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Abstract—Greedy geographic routing is an attractive localized routing scheme for wireless sensor networks due to its efficiency and
scalability. However, greedy geographic routing may fail due to routing voids on random network topologies. We study greedy
geographic routing in an important class of wireless sensor networks (e.g., surveillance or object tracking systems) that provide
sensing coverage over a geographic area. Our analysis and simulation results demonstrate that an existing geographic routing
algorithm, greedy forwarding (GF), can successfully find short routing paths based on local states in sensing-covered networks. In
particular, we derive theoretical upper bounds on the network dilation of sensing-covered networks under GF. We also propose a new
greedy geographic routing algorithm called Bounded Voronoi Greedy Forwarding (BVGF) that achieves path dilation lower than 4.62 in
sensing-covered networks as long as the communication range is at least twice the sensing range. Furthermore, we extend GF and
BVGF to achieve provable performance bounds in terms of total number of transmissions and reliability in lossy networks.

Index Terms—Sensor networks, coverage, geographic routing, greedy routing, wireless communication.

1 INTRODUCTION

WIRELESS sensor networks represent a new type of ad hoc
networks that integrate sensing, processing, and
wireless communication in a distributed system. While
sensor networks have many similarities with traditional
ad hoc networks, such as those comprised of laptops, they
also face new requirements introduced by their distributed
sensing applications. In particular, many critical applications
(e.g., distributed detection [32], distributed tracking and
classification [20]) of sensor networks introduce the funda-
mental requirement of sensing coverage that does not exist in
traditional ad hoc networks. In a sensing-covered network,
every pointin a geographic area of interest must be within the
sensing range of at least one sensor.

The problem of providing sensing coverage has received
significant attention. Several algorithms [7], [5], [24], [39]
were propsed to achieve sensing coverage when a sensor
network is deployed. Other projects [31], [33], [37], [38]
developed online energy conservation protocols that dyna-
mically maintain sensing coverage using only a subset of
nodes. Complimentary to existing research on coverage
provisioning and geographic routing on random network
topologies, we study the impact of sensing coverage on the
performance of greedy geographic routing in wireless sensor
networks.

Geographic routing is a suitable routing scheme in
sensor networks. Unlike IP networks, communication in
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sensor networks is often addressed by physical locations.
For example, instead of querying a sensor with a particular
ID, a user often queries a geographic region. The identities
of sensors that happen to be located in that region are not
important. Any node in that region that receives the query
may participate in data aggregation and reports the result
back to the user. This location-centric communication
paradigm allows geographic routing to be performed
without incurring the overhead of location directory
services [21]. Furthermore, geographic routing makes
efficient routing decisions based on local states (e.g.,
locations of one-hop neighbors). This localized nature
enables it to scale well in large distributed microsensing
applications.

As the simplest form of geographic routing, greedy
forwarding (GF) is particularly attractive in sensor net-
works. In this paper, GF refers to a simple routing scheme
in which a node always forwards a packet to the neighbor
that has the shortest distance’ to the destination. Due to the
low overhead, GF can be easily implemented on resource
constrained sensor network platforms. However, earlier
research has shown that GF often fails due to routing voids
on random network topologies. In this paper, we present
new geometric analysis and simulation results that demon-
strate, GF is a viable and effective routing scheme in
sensing-covered networks deployed in convex regions.
Specifically, the key results in this paper include the
following.

1.  We establish a constant upper bound on the network
dilation of sensing-covered networks based on
Delaunay Triangulations in Section 4.

2. We then derive a new upper bound on network
dilation for sensing-covered networks under GF in

1. Different definitions of distance (e.g., Euclidean distance or projected
distance on the straight line toward the destination) may be adopted by
different algorithms.

Published by the IEEE Computer Society
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Section 5. This bound monotonically decreases as the
network’s range ratio (the communication range
divided by the sensing range) increases.

3. We also propose a new greedy geographic routing
algorithm called Bounded Voronoi Greedy Forward-
ing (BVGEF) that achieves a lower bound on network
dilation than GF (see Section 6).

4. We extend GF and BVGF to handle unreliable
communication links which are common in real
wireless sensor networks. These variants of GF and
BVGF have analytical bounds in terms of total
number of transmissions and path reliability in lossy
networks (see Section 7).

5. Finally, our theoretical results are validated through
simulations based on both a deterministic radio
model and a realistic model of Mica2 motes (see
Section 8).

2 RELATED WORK

Routing in ad hoc wireless (sensor) networks has been
studied extensively in the past decade. The most relevant
works include various geographic routing algorithms [23],
[29], [4], [16], [30].

As the simplest form of geographic routing, greedy
forwarding (GF) makes routing decisions only based on the
locations of a node’s one-hop neighbors, thereby avoiding
the overhead of maintaining global topology information.
GF always chooses a next hop that minimizes a certain
routing metric. Several routing metrics have been proposed
for GF, which include the Euclidean distance to the
destination [12], the projected distance to the destination
(on the straight line joining the current node and the
destination) [30], and the direction to the destination
(measured by the angle between the straight line joining
the current node and the destination and the straight line
joining a neighbor and the destination) [17]. However, GF
may fail if a node encounters local minima, when it cannot
find a “better” neighbor than itself. Previous studies found
that such local minima are prevalent in ad hoc networks.
Several schemes have been proposed to recover from the
local minima. GFG [4], GPSR [16], and GOAFR+ [18] route a
packet around the faces of a planar subgraph extracted from
the original network, while limited flooding is used in [29]
to circumvent local minima. To guarantee delivery, many
existing geographic routing algorithms (e.g., GFG [4], GPSR
[16], GOAFR+ [18], and the routing schemes proposed in
[29]) switch between the GF mode and recovery mode
depending on the network topology. Unfortunately, the
recovery mode inevitably introduces additional overhead
and complexity to geographic routing algorithms.

