zone (wedge) bounded by the tangents to
the outer circle, as constructed both from S, and S, and
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Fig. 4. Bounding Wedge

the portion of the outer boundary of the ring in-between
the tangents.

Figure 4 illustrates the specifics of the WCF heuristics. As
shown, the node M can select any of its neighbors N, P, or T’
— exemplifying the basic trade-offs between RCF and WCF:

o WCEF offers wider flexibility of selections, thereby pro-

viding better load-balancing;
¢ RCEF, on the other hand, restricts the amount of next-hop

selections, however, it provides a smaller latency of the
transmission between S, and Sj.

IV. EXPERIMENTAL EVALUATION

We compare our proposed hole-bypassing routing heuristics
RCF and WCF with the Face routing algorithm [4] in several
settings.

The experiments were performed on the open source simula-
tor for WSN, SIDnet-SWANS [11]. Each run simulates 1200
homogeneous sensor nodes configured as: (1) 20kbps radio
data rate on the MAC802.15.4 protocol; (2) 5 seconds idle-
to-sleep interval of inactive nodes to preserve battery power,
and 2-seconds interval of data transmission of source node;
(3) power consumption characteristics meet the specifications
of Mica2 Motes; (4) fully-charged battery fully-charged with
initial capacity 25mAh. We evaluate over the lifetime of sensor
nodes, load balancing, and the communication time. Each
setting was tested for (1) 2 node densities (A € {10,24}
average neighbors per node); (2) 2 hole expanding factors (d =
0.25r¢ and 0.75r¢); (3) 3 different hole sizes (Hole = 1%, 5%
and 15% of field area); (4) Random choice between 1 up to 4
(source, sink) pairs. The holes were generated using pentagons
and hexagons which were “deformed” by moving the mid-
point of the edges towards the interior of the polygon for a
randomly selected factor of 20%-60% of the edge’s length, and
then randomly perturbing the initial location of the vertices
within a disk of size 5% of the edges’ length. In the sequel,
we present the averaged observations of all the runs.

We measure the quality of the load balancing by the stan-
dard deviation of the distribution of the energy consumption.
As shown in Figure 5, when the hole size is small, e.g., 1% of
field area, the effects of the three approaches are very similar
(Figure 5(a)). Also, the standard deviation will increase with
hole size because more relay nodes are required to bypass
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Fig. 5. Impact of hole size on work-load balance.

the coverage hole. However, face routing is more sensitive
to the hole size than RCF and WCF — due to the lack of
path diversity. While the length of routing paths in RCF and
WCF increases with the hole size, more available routing
paths can be will reduce the standard deviation of the energy
consumption

On average, RCF and WCF achieve 11% and 28%, re-
spectively, improvement over Face routing in terms of load
balancing when hole size metrics are 5% and 15%. Note that
the performance gain of RCF and WCF over Face routing
“stabilizes” as the hole size increases to some level (15% in
figure 5(c)). This is because the expanding area, decided by
factor d, increases with the hole size too, which leads to longer
routing paths for both RCF and WCF.
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Fig. 6. Impact of A on work-load balance.

Figure 6 shows for A 10, RCF and WCF achieve
improvement (13% and 24% ) in load balancing over Face
routing. For A 24, the improvement decrease to 11%
(RCF) and 20% (WCF). Note that in both experiments, WCF
outperforms RCF, due to employing more available routing
paths.

Figure 7 shows the impact of expanding factor d on
the performance of routing schemes RCF and WCF (for
convenience of comparison, we also plot Face routing). As
illustrated, increasing d affects the performance of both RCF
and WCF in similar manners. First, increasing d explores more
allowable paths for both RCF and WCF which may utilize
a larger fraction of the nodes to share the communication
costs. However, increasing d, especially for larger hole size,
also increases the paths-length of the RCF and WCF routing
schemes, which may incur more energy consumption, and con-
sequently compensate for the load balancing gain of exploring
more available routing paths.

Figure 8(a) shows the life time of nodes, averaged by all
parameter settings, where the time is measured based on three
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different “policies™: (1) first dead node; (2) 5% dead nodes;
and (3) 10% dead nodes. For a lifetime metric of 15% of
dead nodes, RCF and WCF achieve 1.2 hour (14%) and 2.0
hour (23 %) of additional lifetime than Face routing. When
the lifetime metric is reduced to the first dead node, the
improvements are even higher (2.6 hour (52%) and 3.4 hour
(68 %), respectively). This proves the effectiveness of RCF and
WCEF on conserving the energy and extending the lifetime of
nodes. Again, WCF’s effect on load balancing turn out to be
superior, now in terms of lifetime.

Communication latencies are compared in terms of the time
to transmit a packet from S, to Sj. As illustrated in figure
8(b), RCF and WCF yield 11% and 6% improvements when
compared to Face routing. RCF performs better than WCF due
to the use of almost-shortest paths employed to route packets.
The latency of each approach increases as the time evolves,
because the nodes around the coverage hole die faster, thereby
expanding the hole itself, which leads to longer path lengths
overall. Figure 8 illustrates the trade-off that we mentioned
— while WCF achieves better load-balancing (in terms of
lifetime), RCF incurs smaller latency.

Finally, Figure 9 depicts the total energy dissipation, av-
eraged over all parameters settings. As shown, the proposed
routing approaches perform slightly better than Face routing,
and RCF outperforms WCF because it employs fewer hops



per routing packet.
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V. RELATED WORK AND CONCLUSIONS

Problems related to detecting, representing and bypassing
holes in WSN settings have been investigated since the
emergence of the field (see [1] for a survey). Relying on
homology, the problem of coverage and hole detection was
addressed in [12] and, more recently, distributed algorithms
for finding and patching connectivity holes were presented
in [23]. Distributed approaches for locating and bypassing
holes based on geometric techniques were used in [8] and
in [10] holes’ detection methods based on topological prop-
erties was presented. Distributed generation of convex hulls
was used for coverage holes’ detection in [20], and adaptation
methods for the networks’ operation in presence of holes were
suggested in [2]. One immediate consequence of holes is that
they need to be considered (and circumvented) for routing
purposes. Several geographical protocols have been proposed
towards that end [4], [9], [14], [15], [21]. Theoretical analysis
for the energy-holes properties in circular multihop networks
is presented in [22].

In this work, we specifically addressed the problem of life-
time of the nodes along the boundary of a communication hole
in WSNs. Motivated by the observation that those nodes are
likely to be more used during bypassing on behalf of queries
from different (sink, source) pairs, we proposed two heuristics
that are trading off the load balancing among the nodes and
the communication latency. We proposed to represent the hole
compactly via the smallest enclosing circle of the convex hull
of the boundary nodes. Upon notification that the shortest
geographic path towards the sink contains a hole, and based on
its description, the source node decides which routing policy
to use (RCF or WCF). Our experiments demonstrated the both
of the proposed approaches prolong the lifetime of the nodes
along the nodes boundary, when compared against the baseline
approach from [4]; RCF providing shorter delay for packets
delivery, while WCF providing a better load balancing.

There are two immediate extensions to our work that we
plan to pursue in the future. Firstly, we need to take the energy
distribution into account (i.e., in this work, we assumed that
it is uniformly distributed) [22]. Secondly, we note that in
some cases (e.g., polygons that are ’skewed” along a particular
dimension) the smallest enclosing circle may introduce a lot
of ”dead-space”, in the sense that many nodes near the hole’s
boundary will not be used at all. We plan to leverage on [5]
for more compact representation of holes.
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Another extension is along the lines of exploring whether
better-controlled multipath routing (e.g., field-based one [19])
could improve the benefits of WCF/RCF.
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