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Abstract. We present Obstacle-aware Virtual Circuit geographic Routing 
(OVCR), a novel routing mechanism for obstacle-aware wireless sensor net-
works that uses the obstacle-free path computed by the sink to make the greedy 
forwarding of geographic routing dependable. OVCR discovers obstacle-free 
paths by the powerful sink as obstacles are detected. To bypass obstacles, the 
information of obstacle-free paths is forwarded to sensors close to obstacles for 
finding virtual circuits in a distributed manner. A virtual circuit containing a se-
quence of relay positions (temporary destinations) is used for obstacle-free data 
packet forwarding. Data packets can then be forwarded greedily, either by the 
location of the destination, or the relay position. Simulation results show that 
OVCR is more dependable since the success rate of packet forwarding is raised 
and more efficient since the hop count is reduced. 

Keywords: Fault Tolerance, Geographic Routing, Obstacle-Awareness, Virtual 
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1   Introduction 

Wireless Sensor Networks (WSNs) may comprise large numbers of sensors that are 
fully autonomous with many inherent characteristics, such as the finite computation 
resource, severe energy constraint, restricted communication capability, and tolerable 
reliability [1]. In such networks, scalability is one of the major protocol design fea-
tures. Geographic routing [2], [3], [4], [5], [6] is one of the scalable routing mecha-
nisms in WSNs, where data packets are forwards based on respective positions of 
sensors. Recent advances in small inexpensive low-power Global Positioning System 
(GPS) receivers and other location services for providing location information [7] 
have also boosted the development of geographic routing [8]. 

In WSNs, obstacles are a common and inherent consequence since it can result from 
environmental influence, barriers, enemies, or devastating events. Several mechanisms 
for obstacle detection were proposed, e.g., boundary-detection algorithms [9], [10] for 
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barrier detection, fault models [11], [12] for faulty sensor detection, navigation services 
[13], [14] for devastating event detection, and security algorithms [15], [16] for com-
promised sensor detection. 

In geographic routing, a routing obstacle is an obstacle that causes a dead end with 
a large void, or a routing trap. For example, in Fig. 1(a) sensor X is a dead end pro-
duced by failed nodes where no neighbor of X is closer to the sink and the packet 
needs to traverse the perimeter of the large void, in Fig. 1(b) a routing trap is formed 
by sensors close to the devastating events where the high fault probability sensors 
might fail to forward data packets. Due to routing obstacles, the greedy forwarding 
fails and alternate routing mechanisms are needed. In previous work, face routing [2], 
[4], [6], [18] or tree traversal [17] are used to guarantee packet delivery when a dead 
end is detected. Although the packet delivery in routing obstacles is guaranteed by 
using these mechanisms, the end-to-end delay and routing cost are still increased 
when geographic routing executes face routing or tree traversal. 

In addition, a sequence of rerouting or face routing processes might be triggered 
when dysfunctional sensors forward packets erratically. For example, in Fig. 1(b) 
dysfunctional sensor V, which may fail to forward packets any time, is the next hop 
neighbor of sensor U in greedy forwarding. U triggers the rerouting process and finds 
sensor W as the new next hop neighbor when V fails to forward data packets. Subse-
quently, U will be a dead end and needs to find another new next hop neighbor by the 
face routing process when W is also dysfunctional. To avoid the routing trap problem, 
sensors which are close to a devastating event or with high fault probability need to be 
considered as inactive sensors in packet forwarding. 

In this paper, we present Obstacle-aware Virtual Circuit geographic Routing 
(OVCR), which uses the obstacle-free path computed by the sink to make the greedy 
forwarding of geographic routing dependable. OVCR is a reliable routing mechanism 
since data packets are greedily forwarded along an obstacle-free path. It is also en-
ergy-efficient because rerouting and face routing processes will be triggered less fre-
quently while only a few control messages are forwarded to a few sensors beforehand. 

The rest of the paper is organized as follows. Section 2 reviews existing geographic 
routing protocols. OVCR is illustrated in Section 3. In Section 4, we evaluate the 
performance of OVCR by simulation. The main conclusion and delineate future work 
are presented in Section 5. 