The stretch factors of specific geometric topologies have
been studied for wireless networks. The recovery algorithm
in GPSR [16] routes packets around the faces of one of two
planar subgraphs, namely, Relative Neighborhood Graph
(RNG) and Gabriel Graph (GG), to escape from routing voids.
However GG and RNG are not good spanners of the original
graph [11], i.e., two nodes that are a few hops away in the
original network mightbe very far apartin GG and RNG. The
Delaunay Triangulation (DT) has been shown to be a good
spanner with a constant stretch factor [9], [15], [6]. The
probabilistic bound on the Euclidean length of DT paths
constructed with respect to a Poisson point process is
analyzed in [2]. However, the DT of a random network

topology may contain arbitrarily long edges which exceed
limited wireless transmission range. To enable the local
routing algorithms to leverage on the good spanning
property of DT, two distributed algorithms for constructing
local approximations of the DT are proposed in [13], [22].
Interestingly, these local approximations to DT are also good
spanners with the same constant stretch factor as DT.
However, finding the routing paths with bounded length in
DT requires global topology information [9]. The Parallel
Voronoi Routing (PVR) [3] algorithm deals with this problem
by exploring the parallel routes which may have bounded
lengths. Unlike the existing works that assume arbitrary node
distribution, our work focuses on the greedy geographic
routing on sensing-covered topologies.

3 PRELIMINARIES

3.1 Assumptions

We assume all sensor nodes are located in a two-
dimensional space. Every node has the same sensing range
R,. For a node located at point p, we use circle C(p, R;) that
is centered at point p and has a radius R, to represent the
sensing circle of the node. A node can cover any point inside
its sensing circle. We assume that a node does not cover the
points on its sensing circle. While this assumption has little
impact on the performance of a sensor network in practice,
it simplifies our theoretical analysis. We assume the
deployment region of a sensor network is convex. A
network is sensing-covered if any point in the deployment
region of the network is covered by at least one node.

We assume a deterministic communication model in our
first set of analysis. In this model, any two nodes v and v
can directly communicate with each other if and only if
|uv] < R., where |uv| is the Euclidean distance between u
and v, and R, is the communication range of the network.
Under this model, a network can be represented by a unit
disk graph G(V, E), where V represents the set of nodes in
the network and an edge (u,v) € E if and only if |uv| < R,.
In Section 7, we extend the algorithms and analysis based
on the deterministic model to a probabilistic communica-
tion model that captures the characteristics of unreliable
sensor networks.

3.2 Double Range Property

The ratio between the communication range, R., and the
sensing range, R, has a significant impact on the achievable
routing quality of a sensing-covered network. In this paper,
we call R./R; the range ratio. Intuitively, as the range ratio
increases, a sensing-covered network becomes denser,
resulting in better routing quality.

In practice, both communication and sensing ranges are
highly dependent on the system platform, the application,
and the environment. The communication range of a
wireless network interface depends on the property of
radio (e.g., transmission power, baseband/wide-band, and
antenna) and the environment (e.g., indoor or outdoor) [40].
The outdoor radio ranges of several wireless (sensor)
network interfaces are listed in Table 1.2

The sensing range of a sensor network depends on the
sensor modality, sensor design, and the requirements of

2. The empirical study [40] shows that the effective radio range of the
Mical mote varies with the environment and usually is shorter than the
specification.
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TABLE 1
The Radio Ranges of Wireless Network Platforms [8], [27], [28]

Sensoria SGate
1640

Mica2 mote
1000

Platforms | Mical mote
R, (ft) 100

802.11b (SonicWall) |
1200 ~ 2320 |

specific sensing applications. The sensing range has a
significant impact on the performance of a sensing applica-
tion and is usually determined empirically to satisfy the
Signal-to-Noise Ratio (SNR) required by the application. For
example, the empirical results in [10] showed that the
performance of target classification degrades quickly with
the distance between a sensor and a target. In their real-
world experiments on sGate [27], a sensor platform from
Sensoria Corp., different types of military vehicles drove
through the sensor deployment region and the types of the
vehicles were identified based on the acoustic measure-
ments. The experimental results showed that the probability
of correct vehicle classification decreases quickly with the
sensor-target distance and drops below 50 percent when the
sensor-target distance exceeds 100m. Hence, the effective
sensing range is much shorter than 100m. The experiments
for a similar application [14] showed that the sensing range
of seismic sensors is about 50m.

Clearly, the range ratio varies across a wide range due to
the heterogeneity of sensor networks. As a starting point for
the analysis, in this paper, we focus on those networks with
the double range property, i.e., R./Rs > 2. This assumption is
motivated by the geometric analysis in [33], which showed
that a sensing-covered network is always connected if it has
the double range property. Since network connectivity is
necessary for any routing algorithm to find a routing path,
it is reasonable to assume the double-range property as a
starting point.

Empirical experiences have shown that the double range
property is applicable to a number of representative
sensing applications. For example, the aforementioned
sGate-based network used for target classification [10] has
a sensing range R, < 100m, and communication range R, =
1,640t (547m) (as shown in Table 1), which corresponds to
a range ratio R./R; > 5.47. The double range property will
also hold if the seismic sensors used in [14] are combined
with a wireless network interface that has a communication
range R, > 100m.

All results and analyses in the rest of this paper assume
that a sensor network is deployed in a convex region and
has the double property unless otherwise stated.

3.3 Metrics

The performance of a routing algorithm can be character-
ized by the network length (i.e., hop count) and Euclidean
length (i.e., the sum of the Euclidean distance of each hop) of
the routing paths it finds. Note the path with the shortest
network length may be different from the path with the
shortest Euclidean length. In this paper, we focus more on
the network length. Network length has a significant impact
on the delay and the throughput of multihop ad hoc
networks. A routing algorithm that can find the paths with
short Euclidean length may potentially reduce the network

energy consumption by controlling the transmission power
of the wireless nodes [25], [34].

The performance of a routing algorithm is inherently
affected by the path quality of the underlying networks.
Stretch factor [11] is an important metric for comparing the
path quality between two graphs. Let 7¢(u,v) and d¢(u,v)
represent the shortest network and Euclidean length
between nodes u and v in graph G(V, E), respectively. A
subgraph H(V,E'), where E' C E, is a network t-spanner of
graph G(V,E) if V u,v € V, 7 (u,v) <t - 7¢(u,v). Similarly,
H(V,FE') is an Euclidean t-spanner of graph G(V,E) if
Ve V,dg(u,v) <t-dg(u,v), where ¢t is called the network
(Euclidean) stretch factor of the spanner H(V, E').

