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Abstract— As sensor networks are deployed over various
terrains, the complexity of their topology continues to grow.
Voids in networks often cause existing geographic routing
algorithms to fail. In this paper, we propose a novel geographic
routing algorithm called “Greedy Forwarding with Vlrtual
Position (ViP)”. We introduce virtual position as the middle
position of all direct neighbors of a node. Instead of comparing
nodes’ real geographic positions, ViP employs virtual positions
when selecting the next hop. Such virtual position reflects the
neighborhood of a sensor node, as well as the tendency of further
forwarding. For sparsely-deployed networks, ViP increases
success rate of packet routing without introducing significant
overhead. Furthermore, multiple levels of virtual position can be
obtained with localized iteration. We propose the “Greedy
Forwarding with Multi-level Virtual Position (MVP)” algorithm
and the “Greedy Forwarding with Hierarchical Virtual Position
(HVP)” algorithm. Different levels of virtual positions and their
combinations are used alternatively to increase success rate of
packet routing in sensor networks.

Key words— geographic routing, greedy forwarding, routing
hole, wireless sensor networks.

I. INTRODUCTION

Wireless Sensor Networks (WSNs) are composed of many
sensor nodes, which are capable of sensing physical
parameters, processing data and communicating wirelessly
[1]. Sensor nodes are usually battery powered and left
unattended after deployment. Since radio communication
among sensor nodes is the main drain of energy in WSNs,
energy efficiency remains a critical design issue for WSNs.

Among various routing algorithms, on-demand routing
algorithms such as AODV [2] are popular, while their
flooding-based route discovery often lead to high control
overhead [3]. In contrast, single-path geographic routing with
Greedy Forwarding (GF) is attractive for WSNs [1]. In a basic
GF algorithm, a node communicates only with its direct
neighbors (1-hop). The neighboring node that further
minimizes the remaining distance of a packet to its destination
will be selected as the next hop. Such localized approach is
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Fig. 1. An example of Greedy and MFR geographical routing. A packet is
sent from node S to node D. The Greedy algorithm selects node A as the
next-hop, since A is the neighbor that is the closest to the destination. The
MEFR algorithm selects node B as the next hop, since B makes the greatest
progress along the direction of packet forwarding (S-D). Both Greedy and
MEFR requires the next hop to be closer to the destination than the current
node.

effective and can be dynamically adapted to changes, which
only require position information of sensor nodes [1]. The
Greedy algorithm [4] and the Most Forwarding progress
within Radius (MFR) algorithm [5] are two fundamental
approaches of GF based on distance. Fig. 1 illustrates the
principle of the Greedy algorithm and the MFR algorithm.

As modern WSNs are becoming popular in various
applications, their topology is becoming complicated. Due to
limited precision of deployment, voids can cause routing holes
in the network, where often lead traditional GF algorithms to
fail [6]. The reason is the local minimum phenomenon
illustrated in Fig. 2. In single-path GF routing algorithm (e.g.
Greedy or MFR), forwarding of packets towards the sink can
fail at node A, since there is no direct neighbor closer to the
destination than node A itself. Besides, uneven power
consumption on sensor nodes can also lead to new routing
holes in the later lifetime of WSNs.

The objective of our work is to improve the success rate of
GF for sparse WSNs or WSNs with small routing holes. To
this end, we present a novel geographic routing algorithm
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Fig. 2. An example of local minimum.



named “Greedy Forwarding with VIrtual Position (ViP)", as
well as its improved versions called the “Greedy Forwarding
with Multi-level Virtual Position (MVP)" algorithm and the
"Greedy Forwarding with Hierarchical Virtual Position
(HVP)" algorithm. Each proposed algorithm has two variants
using the Greedy and MFR principle respectively. The main
advantage of our approaches is that the algorithms simply
employ GF throughout the routing process, and inherently
results in high routing efficiency as the basic GF algorithms.
In the mean time, the amount of control overhead of the
proposed algorithms is strictly limited. The basic assumption
of our approaches is that each node in the network is aware of
its own geographic position as well as the positions of its
direct neighbors.