2   Related Work 

In WSNs, the location information of sensors, which is available either by the GPS or 
through a distributed localization mechanism [7], is required by most applications and 
routing protocols [1], [8]. Jain, Puri, and Sengupta [19] showed that an ad hoc routing 
protocol that does not exploit geographic location information is not scalable and there-
fore, the geographic routing becomes one of the important routing mechanisms in ad 
hoc and sensor networks [5], [6], [17], [19]. In geographic routing, a sensor selects its 
next-hop in various ways. For example, the greedy routing scheme [20], proposed by 
Finn, selects the neighbor closest to the destination to be the next-hop, the compass 
routing scheme [21], proposed by Kranakis, Singh, and Urrutia, selects the neighbor that 
minimizes the angle between the line to the destination and the line to the neighbors. 
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Fig. 1. Routing obstacles caused by failed sensors or dysfunctional sensors: (a) dead end, (b) 
routing trap 

When a data packet reaches a dead end where greedy forwarding is impossible, 
Karp and Kung proposed GPSR [6] that recovers by the face routing around the pe-
rimeter of the void. Kuhn, Wattenhofer, and Zollinger defined and explained the prop-
erties of geographic routing, and then proposed GOAFR+ [2] for greedy forwarding 
and face routing. Unlike GPSR and GOAFR+, GEAR [5], which considers the energy 
constraint of sensors, was proposed by Yu, Estrin, and Govindan. A sensor forwards 
data packets towards the target region by using the extra energy aware neighbor  
selection. The estimated cost and learning cost are accumulated by each sensor for 
selecting an appropriate neighbor to reach the destination. GEAR attempts to balance 
energy consumption, and therefore increases the network lifetime.  

The planar construction for face routing is a major cost in geographic routing. 
Leong, Liskov, and Morris proposed GDSTR [17] that uses tree traversal to reduce 
the complexity of planar construction. In the absence of location information and 
presence of obstacles, Rao, Papadimitriou, Shenker, and Stoica proposed the virtual 
coordinate scheme [23], by which nodes are assigned virtual coordinates that are used 
by the standard geographic routing. 

Since the transmission power of sensors can be adjusted, Boukerche, Chatzigian-
nakis, and Nikoletseas proposed VTRP [22] that allows sensors to adjust their trans-
mission ranges to conserve the energy of critical sensors close to the base station. 
Data propagation exhibits high fault-tolerance as obstacles are bypassed.  

Chang, Hsu, Liu, and Juang proposed RNSA [3] to bypass routing obstacles for 
query-based WSNs when the status information of sensors is collected by the sink. In 
RNSA, the sink selects the relay nodes from it to the region of interesting events for 
packet forwarding. OVCR is an extended work of RNSA, but it differs from RNSA  
in that it uses Virtual Circuits (VCs), which is found by the Relay Position Selection 
Process (RPSP), instead of the predetermined relay nodes. Furthermore, OVCR  
can be used both in sink-initiated communication (query-based) and event-driven 
WSNs. 
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3   Obstacle-Aware Virtual Circuit Geographic Routing Design 

Our design goal of OVCR is how to exploit relay positions as temporary destinations 
in finding the obstacle-free path from an obstructed sensor to the sink for packet de-
livery. The information of obstacle-free paths is forwarded to sensors close to obsta-
cles for finding virtual circuits in a distributed manner. A virtual circuit containing a 
sequence of relay positions (temporary destinations) is used for obstacle-free data 
packet forwarding.  

One should note that the routing obstacle to be avoided is neither the single dys-
functional sensor nor the line formed by it, since they can be easily bypassed when 
the deployed density of sensors is high, but a set of nearby dysfunctional sensors. 
Whether a region is a routing obstacle is depended on the transmission range, event 
type, and deployed density of sensors. A routing obstacle that interferes with geo-
graphic routing is defined as follows: 

Definition 1. Routing Obstacle: A region in the surveillance area is a routing obstacle 
if there do not exist any feasible paths across it. A feasible path is a path that is  
composed of only normal sensors. 

 

For simplicity of implementation, the routing obstacle is determined by comparing 
with the diameter of the obstacle and the transmission range.  

3.1   Obstacle Hull 

An Obstacle Hull (OH) is a convex hull that contains dysfunctional sensors of an 
obstacle inside a connected convex cyclic graph. To construct an OH, the sink uses 
well-known convex hull algorithms (e.g., the Graham scan algorithm based on the 
divide-and-conquer strategy) when large numbers of sensors are simultaneously dys-
functional, or uses the incremental obstacle hull construction when dysfunctional 
sensors are detected in turn. 

The following steps illustrate the incremental obstacle hull construction algorithm 
to show how the sink constructs OHs whenever it detects a dysfunctional sensor. 

(1) The Euclidean distance between the sink and dysfunctional sensor is calculated. 
The sensor closest to the sink in an OH is used to represent the OH. 