In this paper, we use dilation to represent the stretch
factor of the wireless network G(V, E) relative to an ideal
wireless network in which there exists a path with network

Juw

length LT‘-‘ and a path with Euclidean length |uv| for any
two nodes u and v. We define the following two dilations:

Definition 1. The network dilation of the network G(V, E) is
defined by:

Definition 2. The Euclidean dilation of the network G(V, E) is
defined by:

We note that Euclidean dilation has been widely used in
graph theory to characterize the quality of a graph [11].
Clearly, the dilation of a wireless network is an upper bound
of the stretch factor relative to any possible wireless network
composed of the same set of nodes. Asymptotic network
dilation (denoted by D,,)is the value that the network dilation
converges to when the network length approaches infinity.
Asymptotic network dilation is useful in characterizing the
path quality of a large-scale wireless network. We say D, (R)
is the network dilation of the wireless network G(V, E) under
routing algorithm R (or network dilation of R for abbreviation) if
7¢(u,v) in Definition 1 represents the network length of the
routing path between nodes u and v chosen by R. The network
dilation of a routing algorithm characterizes the performance
of the algorithm relative to the ideal case in which the path
between any twonodes u and vhas ‘;—Ir‘ hops. The Euclidean
dilation of R is defined similarly.

4 DILATION ANALYSIS BASED ON DT

In this section, we study the dilation property of sensing-
covered networks based on Delaunay Triangulations (DT).
We first show that the DT of a sensing-covered network is a
subgraph of the network when the double-range property
holds. We then quantify the Euclidean and network
dilations of sensing-covered networks.
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Fig. 1. The Voronoi diagram of a sensing-covered network.

4.1 Voronoi Diagram and Delaunay Triangulation
Forasetof nnodes V in 2D space, the Voronoi diagram of V' is
the partition of the plane into n Voronoi regions, one for each
nodein V. The Voronoi region of node i (i € V) is denoted by
Vor(i). Fig. 1 shows a Voronoi diagram of a set of nodes. A
point in the plane lies in Vor(i) if and only if ¢ is the closest
node to the point. The boundary between two contiguous
Voronoi regions is called a Voronoi edge. A Voronoi edge is on
the perpendicular bisector of the segment connecting two
adjacent nodes. A Voronoi vertex is the intersection of Voronoi
edges. As shown in Fig. 1, point p is a Voronoi vertex of three
contiguous Voronoi regions: Vor(u), Vor(v), and Vor(w). We
assume that all nodes are in general positions, that is, no three
nodes lie on the same straight line and no four nodes lie on the
same circle.

In the dual graph of a Voronoi diagram, Delaunay
Triangulation (denoted by DT(V)), there is an edge
between nodes u and v in DT(V) if and only if the
Voronoi regions of nodes u and v share a boundary.
DT (V) consists of Delaunay triangles. DT(V) is planar, i.e.,
no two edges cross. It has been shown in [9] that the
Delaunay Triangulation is a good Euclidean spanner of
the complete Euclidean graph. The upper bound of the
Euclidean stretch factor is 257 [9]. A tighter bound on

2
the stretch factor, %g m = 2.42, is proved in [15].

4.2 Dilation Property

In this section, we investigate the Euclidean and network
dilations of sensing-covered networks. We first study the
properties of Voronoi diagrams and DT of sensing-covered
networks. These results lead to bounded dilations of such
networks.

In a sensing-covered network deployed in a convex
region A, the Voronoi region of a node located at the
vicinity of A’s boundary may exceed the boundary of A or
even be unbounded. In the rest of this paper, we only
consider the partial Voronoi diagram that is bounded by the
deployment region A and the corresponding dual graph. As
illustrated in Fig. 1, the Voronoi region of any node in this
partial Voronoi diagram is contained in the region A.
Consequently, the dual graph of this partial Voronoi
diagram is a partial DT that does not contain the edges
between any two nodes whose Voronoi regions (of the
original Voronoi diagram) join outside A.

In a sensing-covered convex region, any point is covered
by the node closest to it. This simple observation leads to
the the following lemma:

Lemma 1 (Coverage Lemma). A convex region A is covered by
a set of nodes V' if and only if each node can cover its Voronoi
region (including the bounary).

Proof. The nodes partition the convex region A into a
number of Voronoi regions in the Voronoi diagram.
Clearly, if each Voronoi region (including the boundary)
is covered by the node within it, region A is sensing-
covered. On the other hand, if region A is covered, any
point in region A must be covered by the closest node(s)
to it. In the Voronoi diagram, all the points in a Voronoi
region share the same closest node. Thus, every node can
cover all the points in its Voronoi region. Any point on
the boundary of two Voronoi regions Vor(i) and Vor(j)
has the same distance from ¢ and j and is covered by
both of them. o

According to Lemma 1, every Voronoi region Vor(u) in a
sensing-covered network is contained in the sensing circle
of u. This property results in the following lemma:

Lemma 2. In a sensing-covered network G(V, E) deployed in a
convex region A, the Delaunay Triangulation of the nodes is a
subgraph of the network, i.e., DT(V) C G(V, E). Further-
more, any DT edge is shorter than 2R,.

Proof. Itis clear that the two graphs DT'(V') and G(V, E)) share
the same set of vertices. We now show that any DT edge
betweenuand visalsoanedgein G(V, E). Asillustrated in
Fig. 1, the Voronoi vertex p is the intersection of three
contiguous Voronoi regions, Vor(u), Vor(v), and Vor(w).
From Lemma 1, pis covered by u, v, and w. Hence, |pu], |pv|,
and |pw| are all less than R,. Thus, according to the triangle
inequality, |uv| < |up| + |pv| < 2R,. From the double range
property, we have |uv| < R.. Therefore, uv is an edge of
G(V,E). O

Since the unit disk graph of a sensing-covered network
contains the DT of the nodes, the dilation property of a
sensing-covered network is at least as good as DT.

Theorem 1. A sensing-covered network G(V, E) has a Euclidean

dilation %m ie, ¥V u,veV,dg(u,v) < 4T\/:';7r|uv|.

Proof. As proved in [15], the upper bound on the stretch
factor of DT is %ﬂ'. From Lemma 2, DT(V) C G(V, E),
thus V u,v € V,dg(u,v) < dpr(u,v) < %gﬂuv\. 0

In addition to the competitive Euclidean dilation shown
by Theorem 1, we next show that a sensing-covered
network also has a good network dilation.