II. RELATED WORK

Various geographic routing algorithms [6] have been
proposed in recent years to address the local minimum
problem of GF. Most of the routing algorithms are composed
of two phases. Such algorithms start with a basic GF
algorithm, and recover from local minimum with their
complementary hole-bypassing phases.

The Greedy Perimeter Stateless Routing (GPSR) is one of
the fundamental algorithms based on planar graphs [7]. A
planar graph is a sub-graph with non-crossing edges, which
represents the same connectivity as the original network.
GPSR uses GF and switches to its perimeter mode when a
local minimum is met. The right-hand rule is employed in the
perimeter mode, where packets are routed counterclockwise
along the edge on the face of a planar graph. Bose et al.
proposed the FACE-1 and FACE-2 [8] algorithms that use the
perimeter of the planar graph formed at each node. Such
approaches have high success rate of packet routing, but also
high control overhead due to the planarization processes and
the maintenance of the planar graph information on every
sensor node.

In the abovementioned 2-phase algorithms, the performance
during the GF phase is much better than during their
complementary phases [9]. To increase the ratio of GF during
routing, Liu et al. presented the idea of Aligned Virtual
Coordinate System (AVCS) [9]. Virtual coordinates are based
on integer number of hops to the reference nodes (anchor
nodes) and represent a coarse approximation of node location.
The success rate of greedy routing is improved with AVCS,
while flooding of control message from anchor nodes to the
whole network causes large control overhead during the
setting up of AVCS.

In [10], Stojmenovic et al. proposed to use GF with
information of 2-hop neighbors (2-hop GF). The success rate
of the GF algorithms is improved with each node aware of its
direct neighbors as well as its 2-hop neighbors (neighbors of
its neighbors). Among all direct and 2-hop neighbors, packets
are sent to the node which is the closest to the destination via
1-hop or 2-hop forwarding. Since farther neighbors are
available for the selection of next-hop, small routing holes can
be avoided efficiently. The authors also proved that such GF-

based methods are inherently loop-free. The method in [10]
solely employs the basic idea of GF during routing. Such a
method limits control overhead since it only requires local
knowledge of sensor nodes (information of 1-hop and 2-hop
neighbors) and avoids sophisticated complementary phases to
recover from local minimums.

III. ALGORITHM DESIGN

As mentioned earlier, 2-hop GF uses extra knowledge of 2-
hop neighbors in GF. Such information on farther neighbors
improves the success rate of GF in a straight-forward manner.
However, 2-hop GF is not strictly localized to the direct
neighbors, therefore, it is not scalable for further extension.
For example, when further improvement of success rate is
demanded, nodes need to have information of neighbors
within N hops (N>=3). For a 2D wireless network, the number
of neighbors stored on each sensor nodes increases
proportionally to N*. Similarly is the control overhead for the
maintenance of neighbor information within N hops.

A. Greedy Forwarding with Virtual Position (ViP)

We introduce the virtual position of a node as the middle
point of all its direct neighbors. If a node A(xa,ya) has n
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Fig. 3. An example of using virtual positions in GF. The packet is routed
from node 10 to node 13. When using the geographic positions of nodes,
node 12 becomes a local minimum for both Greedy and MFR, as shown in
(a). With virtual positions, a path can be found by MFR-ViP, as shown in
(b). With 2"-level virtual position, both Greedy-MVP (2-level) and MFR-
MVP (2-level) find paths around the hole, as shown in (c).
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Each node calculates its virtual position according to (1),
and broadcasts its virtual position to its direct neighbors. The
information of virtual position is stored on nodes themselves
and their direct neighbors. In other words, each node has the
knowledge of its own virtual position, and the virtual positions
of its direct neighbors. Fig. 3(a) shows the geographic
positions of nodes. Fig. 3(b) shows the calculated virtual
positions of nodes. The virtual position of node 11 is the same
as its real geographic position, since its direct neighbors (node
6, 7, 8, 10, 12, 14, 15, 16) are located uniformly in the
transmission circle centered at the geographic position of node
11. In contrast, the virtual position of node 12 (Fig. 3(b))
locates to the left of the geographic position of node 12 (Fig.
3(a)), because the positions of its direct neighbors (node 7, 8,
11, 15, 16) are left-biased in the transmission circle of node
12.