(2) A new OH with one node is constructed if the dysfunctional sensor is not a one-
hop neighbor of any existing OHs (e.g., sensor U forms a one-node OH in Fig.2 
(a)), or existing OHs are expanded when the sensor is a one-hop neighbor of the 
existing OHs (e.g., sensor V expands two OHs in Fig.2 (b)). 

(3) The intersecting OHs can be found and merged into a new OH by using the  
algorithms proposed by Toussaint [24] [25] (e.g., the new OH in Fig.2 (c)). 

(4) If the diameter of the OH is larger than the transmission range, the Augmentation 
Obstacle Hull (AOH) and Obstacle-free Euclidean Shortest Path (OESP) con-
struction algorithm should be called. A small-size OH will not be used since it 
can be easily bypassed. 
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Fig. 2. An example of the incremental obstacle hull construction 

3.2   Augmentation Obstacle Hull and Obstacle-Free Euclidean Shortest Path 

In order to bypass routing obstacles, an obstructed sensor uses a relay position, which 
generally is the coordinate of a sensor outside the OH, as a temporary destination. The 
OESP, composed by the sink and a sequence of vertices of OHs, is used as the  
blueprint route for finding a sequence of relay positions. Instead of using the mini-
mum hop count that is widely used in communication networks, the Euclidean path 
was used since it is easy computed and need not be recomputed when the network 
topology changed. Moreover, one of the important characteristics of WSNs, entering 
the sleep mode periodically for energy conservation, also triggers the rerouting  
process in minimum hop count routing. The OESP used in this paper is defined as 
follows: 

Definition 2. Obstacle-Free Euclidean Shortest Path: An Obstacle-free Euclidean 
Shortest Path (OESP), which is composed of the sink and a sequence of vertices of 
OHs, is the Euclidean shortest path from the sink to a vertex of an OH and does not 
stray into any routing obstacles. 

 
In order to find OESPs, the sink constructs the AOHs, which is a special convex hull 
that includes the sink and OHs. Once an AOH is constructed, OESPs can be found by 
the shortest path algorithm (e.g., the Dijkstra’s algorithm or dynamic programming). 
The detailed steps of the AOH and OESP construction algorithm are depicted as  
follows: 

(1) The sink and the closest unused OH (e.g., O1 in Fig. 3(a)) are used to construct 
an AOH (Fig. 3(b)). An OH is unused if it is not included in any AOHs.  

(2) The sink and vertices of OHs in AOHs are used to find the OESPs from sink to 
obstructed sensors by the shortest path algorithm (e.g., Sink-A-B in Fig. 3(c)). An 
OESP will be removed if it overlaps with other longer OESPs (e.g., in Fig. 3(d), 
Sink-D-W is removed since a longer OESP Sink-D-W-X contains it). 

(3) For each OESP, the sink executes the Relay Position Selection Process (RPSP) 
introduced in next subsection. 

(4) An AOH will be augmented by the Rotating Calipers algorithm [25] if the AOH 
intersects with other existing AOHs (e.g., the origin AOH contains O3 is aug-
mented since it intersects with the AOH that contains O1). 

(5) The algorithm will be terminated when all of the OHs are used (Fig. 3(d)). 
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Fig. 3. An example of the augmentation obstacle hull and obstacle-free Euclidean shortest path 
construction 

3.3   Relay Position Selection Process 

Considering the following scenario, if a sensor wants to transmit data packets to the 
sink, the packet forwarding must effectively bypass all routing obstacles. In RPSP, to 
find relay positions to bypass routing obstacles, the VC packet containing the infor-
mation of the OESP and OHs is broadcasted along the OESP from the sink to all of 
the normal sensors close to OHs. If a sensor has received the VC packet and recorded 
the relay position in the VC packet to its routing table, it uses the relay position as the 
temporary destination to forward data packets. Data packets are then forwarded to an 
appropriate neighbor greedily by the location of the sink or the relay position in its 
routing table. In order to ensure sensors that behind the obstructed line segment of an 
OH (e.g., X-Y in Fig. 3(d)) can still receive VC packets, each OESP is extended by the 
neighboring vertex of the same OH (e.g., in Fig. 3(d), Sink-D-W-X-Y is the extended 
OESP of Sink-D-W-X). 