Theorem 2. In a sensing-covered network G(V, E), the network
length of the shortest path between node w and v satisfies:
ra(u,0) < |53 bel] + 1

Proof. Clearly, the theorem holds if v and v are adjacent in
G(V, E). Now, we consider the case where the network
length between u and v is at least 2. Let II represent the
path in G(V, E) that has the shortest Euclidean length
between nodes v and v. Let NV be the network length of
II. Consider three consecutive nodes s;, s;;1, and s;,2 on
I1, as shown in Fig. 2. Clearly, there is no edge between s;
and s;49 in G(V, E) because, otherwise, choosing s; s as
the next hop of s; results in a path with shorter Euclidean
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Sit1

S Siv2

A
A

| SiSit2 | > Re
Fig. 2. Three consecutive nodes on a path.

length than II, which contradicts the assumption that II
is the path with the shortest Euclidean length between «
and v. Hence, |s;s;42| > R,. From the triangle inequality,
|sisit1] + |Sit18i+2] > |Sisita] > R.. Summing this inequal-
ity over consecutive hops on the path, we have:

N
R, LEJ < dg(u,v). (1)
From Theorem 1, we have
4 e |1
do(u) < ST ©)
From (1) and (2), the shortest network length satisfies:
TG(um)gNgf”Tﬁ-%JJrl. O

The asymptotic bound on the network dilation of sensing-
covered networks can be obtained by ignoring the rounding
and constant term 1 in 7¢(u,v) defined in Theorem 2.

Corollary 1. The asymptotic network dilation of sensing-covered
networks is @’

Theorem 1 and Corollary 1 show that the sensing-
covered networks have good Euclidean and network
dilation properties.

We note that the analysis in this section only considers the
DT subgraph of the network and ignores any communication
edge thatisnota DT edge. When R,/ R, islarge,a DT edgeina
sensing-covered network can be significantly shorter than R,,
and the dilation-bounds-based DT can be very conservative.
In the following sections, we will show that significantly
tighter dilation bounds are achieved by greedy routing
algorithms such as GF when R,/ R, becomes higher.

5 GREEDY FORWARDING

In this section, we prove that GF always succeeds in
sensing-covered networks when the double-range property
is satisfied and, hence, the delivery of a packet is
guaranteed without complex recovery modes. We further
derive the upper bound on the network dilation of sensing-
covered networks under GF. As discussed in Section 2,
several different routing metrics can be used in GF. In this
section, we focus on the Euclidean distance and the
projected distance metrics.

Theorem 3. In a sensing-covered network, GF can always find a
routing path between any two nodes. Furthermore, in each step

Fig. 3. GF always finds a next-hop node.

(other than the last step arriving at the destination), a node can
always find a next-hop node that is more than R. — 2R, closer
(in terms of both Euclidean and projected distance) to the
destination than itself.

Proof. Let s, be the destination and s; be either the source or
an intermediate node on the GF routing path, as shown in
Fig.3.1f |s;s,| < Rq, s, isreached in one hop. If |s;s,| > R,,
we find point a on §;s, such that |s;a] = R, — R,. Since
R. > 2R, point a mustbe outside of the sensing circle of s;.
Since a is covered, there must be at least one node, say w,
inside the circle C(a, R;).

We now prove that the progress toward s,, (in terms of
both Euclidean and projected distance) is more than R, —
2R, by choosing w as the next hop of s;. Let point b be the
intersection between 3;5,, and C(a, R;) that is closest to s;.
Since circle C(a, R,) is internally tangent with the
communication circle of node s;, |s;b| = R, — 2R,. Clearly,
the maximal distance between s, and any point on or
inside C(a, Ry) is |s,b|. Suppose w' is the projection of node
w on line segment 5;5,. We have: |s,s;| — [s,w/| > |spsi]
—|spw| > |s;b] = R. — 2Rs > 0.

From above relation, we can see that both the
projected distance and the Euclidean distance in one
hop (other than the last hop arriving at the destination)
of a GF routing path is more than R, — 2R,. Thus, GF can
always find a routing path between any two nodes. O
Theorem 3 establishes that the progress toward the

destination in each step of a GF routing path is lower-
bounded by R, —2R;. As a result, the following theorem
shows that the network length of a GF path is upper-
bounded. The proof is presented in [36] and not included
here due to space limitation.

Theorem 4. In a sensing-covered network, GF can always find a
routing path between source u and destination v no longer than
Juv]
{R,ﬁw‘j + 1 hops.

From Theorem 4 and Definition 1, the network dilation
of a network G(V, E) under GF satisfies:

\\ |uv)| J+1
D, (GF) < max Afem2h] - -

u,veV Juv]
R.

3)
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The asymptotic network dilation bound of sensing-
covered networks under GF can be computed by ignoring
the rounding and the constant term 1 in (3).

Corollary 2. The asymptotic network dilation of sensing-covered
networks under GF satisfies
R.

Dy (GF) < m (4)

From (4), the dilation upper bound monotonically
decreases when R./R; increases. It becomes lower than 2
when R./R; >4 and approaches 1 when R./R, becomes
very large. This result confirms our intuition that a sensing-
covered network approaches an ideal network in terms of
network length when the communication range is signifi-
cantly longer than the sensing range.

However, the GF dilation bound in (4) increases quickly to
infinity when R,/ R, approaches 2. In the proof of Theorem 3,
when R, approaches 2R,, a forwarding node s; may be
infinitely close to the intersection point between C(a, R,) and
5;5,. Consequently, s; may choose a neighbor inside C(a, R;)
that makes an infinitely small progress toward the destina-
tion and, hence, results in a long routing path. Similar to the
proof of Theorem 5.1 in [13], it can be shown that the network
length of a GF routing path between source v and destination
vis bounded by O((‘;—Ll)g) From Definition 1, we can see that
this result cannot lead to a constant upper bound on the
network dilation for a given range ratio. Whether GF has a
tighter analytical network dilation bound when R,/ R, is close
to two is an open research question left for future work.

6 BOUNDED VORONOI GREEDY FORWARDING
(BVGF)

We note that, although GF has a satisfactory network
dilation bound when R./R; > 2, the bound becomes very
large when R./R; is close to two. In contrast, the analysis
based on the Voronoi diagram in Section 4 leads to a
satisfactory bound when R./R; is close to two, but this
bound becomes conservative when R./R;>> 2. These
results motivate us to develop a new routing algorithm,
Bounded Voronoi Greedy Forwarding (BVGEF), that has a
satisfactory analytical dilation bound for any R./R; > 2 by
combining GF and the Voronoi diagram.