The virtual position of a node provides an indication of how
the direct neighbors are located around the node on average,
hence it is a suitable metric to demonstrate the tendency of
further forwarding during geographic routing. Consider the
example in Fig. 3, for a packet that needs to be sent from node
10 to node 13, both Greedy and MFR get stuck at node 12,
since there is no neighbor that can make further progress
towards the destination. In contrast, the virtual position of
node 12 is strongly left-biased due to the void on the right side
of node 12. As a result, MFR-ViP finds a path (10-11-12-16-
21-17-13) around the hole using virtual positions of nodes.

We propose “Greedy Forwarding with Virtual Position
(ViP)”, a look-ahead geographic routing algorithm based on
the coordinate system of virtual positions. Instead of using
farther neighbors as in 2-hop GF, ViP uses the virtual
positions of nodes to involve farther neighbors in the look-
ahead routing process. Our algorithm is strictly localized,
where a node only interacts with its direct neighbors. ViP has
two variants called Greedy-ViP and MFR-ViP, which are
based on the principle of the Greedy and MFR algorithm,
respectively. As an example for a 2D WSN, when a packet
with destination D(xp,yp) arrives at node A(Xa,ya), Greedy-
ViP evaluates its own virtual position (Xx5’,ys”) and the virtual
positions of its direct neighbors. The neighbor has the virtual
position that is the closest to node D is selected as the next
hop. According to the Greedy algorithm, the virtual position of
the selected neighbor must be also closer to the destination
than the virtual position of current node A. Namely, the next-
hop node V,; of Greedy-ViP meets the following two
conditions:

argmin(\/(XA,i '—Xp )2 + (yA,i Yo )2 ) )

Vai

and:
O X0+ (Ve =Yo ) <G %) + (Y4 =Yp) 3

Similarly, MFR-ViP selects the neighbor that makes the
greatest progress towards the destination of a packet. Given

the vectors DA and DV, , the next-hop node Va; of MFR-ViP

is the one that has the minimal dot product of the two vectors:
argmin(DA- DV, ,) 4)

VA.I

and also satisfies equation (3). Greedy-ViP and MFR-ViP

terminate when there is no neighbor that has the virtual

position to make further progress towards the destination of a

packet.

With this idea, nodes only need to interact with their direct
neighbors to obtain information of virtual position. Therefore,
setting up virtual positions is strictly localized. The message
overhead in the worst case is O(M), where M is the total
number of nodes in a network.

B. Greedy Forwarding with Multi-level Virtual Position

(MVP)

To further improve the success rate of GF, we introduce the
concept of “multi-level virtual position” that considers farther
nodes (neighbors of K-Hop, K>=1). If we refer to the virtual
position derived using Equation (1) as the 1%-level virtual
position, then the K"-level virtual position (K>=1) of node A
can be done with K iterations of local broadcast between
nodes and their direct neighbors Va 1(Xa1,¥4.1), Va2(Xa2,Y42),
eevs Van(XanYan), as follows.

05 Ya) = (06, x0T xS,

Yar "+ Yas et Yan /M)

Such K*-level virtual positions of nodes indicate how the K-
hop neighbors are located on average, also the tendency of
further forwarding during geographic routing. Using this
concept, we introduce the “Greedy Forwarding with Multi-
level Virtual Position (MVP)" algorithm based on K®-level
virtual position (K>=1), where each node knows its own K*-
level virtual position, and the K"-level virtual positions of its
direct neighbors. MVP equals ViP when K is 1. The 2 variants
Greedy-MVP and MFR-MVP evaluate the K"-level virtual
positions according to the principle of the Greedy and MFR
algorithm, respectively. Comparing to ViP, MVP employs a
higher level of virtual positions to further improve the success
rate of GF. Fig. 3(c) is an example of MVP using 2"-level
virtual position, which demonstrates that using virtual position
of higher level indicates better forwarding tendency in
geographic routing, since it takes farther neighbors into
consideration. Greedy-MVP and MFR-MVP stop when there
is no neighbor that has the K"-level virtual position that makes
further progress towards the destination of a packet.