Since each vertex of an extended OESP is the candidate of a relay (turn) position, a 
VC packet needs to keep track of the traversed vertices and find the next vertex to be 
traversed. The location of next traversed vertex is used to calculate the backoff timer 
in directional broadcast. A VC packet also contains a time stamp for aging routing 
records and a relay field to record the current relay position. The following sequence 
of steps illustrates the RPSP. 
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(1) The sink extends each OESP and broadcasts the VC packet that contains the 
sequence of vertices of an extended OESP, time stamp, distance to the next un-
visited vertex, and centers of bypassed OHs. The bypassed OHs are sorted by the 
traversed order. The sequence of vertices of an extended OESP except the sink is 
called the V-sequence (e.g., in Fig. 4(a), {R, S, T, U} is the V-sequence of the 
extended OESP Sink-R-S-T-U). The distance to the next unvisited vertex in a VC 
packet is called the DUV. 

(2) When a sensor receives a VC packet, 
(a) It verifies whether the VC packet has been received. The packet will be ig-

nored if it has been received. 
(b) It calculates the distance from it to the first unvisited vertex of the V-

sequence. If the distance is longer than DUV, the packet will be ignored; oth-
erwise, the distance is used to replace DUV and to calculate a backoff timer 
for rebroadcasting. A sensor cancels its backoff timer and does not rebroad-
cast the information to its neighbors if it hears the same VC packet before its 
timer expires. For example, in Fig. 4(b), sensors W and Y will cancel their 
backoff timers since sensor D, which is the closest sensor to the first unvis-
ited vertex (R) among D, W, and Y, has a shortest timer and will rebroadcast 
the VC packet to its neighbors. 

(c) It examines the relay field of the packet header. If the field is set, it adds a re-
cord in its routing table by the relay position of the VC packet. The routing 
records are aged by the time stamp of the VC packet. 

(3) If the sensor is a one-hop neighbor of the first unvisited vertex in V-sequence, it 
will mark the first unvisited vertex visited, put its coordinate into the relay field, 
and calculate the distance from it to the next unvisited vertex to set the backoff 
timers. For example, in Fig. 4(c), sensor F will receive a VC packet with a set re-
lay position field from sensor E since E is closer to the first unvisited vertex S 
than sensor Z. A new routing record is added to the F. The path that the VC 
packet has traversed is a VC (e.g., A-B-C-D-E-F-G-H-I-J-K-L-M in Fig. 4(d)). 

(4) The one-hop broadcasting of a VC packet will be terminated when a sensor 
marks the last vertex of the V-sequence and broadcasts the VC packet to its 
neighbors. For example, in Fig. 4(d), sensor M marks the last vertex and broad-
casts the VC packet to its neighbors. 

(5) Sensors close to an OH will broadcast an OH packet that contains its coordinate, 
the center of the nearby OH, and the distance from it to the center of the OH 
(DTO). (e.g., in Fig. 4(c), sensors E, F, and G will broadcast the OH packet since 
they are one-hop neighbors of vertices of OHs) 

(6) When a sensor receives an OH packet, 
(a) It calculates the distance from it to the center of the OH. If the distance is 

shorter than DTO, it uses the distance to calculate the backoff timer. 
(b) It adds a routing record whose location is the coordinate in the OH packet. 
(c) It replaces the coordinate and DTO in the OH packet by its coordinate and 

distance and broadcasts the OH packet if it does not receive any VC packet 
and the same OH packet as the timer expired. 
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Fig. 4. An example of the relay position selection process 

After constructing the VCs for OESPs, data packets are forwarded greedily if the 
forwarding path from source sensor to sink is obstacle-free, or via a VC when the 
transmission path cross obstacles. For example, in Fig. 4, the data packets sent by 
sensor W are forwarded along path W-X-A-Sink, and the data packets sent by sensor N 
are forwarded along path N-G-F-E-D-C-B-A-Sink. 

4   Performance Evaluation 

Two key metrics are used for evaluating the effect of OVCR: (1) the success rate, 
which is the fraction of times data packets reach the sink and represents the impact of 
routing traps; and (2) the hop count, which is the average number of hops taken along 
the forwarding path and denotes the effect of OHs. We implement OVCR by greedy 
routing scheme [20] and evaluate it by comparing GPSR, the well-known geographic 
routing as introduced in Section 2. 

To evaluate OVCR in simulation, two types of obstacles are used in different 
WSNs. First, the obstacle produced by the grave devastating event that makes sensors 
dysfunctional is used to evaluate the impact of the routing trap and the tradeoff be-
tween the success rate and the hop count. Second, the randomly produced obstacle is 
used to show the performance superiority of OVCR. 
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4.1   Routing Trap 

When a devastating event occurs, the energy of the event fades away by the distance. 
The fault probability of sensors can use the following signal attenuation model to 
estimate [18], [26]: 

 0

0 1

1k k

k kβ
k

P                                 d D  

P                             D  d D
d

α
= ≤⎧

⎪
⎨ = < ≤⎪⎩  

(1) 

where Pk is the fault probability of sensor k, dk is the distance from k to the event, and 
α (event energy) , β (the decay exponent), D0, and D1 are properties of the event and 
assumed to be known. The obstacle produced by the devastating event contains the 
failed (Pk = 1) and dysfunctional (0 < Pk < 1) sensors. A failed sensor can be easily 
detected by the beacon packet or hello message. A dysfunctional sensor might be 
erratic in packet forwarding. The success rate will be reduced if the forwarding path 
includes some of the dysfunctional sensors.  