6.1 The BVGF Algorithm

Similar to GF, BVGF is a localized algorithm that makes
greedy routing decisions based on one-hop neighbor
locations. When node ¢ needs to forward a packet, a
neighbor j is eligible as the next hop only if the line segment
joining the source and the destination intersects Vor(j) or
coincides with one of the boundaries of Vor(j). BVGF
chooses as the next hop the neighbor that has the shortest
Euclidean distance to the destination among all eligible
neighbors. When there are multiple eligible neighbors that
are equally closest to the destination, the routing node
randomly chooses one as the next hop. Fig. 4 illustrates four
consecutive nodes (s;s;;3) on the BVGF routing path from
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Fig. 4. A routing path of BVGF.

source u to destination v. The communication circle of each
node is also shown in the figure. We can see that a node’s
next hop on a routing path might not be adjacent with it in
the Voronoi diagram (e.g., node s; does not share a Voronoi
edge with node s;;1). When R, > R,, this greedy forward-
ing scheme allows BVGF to achieve a tighter dilation bound
than the DT bound that only considers DT edges and does
not vary with the range ratio.

The key difference between GF and BVGF is that BVGF
only considers the neighbors whose Voronoi regions are
intersected by the line joining source and destination. As we
will show later in this section, this feature allows BVGF to
achieve a tighter upper-bound on the network dilation.

In BVGF, each node maintains a neighborhood table. For
each one-hop neighbor j, the table includes j's location and
the locations of the vertices of Vor(j). For example, as
shown in Fig. 4, for one-hop neighbor s;, node s;; includes
in its neighborhood table the locations of s; and the vertices
of Vor (s;) (denoted by crosses). To maintain the neighbor-
hood table, each node periodically broadcasts a beacon
message that includes its location and the locations of the
vertices of its Voronoi region. Note that each node can
compute its own Voronoi vertices based on its neighbor
locations since all Voronoi neighbors are within its com-
munication range (as proved in Lemma 2).

Suppose the number of nodes within a node’s commu-
nication range is bounded by O(n). The number of Voronoi
vertices within a node’s neighborhood is bounded by O(n)
[1]. Hence, both the size of a beacon message and a node’s
neighborhood table are bounded by O(nL), where L is the
number of bits used to represent a location. The time
complexity incured by a node to compute the Voronoi
diagram of all its neighbors is O(nlogn) [1].

6.2 Network Dilation of BVGF

In this section, we analyze the network dilation of BVGF. To
simplify our discussion on the routing path from source u to
destination v, we assume node u is the origin and the
straight line joining w and v is the x-axis. The Voronoi
forwarding rectangle of nodes u and v refers to the rectangle
defined by the points (0,R;), (0,—R;), (Juv],—R;), and
(luv], Rs). Let z(a) and y(a) denote the x-coordinate and y-
coordinate of a point a, respectively. The projected progress
between two nodes is defined as the difference between
their x-coordinates.

We first prove that BVGF can find a routing path
between any two nodes in a sensing-covered network
(Theorem 5). We next show that a BVGF routing path
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always lies in the Voronoi forwarding rectangle. We then
derive lower bounds on the projected progress in every step
of a BVGF path (Lemma 4). Since this lower bound is not
tight when R./R; is close to two, we derive tighter lower
bounds on the projected progress in two and four
consecutive steps on a BVGF path (Lemmas 6 and 7).
Finally, we establish the asymptotic bounds of the network
dilation of BVGF in Theorem 7.

At each step, BVGF chooses the next-hop node whose
Voronoi region is intersected by the x-axis, which can lead
to a routing path to the destination composed of nodes close
to the x-axis. We have the following theorem. The proof is
presented in [36] and not included here due to space
limitation.

Theorem 5. In a sensing-covered network, BVGF can always
find a routing path between any two nodes. Furthermore, the
projected progress at each step of BVGF is positive.

BVGF always forwards a packet to a node whose
Voronoi region is intersected by the x-axis. Using this
property, combined with the fact that every Voronoi region
is bounded by a sensing circle (Lemma 1), we can prove that
any node on a BVGF routing path lies in the Voronoi
rectangle. As shown in Fig. 5, s; is an intermediate node on
the BVGF routing path between u and v. Let point w be one
of the intersections between the x-axis and Vor(s;) (if x-axis
coincides with one of the boundaries of Vor(s;), choose a
vertex on the boundary as point w). From Lemma 1, every
Voronoi region is within a sensing circle. That is, node s;
covers point w. Hence, |y(s;)| < |s;w| < Rs. Furthermore,
from Theorem 5, 0 < |z(s;)| < |uv|. The above discussion
proves the following lemma:

Lemma 3. The BVGF routing path from node w to node v lies in
the Voronoi forwarding rectangle of nodes u and v.

In a sensing-covered network, the greedy nature of
BVGEF ensures that a node chooses a next hop that has the
shortest distance to the destination among all eligible
neighbors. On the other hand, according to Lemma 3, the
next-hop node must fall in the Voronoi forwarding
rectangle. These results allow us to derive a lower bound
on the progress of every step of BVGF.

Lemma 4 (One-step Advance Lemma). In a sensing-covered
network, the projected progress in each step of a BVGF
routing path is more than A,, where A; = max(0,
VRI=2R.R, - R,).

Proof. As illustrated in Fig. 6, s; is an intermediate node
on the BVGF routing path between source u and

Fig. 6. One-step projected progress.

destination v. Let point s, be the projection of s; on the
x-axis. From Lemma 3, s;s! < R;. Let point d be the
point on the x-axis such that |s;d| = R, — R,. According
to Lemma 1, there must exist a node, w, which covers
point d and de& Vor(w). Clearly, w lies in circle
C(d, Rs). Since d is on the x-axis and d € Vor(w), the
x-axis intersects Vor(w). Furthermore, since circle
C(d, R,) is internally tangent with the communication
circle of node s;, node w is within the communication
range of node s;. Therefore, node s; can at least choose
node w as the next hop. Let ¢ be the intersection
between C(d, R;) and the x-axis that is closest to u. Let
w' be the projection of w on the x-axis. The projected
progress between s; and w is:

|siw/| > |sic| = |sid| — Ry = \/|sid|* — |s:s]]> — Ry
> /(R — R,)* — R? — R, = \/R? — 2R.R, — R,.