C. Greedy Forwarding with Hierarchical Virtual Position

(HVP)

Using K®-level virtual position (K>=1) can introduce new
local minimums during routing. For instance, in Fig. 4, a
packet needs to be sent from node 5 to node 4. When using the
geographic positions of nodes, the packet can be successfully
delivered (path 5-3-4 in Fig. 4(a)). While using 1*-level virtual
position, node 5 has no neighbor to make further progress
towards node 4, thus becomes a local minimum of Greedy-
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Fig. 4. An example of routing holes introduced by using virtual positions.

ViP and MFR-ViP.

To address this problem, we introduce the “Greedy
Forwarding with Hierarchical Virtual Position (HVP)”
algorithm (Table. 1 shows the pseudo code of HVP). HVP
uses the combination of all K-level virtual positions (K>=1)
and the geographic positions of nodes in a down-hill fashion.
Namely, when a local minimum is met using K"-level virtual
position, HVP will lower the level of virtual position from K*-
level to (K-1)"-level (K>=2), or from 1-level virtual position
to real geographic position. HVP requires nodes to store the
geographic positions, as well as all the K-level virtual
positions of itself and its direct neighbors. A flag flag_level is
added to the packets to indicate the current level of virtual
position (using geographic position when K=0). In our
example (Fig. 4(b)), the packet stuck (using 1%-level virtual
position) at node 5 can set its flag_level to be “0”, and reach
its destination via the path 5-3-4 by using the geographic
positions of nodes. The two variants Greedy-HVP and MFR-
HVP start with K"®-level virtual position (K>=1) according to
the principle of the Greedy and MFR algorithm, respectively.

To ensure that HVP is loop-free, such down-hill process is
unidirectional. Namely, for a packet initialized with K"-level
virtual position and adjusted to (K-1)*-level virtual position
after meeting a local minimum, the packet stays on (K-1)"-
level and can only be further adjusted to the lower levels (or
from 1¢-level virtual position to geographic position).

TABLE 1
PSEUDO CODE OF GF-HVP ON NODE N

PROCEDURE handle packet

WHILE there is local minimum AND packet.flag_level>=0
{

}

IF packet.flag_level>=0

packet.flag_level--;

forward packet using virtual position of level packet.flag_level
indicated by the packet (using geographic position when
packet.flag_level is 0);

routing failed;

D. Algorithm Properties

In a GF algorithm, a node needs to evaluate all the entries of
neighbors stored on the nodes, and select the next hop based
on a certain criterion. Therefore, the average storage and
computational overhead is proportional to the number of
neighbor entries on nodes. This metric also reflects the control

TABLE 2
ALGORITHM OVERHEAD
Algorithm Overhead
GF, GF-ViP, GF-MVP O(mR*D)
GF-HVP starts with K™-level virtual position O(nR*D-(K+1))
N-hop GF O(m:(N-R)*D)

R: transmission range of nodes.
D: average number of nodes in a unit area

message overhead to maintain the information of virtual
positions. Table 2 shows control overhead of related
algorithms. Here we assume that nodes are deployed with the
same density in a 2D network.

The proposed ViP, MVP and HVP algorithms are strictly
localized, and can terminate based on local knowledge, i.e.,
they are loop-free.

Lemma 3.1. For any static network, ViP is loop-free.

Proof: As proved in [10], single-path routing algorithms
based on the Greedy algorithm or the MFR algorithm is
inherently loop-free. ViP employs the virtual position
coordination system which is the 1-to-1 mapping of the
original geographic coordinate system of a network. Instead of
the geographic positions, ViP evaluates the corresponding
virtual positions of nodes based on the coordinate system of
virtual position. Thus, Greedy-ViP and MFR-ViP are also
inherently loop-free. Namly, ViP is loop-free.