In this subsection we assume the parameters of the signal attenuation of the grave 
devastating event are: D0 = 15 m, D1 = 20 m, α = 150, and β = 2. Three hundred fifty 
sensors are uniformly deployed in a 100 m × 100 m area and three grave devastating 
events occur in the surveillance area to make sensor dysfunctional or failed. Sixty 
sensors around the surveillance area send data packets to the sink. When the network 
is obstacle-free, the average hop counts are 6.5 and 5.3 as the transmission ranges of 
sensors are 15 m and 17 m, respectively. 

The tradeoff between the success rate and the hop count is shown in Fig. 5. By 
GPSR that does not consider the impact of dysfunctional sensors, Figs. 5(a) and 5(b) 
show that the success rates are decreased from 61% to 22% (71% to 27%) as devastat-
ing events are increased when the transmission range of sensors is 15 m (17 m). By 
OVCR that does not use dysfunctional sensors in packet forwarding, the average hop 
counts are increased in both Figs. 5(a) and 5(b) when devastating events are increased. 

As alluded to in Section 3, the routing obstacle is depended on the transmission 
range, event type, and deployed density of sensors. When the transmission range or 
deployed density of sensors is increased, the number of neighbors is also increased. 
The number of neighbors can affect the average hop count, especially when we use 
the OVCR. As shown in Fig. 5, the average hop count of OVCR will be reduced by 
0.97 and the average hop count of GPSR will be reduced by 0.42 when the transmis-
sion range is increased from 15 m to 17 m. 

Fig. 5. The impact of the routing trap: (a) transmission range 15 m, (b) transmission range 17  

Fig. 5. The impact of the routing trap: (a) transmission range 15 m, (b) transmission range 17 m 



806 M.-T. Hsu et al. 

4.2   Performance Improvement 

We now evaluate the performance improvement of OVCR in a sink-initiated commu-
nication WSN. One thousand sensors are deployed in a 500 m × 500 m area and the 
transmission range is 35 m in this scenario. The position of obstacles is generated 
randomly and the fault probability of sensors is defined in Equation (1). 

Fig. 6(a) shows that the success rate of OVCR is raised about 15% than that of 
GPSR, even if the number of obstacles increases. In Fig. 6(b), the hop count is re-
duced about 8%, which is not apparent. This is because the obstacles, each of which is 
generated randomly, are not always concave and the dysfunction sensors are excluded 
from packet forwarding. The impact of the radius of obstacles is shown in Fig. 7. The 
success rate of OVCR is still superior and the hop count gets an increase in the radius 
of obstacles. 

  
(a) (b) 

Fig. 6. Impact of number of obstacles: (a) success rate of packet forwarding, (b) hop count 

 

  
(a) (b) 

Fig. 7. The impact of the radius of obstacles: (a) success rate, (b) hop count 

5   Conclusions and Future Work 

In this paper, we present the OVCR, which is based on OH, AOH, OESP, and VC, to 
provide reliable and scalable geographic routing. The simulation results show the 
superiority of the proposed mechanism by: (1) the success rate can be improved when 
the routing trap occurs; (2) the success rate for packet forwarding originating from the 
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sink is raised substantially and the hop count is also reduced. Applying OVCR not 
only avoids entering routing traps but also reduces the impact of dead ends. 

A future research issue of this paper might be how to define the dysfunctional thre-
shold value and to use them to avoid routing obstacles. As shown in subsection 4.1, 
there exists the tradeoff between the success rate and the hop count by setting differ-
ent threshold values. An inappropriate threshold setting may give rise to high reliabil-
ity routing but also increases the hop count. Thus, the first priority for future work is 
how to dynamically adjust the threshold according to the network situation.  

Sensors with low remaining energy may result in dysfunctional and therefore, 
some invisible routing obstacles may be produced in the surveillance area. Because of 
the severe energy constraint of sensors, these obstacles will multiply and grow with 
time. Hence, the second future priority will concern the remaining energy of sensors 
when using OVCR. 
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