VB2 —2R.R,— R, <0 when R./R,<1++2 From

Theorem 5, projected progress made by BVGF in each

step is positive. Therefore, the projected progress in each

step is lower-bounded by max(0, /R? — 2R.R, — R,). O

Lemma 4 shows that the projected progress between any
two nodes on a BVGF routing path may approach zero
when R./R, <1+ V2. We ask the question whether there is
a tighter lower bound in such a case. Consider two
nonadjacent nodes ¢ and j on a BVGF routing path. The
Euclidean distance between them must be longer than R.
because, otherwise, BVGF would have chosen j as the next
hop of i, which contradicts the assumption that i and j are
nonadjacent on the routing path. We refer to this property
of BVGF as the nonadjacent advancing property.> We have the
following lemma:

Lemma 5 (Nonadjacent Advancing Property). In a sensing-
covered network, the Euclidean distance between any two
nonadjacent nodes on a BVGF routing path is longer than R,.

Lemma 5, combined with the fact that a BVGF path lies
in the Voronoi forwarding rectangle, leads to the intuition

3. Similarly, GF also can be shown to have this property.
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Fig. 7. Projected progress of two nonadjacent nodes.

that the projected progress toward the destination made by
BVGF in two consecutive steps is lower-bounded. We have
the following lemma that establishes a tighter bound on the
projected progress of BVGF than Lemma 4 when R./R; is
small:

Lemma 6 (Two-Step Advance Lemma). In a sensing-covered
network, the projected progress between any two nonadja-
cent nodes i and j on a BVGF routing path is more than
A, = /R — 1R

Proof. Let so(u), s1 - - Sn—1, Sn(v) be the consecutive nodes on
the BVGF routing path between u and v. From Lemma 5,
|sisi+k| > R. (k > 1). Fig. 7a and Fig. 7b illustrate the two
cases where s; and s; ;. are on the same or different sides of
the x-axis, respectively. Both s; and s, lie in the Voronoi
forwarding rectangle of nodes u and v (dotted box in the
figure). When s; and s;, are on the same side of the x-axis,
then |y(s;+r) —y(si)| < Rs. The projected progress be-
tween them satisfies:

w(siyr) — x(s;) = \/|8i8z+k\2 — (Y(sisr) — y(5:)* > V- R

Similarly, when s; and s, are on different sides of the x-
axis as shown in Fig. 7b, we can prove that z(s;;) —
x(s;) > \/R? — 4R%. Summarizing the results of the above
two cases, the minimum projected progress between any
two nonadjacent nodes is \/R? — 4R2. 0

Considering the different cases of nonadjacent node
locations, we can further derive the lower bound on the
projected progress made by BVGF in four consecutive steps.
We have the following theorem (the proof is presented in
[36] and not included here due to space limitation):

Lemma 7 (Four-Step Advance Lemma). Inn a sensing-covered
network, the projected progress in four consecutive steps of a
BVGF routing path is more than A,, where

A<_{¢§t§g (2 < Re/R, < V/5)
TV VAR Z16RE (Ro/R. > V5).

When R./R, is small, the network is relatively sparse.
Although the one-step projected progress approaches zero
as shown in Lemma 4, in such a case, interestingly,
Lemmas 6 and 7 show that the projected progress toward
the destination made by BVGF in two or four consecutive
steps is lower-bounded. On the other hand, when R, > R,,
the sensing coverage of the network can result in a high
density of nodes in the communication range of a routing
node and, hence, the projected progress of BVGF in each
step approaches R.. In such a case, the lower bound

established in Lemma 4 is tighter than the lower bounds
established in Lemmas 6 and 7.

Based on the one-hop, two-hop, and four-hop minimum
projected progress derived in Lemmas 4, 6, and 7,
respectively, we can derive the upper bounds on the
network length of a BVGF routing path. Summarizing these
upper bounds, we have the following theorem:

Theorem 6. In a sensing-covered network, the BVGF routing
path between any two nodes w and v is no longer than A hops,
where

. |uv] |uv] |uv]
A= mln{ [E“,QLA—QJ + 1,4LA—4J +3}.

The expression of A can be derived through a compar-
ison between A;, Ay, and A, as follows (rounding and
constants are ignored): 1) A = A%, when the range ratio is
between 2 and /5, 2) A :A%, when the range ratio is
between v/5 and 3.8, and 3) A= A%, when the range ratio is
greater than 3.8. The asymptotic bound on network dilation
under BVGF, D,,(BVGF), can be computed by substituting
the network length 7¢(u,v) by the expression of A in
Definition 1. We have the following theorem:

Theorem 7. The asymptotic network dilation of a sensing-
covered network under BVGF satisfies

4R, (2 < R/R < \/5)
VR < R./Rs <

= (V5 < R./R, < 3.8)
\/m c s X I (5)
Vﬁi%jig'(RJRs>3sy

D,(BVGF) <

6.3 Summary of Analysis on Network Dilations

In this section, we summarize the network dilation bounds
based on the deterministic communication model. Fig. 8a in
Section 8 shows the DT-based dilation bound and the
asymptotic dilation bounds of GF and BVGF under
different range ratios. The asymptotic bound of BVGF is
competitive for all range ratios no smaller than two. The
bound gets the worst-case value %3 ~ 4.62 when R./Rs = 2.
That is, BVGF can always find a routing path between any
two nodes u and v within 4.62 P};—ll—‘ hops. The asymptotic
network dilation bound of GF increases quickly with the
range ratio and approaches infinity when R./R; is close to
two. Whether there is a tighter bound for GF in such a case
is an open research question. When R./R, >~ 3.5, the
network dilations of GF and BVGF are very similar because
the network topology is dense and both algorithms can find
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Fig. 8. Dilations based on the deterministic communication model. (a) Network dilation and (b) Euclidean dilation.

very short routing paths. The network dilation bound based
on DT is significantly higher than the bounds of BVGF and
GF when R./R, becomes larger than ~ 2.5 because the
analysis based on DT only considers DT edges (which is
shown to be shorter than 2R, in Lemma 2) and becomes
conservative when the communication range is much larger
than the sensing range.

7 EXTENSION BASED ON A PROBABILISTIC
COMMUNICATION MODEL

The theoretical analysis and protocol design discussed in
previous sections are based on a simplistic communication
model that assumes a deterministic communication range.
Recent empirical studies show that real sensor network
platforms (e.g., Berkeley motes) yield unreliable links and
irregular communication ranges [40]. A wireless sensor
network must handle communication failures due to
unreliable links. GF is shown to yield poor performance
in lossy networks because it always chooses the node
closest to the destination as the next hop, which often
results in a long but unreliable communication link [26]. In
this section, we extend our results to a probabilistic
communication model that captures these characteristics.