Lemma 3.2. For any static network, MVP is loop-free.

Proof: Assume that MVP of K"-level virtual position
(K>=1) is loop free. Since MVP of (K+1)"level virtual
position employs the 1-to-1 mapping of the K"-level virtual
position coordinate system. Therefore, MVP of (K+1)"-level
virtual position is loop-free. As proved in Lemma3.1, MVP of
I*-level virtual position is loop free. Thus, MVP of K*-level
virtual position is loop free for any K>=1.

Lemma 3.3. For any static network, HVP is loop-free.

Proof: HVP starts with K"-level virtual position (K>=1)
and adjust the flag_level of packets unidirectionally until “0”,
which refers to the coordinate system of geographic position.
As proved in Lemma3.2, MVP of K"-level virtual position is
loop free. Therefore, each step in the down-hill scaling of
HVP is loop-free. Thus, HVP starts with K"-level virtual
position is loop free for any K>=1.



IV. PERFORMANCE EVALUATION

We implemented the proposed algorithms using Matlab.
The simulated network was a 1000 m x 1000 m square plane,
where 500 sensor nodes were randomly deployed. Packets
were generated with random pairs of source-destination
addresses. Different communication ranges of sensors are
used. We used a simple disc-communication model: sensor
nodes in the transmission range can receive signals from a
transmitter without loss. For the same deployment density,
smaller communication range implies sparser layout of a
network and bigger chance to encounter routing holes during
packet forwarding.

The objective of our experiments is to demonstrate the
performance of our algorithm in sparsely-deployed WSNs, or
WSNs with small voids due to non-uniform deployments. We
show only the results of the variant Greedy-ViP, Greedy-MVP
and Greedy-HVP. The performance of MFR-ViP, MFR-MVP
and MFR-HVP are similar from our simulation. The results
were compared with the 2-Hop Greedy algorithm [10] and its
extension, the 3-Hop Greedy algorithm.

We use the following metrics to compare the performance
of the simulated routing algorithms:

e Success rate of GF: This is defined as the percentage of
packet delivery with random packet forwarding. 500
packets with random source-destination pairs were
generated and forwarded in the simulated network. When
the transmission range of nodes is small, voids appear
frequently in the network. This metric illustrates the
ability of avoiding routing hole of the simulated
algorithms.

o Delay of GF: This is defined as the average hop counts of
packets from their source to the destination. Given the
same success rate, small packet delay (in hops) represents
better performance in terms of routing efficiency and
energy consumption.

e Algorithm Overhead: The number of neighbor entries
stored on sensor nodes implies the storage overhead, as
well as the computational overhead by choosing of next-
hop. Furthermore, the control message overhead of
maintaining neighbor information is also proportional to
the number of entries.

Experimental Results:

Fig. 5 shows the average percentage of successful packet
forwarding from our simulation. Fig. 5(a) compares the
performance of the Greedy algorithm, 2Hop-Greedy, Greedy-
ViP and Greedy-MVP (using 2"-level virtual positions). When
the communication range of sensor nodes is short, nodes have
relatively few neighbors, which leads to low success rates of
the simulated algorithms. The 2Hop-Greedy and Greedy-ViP
consider the 2-hop neighbors of nodes. As the communication
range increases, 2Hop-Greedy and Greedy-ViP demonstrate
similar success rates, which are higher comparing to Greedy.
Greedy-MVP using 2"-level virtual position results in even
better success rate since it considers 3-hop neighbors. All the
simulated algorithms reach full delivery of packets in densely-
deployed networks (when transmission range reaches 120m in

100%

90% -

80% B
L 70%F B
< /
@ /A
% 60% - Y/ / 7
8 ya
S 50% /il ]
n oy
% a0%| 7 g
© (o
X 30%F A / f