In the probabilistic communication model, the quality of
a communication link from node u to node v is described by
packet reception rate (PRR(u,v)) that is defined as the ratio of
the number of successful transmissions from u to v to the
total number of transmissions from u to v. Note that
PRR(u,v) may not equal PRR(v,u) since the communica-
tion quality of a link is often asymmetric. In practice, the
PRR of a link can be estimated either offline or online. For
example, in the MT routing protocol on TinyOS [35], a node
computes the PRR of the link from a neighbor to itself by
monitoring the reception statistics of periodic beacon
messages broadcast by the neighbor.

7.1 Routing Algorithms with ARQ

When a node fails to deliver a packet to the next hop (e.g.,
indicated by a missing ACK from the receiver), it

retransmits the packet through an automatic repeat request
(ARQ) mechanism. We assume ARQ keeps retransmitting a
packet until successful reception by the next hop node. In
this section, we discuss efficient variants of GF and BVGF
when ARQ is employed. The case without ARQ is discussed
in Section 7.2. Recently, Kuruvila et al. studied several
efficient routing metrics in presence of ARQ, including the
product of PRR and progress traversed toward the
destination, for wireless networks with a lossy physical
layer [19]. Product of PRR and progress is also shown to be
optimal in terms of energy efficiency for GF in [26] in lossy
networks. This new metric achieves a better energy-
efficiency than distance by balancing the hop count and
path reliability. Both GF and BVGF can be modified to use
this metric as follows: Instead of choosing the neighbor
closest to destination among all routing candidates, node u
chooses as the next hop a node v that maximizes
(lut] = |vt]) - PRR(u,v), where t is the destination. We
denote the variants of GF and BVGF based on this new
metric as GF, and BVGF,, respectively.

We extend the double range property presented in
Section 3.2 as follows: For a given parameter p (0 < p < 1),
we define the probabilistic communication range R.(p) as the
distance within which the link of any two nodes has a PRR
no lower than p. The extended double range property can
be formulated as R.(p) > 2R;. Arguments similar to the
proofs of Theorems 3 and 5 can show that both GF. and
BVGF, always find a routing path between any two nodes
if Ip > 0 s.t. R.(p) > 2R,. We note that the notation of R.(p)
is only for the purpose of performance bound analysis. The
operation of the GF. and BVGF. does not require the
knowledge of R.(p).

The analysis presented in Sections 4, 5, and 6 focuses on
hop count and network dilation. However, in the probabil-
istic communication model, hop count does not indicate the
quality of a routing path due to unreliable links. When ARQ
is present, the energy cost and end-to-end delay of a routing
path depends on the total number of transmissions needed
to successfully deliver a packet from source to destination.
Hence, the total number of transmissions is a more accurate
metric to describe the quality of a routing path. Before
extending the analytical results based on the number of
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transmissions, we define the following notation: D, (GF)
and D, (BVGF) represent the asymptotic network dilation
bounds by replacing R, with R.(p) in (4) and (5). For a given
routing algorithm, A; represents the progress toward the
destination made at the ith step of the algorithm, p;
represents the PRR of the link chosen at the ith step, and
A’ represents the minimum progress toward the destination
made by the algorithm if only considering the neighbors
within R.(p). We have the following theorem regarding the
performance of GF. and BVGF..

Theorem 8. In a sensing-covered network that satisfies the
double range property for a probabilistic communication range
R.(p), the asymptotic expected total number of transmissions
used by algorithm A. (A is GF or BVGF) to deliver a packet
between two nodes u and v is no smaller than D,(A) -
|uv|/(p - Re(p)) in the presence of ARQ.

Proof. According to the definition of R.(p), the PRR of any
link within R, (p) is no lower than p. Since A, chooses the
next-hop node that has the maximum product of
progress and PRR, we have:

Vi, A p > A p. (6)

For a link with PRR p;, the expected number of
transmissions is equal to 1/p;. From (6), the total number
of transmissions between source s and destination ¢
satisfies the following inequality:

1 A t
~p; ~ Ap  A-p

K3

According to the definition of network dilation,

A’ = R.(p)/Dy(A). Replacing A’ in (7) gives the form in

the statement of the theorem. ]

Theorem 8 shows that both GF. and BVGF,. can find
routing paths with a bounded number of transmissions in
the presence of ARQ in lossy networks.

7.2 Routing Algorithms without ARQ

In this section, we discuss efficient variants of GF and BVGF
without the support of ARQ. When ARQ is notimplemented,
a node drops a packet if it fails to deliver it to the next-hop
node. The quality of a routing path can be quantified by end-
to-end reliability defined as the probability that a packet can be
successfully transmitted from source to destination along the
path. It can be seen that the end-to-end reliability of a routing
pathis equal to the product of the PRR of each link on the path.
We propose a new metric (|ut| — [vt])/ In g5 (Where u, v,
and t are routing node, a neighbor of u and destination,
respectively) that provides lower-bounded end-to-end relia-
bility when used with GF and BVGF. We refer to GF and
BVGF based on this new metric as GF, and BVGF,,
respectively. We have the following theorem regarding the
performance of GF, and BVGF,:

Theorem 9. In a sensing-covered network that satisfies the double
range property for a probabilistic communication range R.(p),

the asymptotic end-to-end reliability of the path found by

algorithm A, (A is GF or BVGF) is no lower than

eD),,(z‘l)ﬂ’uukln p/R.(p) )

Proof. Since A, always chooses the next-hop node that has

the maximum A;/ ln%, we have:
VAY A’
e e
VZ’1111/107;_1n1/p ®)

From (8), we have the following inequality:

A, -
Zlnpi > L N

Inp |st|-Inp
==X 9)

From (9), the reliability of a routing path found by A,
st|Inp

between source s and destination ¢ satisfies [[,p; > e & .
Replacing A’ with R.(p)/D,(A) (by the definition of

D, (A)) gives the form in the statement of the theorem. O

Theorem 9 shows that both GF, and BVGF, can find
routing paths with bounded end-to-end reliability in
absence of ARQ.