7 — B — Greedy
20% | / P &— 2Hop-Greedy R
s Greedy-ViP
10% - " ., E
> é Greedy-MVP (2 level)
8

. . . . . . .
30 40 50 60 70 80 90 100 110 120
Transmission Range of Sensor Nodes [m]

(@

100% _
90% |- |
80% | |

L 70% |

©

o

@ 60% ;o |

3 f

S 50%f /y 4

%) /o

<) /

g 40% | /, |

3 @ 7

Z 30% W |

< , — B - Greedy

YV i
20% - / )j Greedy-ViP
/- —+ - Greedy-HVP (1 lewel)
10% - i ©— Greedy-MVP (2 level)
=8 Greedy-HVP (2 lewel)
o B——* | | | | | |

.
30 40 50 60 70 80 90 100 110 120
Transmission Range of Sensor Nodes [m]

(®)

Fig. 5. Average success rate of the Greedy algorithms with different
communication ranges

Fig. 5(a)). Fig. 5(b) illustrates the performance of the down-
hill scaling in the Greedy-HVP algorithms start with 1%-level
and 2"-level virtual positions. Comparing to the corresponding
Greedy-MVP algorithms using the same level of virtual
positions, Greedy-HVP has higher success rate due to its
additional search on virtual positions of lower levels and the
geographic positions of nodes.

Fig. 6 shows the average delay of the successfully delivered
packets from our simulation. When the network is sparsely-
deployed (transmission range < 70m in Fig. 6(a)), the length
of routing paths increases with the increasing of the
communication range. The reason is that more packets with
distant source and destination can be delivered when the
connectivity of a network increases. 2Hop-Greedy, Greedy-
ViP and Greedy-MVP (using 2"-level virtual position) have
bigger average delay, since additional packet with source-
destination pair of longer distance can also be delivered with
the look-ahead algorithms. As the transmission range reaches
70m (Fig. 6(a)), the hop count starts to fall due to the high
success rates and the increasing step-size of forwarding. We
observe that the results of the simulated algorithms are similar
when the success rates reach 100%. Therefore, the look-ahead
routing algorithms (2Hop-Greedy, Greedy-ViP and Greedy-
MVP) have similar routing efficiency as the Greedy algorithm.

Fig. 7 illustrates the control overhead of the simulated
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Fig. 6. Average delay of the Greedy algorithms with different
communication ranges

algorithms indicated by the number of neighbor entries on
nodes. With similar performance in terms of success rate,
Greedy-ViP results in lower storage and computational
overhead compared to the 2-Hop Greedy algorithm. As an
extension of the 2-Hop Greedy algorithm, the rapidly
increasing overhead of the 3-Hop Greedy algorithm shows
that the N-Hop Greedy idea is not scalable. In contrast, the
number of neighbor entries of our Greedy-ViP and Greedy-
MVP algorithms stays low as the Greedy algorithm. The
storage and computational overhead of Greedy-HVP increases
linearly along with the level of virtual position it starts with.

V. CONCLUSION AND FUTURE WORK

In this paper, we present a novel geographic routing
algorithm named “Greedy Forwarding with Virtual Position
(ViP)", as well as its two extensions called the “Greedy
Forwarding with Multi-level Virtual Position (MVP)"
algorithm and the “Greedy Forwarding with Hierarchical
Virtual Position (HVP)” algorithm. Each of the three
algorithms has two variants based on the principle of the
Greedy algorithm and the “Most Forwarding progress within
Radius (MFR)” algorithm, respectively. Simulation results
demonstrate that our proposed algorithms improve the success
rate of geographic routing for sparsely-deployed WSNs and
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WSNs with small routing holes. The proposed algorithms
solely employ Greedy Forwarding (GF) throughout the routing
processes, and inherently results in high routing efficiency as
the basic GF algorithms. Furthermore, the control overhead of
our proposed algorithms is strictly limited.

For future work, the trade-off between the overhead caused
by using higher levels of virtual positions and the resulted
performance will be formally analyzed. Context information
such as remaining energy will be considered as the routing
parameter for our algorithms.
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