8 SIMULATION RESULTS

In this section, we present our simulation results. The
purpose of the simulations is twofold. First, we compare the
dilations of GF and BVGF under different range ratios and
investigate the tightness of the dilation bounds we derived
in previous sections. We then study the average perfor-
mance of the algorithms under a realistic radio model of the
Mica2 motes [8].

8.1 Results Based on the Deterministic

Communication Model

Our first set of simulations are based on the deterministic
communication model. 1,000 nodes are randomly distrib-
uted in a 500m x 500m region that is covered by a set of
active nodes chosen by the Coverage Configuration Proto-
col (CCP) [33]. Redundant nodes are turned off for energy
conservation. All nodes have the same sensing range of
20m. We vary R, to measure the network and Euclidean
dilations of GF and BVGF under different range ratios. As
discussed in Section 5, the routing metric of GF is based on
Euclidean or projected distance. Since the results of the two
metrics are very similar, only Euclidean-distance-based
results are presented in this section.

The results presented in this section are averages of five
runs on different network topologies produced by CCP. In
each round, a packet is sent from each node to every other
node in the network. As expected, all packets are delivered
by both algorithms. The network and Euclidean lengths are
logged and the dilations are then computed using Defini-
tions 1 and 2, respectively. To distinguish the simulation
results from the dilation bounds we derived in previous
sections, we refer to the former as measured dilations. We
should note that the measured dilations characterize the
average-case performance of the routing algorithms in the
particular network topologies used in our experiments,
which may differ from the worst-case bounds for all
possible sensing-covered network topologies we derived
in previous sections.
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count per path.

Fig. 8a shows that the measured dilations of GF and BVGF
remain close to each other. Both algorithms have very low
dilations (smaller than two) in all range ratios no smaller than
two. When R./R; increases, the measured dilations of both
algorithms approach their asymptotic bounds. When R,/ R;
is close to 2, however, the difference between the asymptotic
bounds and the corresponding measurements becomes
wider. This is because the worst-case scenarios from which
the dilation bounds are derived are rare when the network is
less dense. Due to the rounding errors in deriving the
asymptotic dilation bounds (Corollary 2 and Theorem 7), the
measured dilations are slightly higher than the asymptotic
bounds when R./R; > 6, as shown in Fig. 8a. This is because,
when R, becomes large, the routing paths become very short
and the effect of rounding in the calculation of network
dilations becomes significant. The result also indicates that
the measured dilation of GF is significantly lower than the
asymptotic bound derived in this paper. Whether or not GF
has a tighter network dilation bound is left for our future
work. Fig. 8b shows the Euclidean dilations of GF and BVGF.
BVGEF outperforms GF for all range ratios. This is due to the
fact that BVGF always forwards a packet inside the Voronoi
forwarding rectangle. As mentioned in Section 3, the low
Euclidean dilation may lead to potential energy savings in
wireless communications.

The simulation results have shown that the proposed
BVGF algorithm performs similarly with GF in average
cases and has lower Euclidean dilation. In addition, the
upper bounds on the network dilations of BVGF and GF
established in previous sections are tight when R./R; is
large.

8.2 Results Based on the Probabilistic
Communication Model

In this section, we evaluate the performance of the extended
versions of GF and BVGF algorithms discussed in Section 7
in lossy networks. To simulate the probabilistic link
reception quality, we implemented the link layer model
from USC [41]. Previous empirical data shows that the USC
model accurately simulates the unreliable links between

Mica2 motes [41]. In our simulations, the PRR of a link is
governed by the USC model according to the distance
between the two nodes and the transmission power. A
packet is sent using different routing algorithms between
any two nodes that are more than 350m apart. A node
ignores the neighbors whose links have a PRR lower than
10 percent. Previous study [35] showed that such “black-
listing” strategy can significantly improve the packet
delivery performance. The rest of simulation settings are
the same as those in Section 8.1.

We first evaluate the performance of our algorithms with
ARQ. Fig. 9a and Fig. 9b show the average number of
transmissions and hops under different radio transmission
powers set according to the specification of Mica2 mote [8].
The minimum power is chosen such that all neighbors
within 2R, of a node have PRRs above 10 percent and, thus,
are not blacklisted. Consistent with our analysis, this
condition made all algorithms successfully deliver all
packets. Fig. 9a shows that all algorithms yielded fewer
transmissions when the transmission power increases. GF,
and BVGF. perform substantially better than GF and
BVGEF, although GF and BVGF used fewer hops shown by
Fig. 9b. This result confirms the observation that product of
progress and PRR is an efficient metric for greedy
forwarding in lossy networks [26]. BVGF, yielded similar
performance as GF., which is consistent with the results
based on the deterministic communication model.

We now evaluate the performance of our algorithms
without ARQ. Fig. 10a and Fig. 10b show the average end-
to-end reliability and hop counts of different algorithms.
We can see that both GF and BVGF yielded near zero end-
to-end path reliability, although they used fewer hops. This
is because they tend to choose long links which, however,
are more likely to be unreliable. In contrast, both GF, and
BVGF, achieved higher end-to-end reliability as transmis-
sion power increases since the PRR of the link at each hop
becomes higher. Although GF, used more hops than
BVGEF,, as shown in Fig. 10b, GF, performs slightly better
than BVGF, as it has more next hop candidates and, hence,
a higher chance of choosing more reliable links.
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The overall results in this section show that the routing
metrics that consider both progress and PRR are more
efficient than a purely progress-based metric in lossy
networks. The extended GF and BVGF based on these
metrics can achieve satisfactory performance in terms of
number of transmissions and reliability on sensing-covered
networks with unreliable communication links.

9 CONCLUSION

Our results lead to several important insights into the
design of sensor networks. First, our analysis and simula-
tion show that simple greedy geographic routing algo-
rithms such as GF and BVGF may be highly efficient in
sensing-covered networks with deterministic or probabil-
istic communication links. Second, our results indicate that
the redundant nodes can be turned off without a significant
increase in network length as long as the remaining active
nodes maintain sensing coverage. Therefore, our analysis
justifies coverage maintenance protocols [31], [33], [37], [38]
that conserve energy by scheduling nodes to sleep. Finally,
our dilation bounds enable a source node to efficiently
compute an upper-bound on the network length or
expected number of transmissions of its routing path based
on the location of the destination. This capability can be
useful to real-time communication protocols that require
such bounds to achieve predictable end-to-end commu-
nication delays.
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