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Abstract. As an extension of our previous designed Two-Phase geo-
graphic Greedy Forwarding (TPGF) routing algorithm in wireless sensor
networks (WSNs), this paper proposes a new 2-hop geographic greedy
forwarding algorithm called TPGFPlus, which uses 2-hop neighborhood
information for geographic routing. In our TPGFPlus, a forwarding node
selects its next-hop node which is closest to the based station among all
its 1-hop and 2-hop neighbor nodes. Moreover, to prolong network life-
time, not all the nodes are awake for working in our work since the
EC-CKN algorithm is applied to make the network be duty-cycled. We
evaluate the performance of our algorithm versus running existing TPGF
algorithm on the same duty-cycled WSNs. Simulations show that our
proposed algorithm outperforms previous work TPGF on finding more
average paths and shorter average length of paths, yet without causing
additional energy consumption.

Keywords: Duty-cycle, Wireless sensor networks, 2-hop neighborhood,
Geographic routing.

1 Introduction

Geographic routing is considered to be an efficient and scalable data delivery
scheme and is quite commonly adopted for information delivery in large scale
WSNs . The basic idea for geographic routing is greedily forwarding data pack-
ets to the neighbor geographically closest to the destination. Sensors need only
maintain local knowledge on the locations of their one-hop neighbors to select
their next forwarders [2/g].

TPGF routing algorithm [J] is one of the earliest geographical multipath
routing algorithms designed for multimedia transmission in static & always-
on WSNs. In TPGF, packets are expected to proceed in such a greedy manner:
they are always forwarded to a node closest to the based station among all

H. Qian and K. Kang (Eds.): WICON 2013, LNICST 121, pp. 155-[66] 2013.
© Institute for Computer Sciences, Social Informatics and Telecommunications Engineering 2013



156 Y. Dong et al.

1-hop neighbors. Such a greedy strategy, were it to succeed, can explore the
maximum number of near shortest node-disjoint multipaths. Early studies (e.g.,
[11213l4]) assume all sensors are always on during forwarding. However, several
recent studies [5], [§], [I1], [I2] have stressed that such assumption of previous
works is unrealistic, for sensors in practical deployment are duty-cycled to save
energy. There have also been a few works addressed the problem of geographic
forwarding on duty-cycled wireless sensor networks [14], [16], [17], e.g., GeRaF
[17] considers geographical forwarding in a wireless mesh network in which sen-
sors know their locations, and are sleep-wake cycling. HM Ammari [§] proposes
the first design of a geographic forwarding protocol for duty-cycled k-covered
WSNs with data aggregation.

Moreover, the knowledge of the 2-hop neighborhood has been assumed in
many distributed algorithm and protocols such as constructing structures, im-
proved routing, broadcasting, and channel assignment [6]. Stojmenovic and Lin
[10] have previously proposed GEDIR-2 extending existing geographic routing
schemes to two-hop neighbors. It has shown 2-hop GEDIR increases the suc-
cess rates compared with the 1-hop variant, nevertheless, is also implemented
in static & always-on WSNs. It is expected that higher performance improve-
ment will be achieved even if taking the duty-cycle schedule into consideration.
Duty-cycling, this important characteristic seems to be ignored in [9JI0] and
insufficiently studied in [12].

In this work, we address the research of a novel geographic routing combining
both characteristics of 2-hop neighborhood and duty-cycling. Specifically, we
design a geographic routing protocol using 2-hop neighborhood information on
EC-CKN [I3] based duty-cycled WSNs.

The rest of the paper is organized as follows: Section 2 reviews related work.
Section 3 introduces the network model of our research work. Section 4 describes
the design of our algorithm. Section 5 shows the simulation results. Finally, we
conclude this paper in section 6.

2 Related Work

2.1 CKN and EC-CKN

The Connected K-Neighborhood sleep scheduling algorithm CKN [I4] allows a
portion of sensor nodes going to sleep but still keeps all awoken sensor nodes
k-connected to elongate the lifetime of a WSN. Then it carries on geographic
routing duty-cycled nodes. This algorithm provides the first formal analysis of
the performance of geographic routing on duty-cycled WSNs, where every sensor
has k awake neighbors.

A variant of this method called EC-CKN [13] prolongs network lifetime fur-
ther. Different from CKN, EC-CKN takes nodes’ residual energy information as
the parameter to decide a node to be active or sleep, not only can achieve the
k-connected neighborhoods problem, but also can assure the k£ awake neighbor
nodes have more residual energy than other neighbor nodes at the current epoch.
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2.2 Geographic Routing with 2-Hop Neighbors

Geographic routing uses position information to forward a message to its destina-
tion. Sensor nodes are not required to maintain global and detailed information
on the entire network topology. They only need to maintain local knowledge on
their one-hop neighborhood information with respect to their final destination.
Although most geographic routing protocols use one-hop information, generaliza-
tion to two-hop neighborhood is also possible [10]. Extending geographic routing
schemes to two-hop neighborhood increases success delivery rate, referring to 2-
hop GEDIR. Another algorithm called NADV [17] also considers a geographic
routing scheme that uses two-hop neighborhood information. Not surprisingly,
utilizing two-hop neighborhood information leads to higher-quality paths than
the one-hop case.

However, these schemes still cannot guarantee that packets are delivered in
an energy-efficient manner. In real networks, nodes commonly employ low duty-
cycling and are asleep at most time to get a long battery life [I5]. This important
feature is ignored in previous work.

2.3 Geographic Multipath Routing in Duty-Cycled WSNs

Although many multipath routing protocols have been studied [I8], most of them
focus on reducing delay, providing reliability, reducing overhead, maximizing
network lifetime or supporting hybrid routing, and are extended versions of
DSR [19] and AODV [20]. These routing protocols cannot provide a powerful
searching mechanism for the maximum number of shortest paths, as well as
bypassing holes [21], not to mention in duty-cycled WSNs. For such drawbacks,
we propose TPGFPlus, which is a geographic node-disjoint multipath routing
algorithm in duty-cycled WSNs.

To the best of our knowledge, there is no existing multipath routing research-
ing on exploring geographic multipath routing in duty-cycled WSNs.

2.4 TPGF Geographic Multipath Routing

TPGF [9] does not require the computation and preservation of the planar graph
in WSNs. This point allows more links to be available for TPGF to explore more
node-disjoint routing paths, since using the planarization algorithms actually
limits the useable links for exploring possible routing paths. GDSTR [I] is an-
other geographic routing approach that does not apply the planar graph, but
maintains two or more hull trees. However, GDSTR does not support multipath
routing, since the number of available links in the hull trees topology is limited.
Our TPGF algorithm includes two phases:

— Phase 1 is responsible for exploring a delivery guaranteed routing path while
bypassing holes.

— Phase 2 is responsible for optimizing the found routing path with the least
number of hops.
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TPGF algorithm finds one path per execution and can be executed repeatedly to
find more node-disjoint routing paths with the guarantee that any node will not
be used twice. At the same time, TPGF algorithm has been well implemented
on duty-cycled WSNs based on CKN algorithm through our previous research
work [12].

2.5 Our Novelty in TPGFPlus

In conclusion, existing researches either are concerned with duty-cycling or 2-
hop forwarding. In this paper, TPGFPlus first tries to consider both duty-cycling
and 2-hop geographic forwarding for shortest node-disjoint muli-path routing.

3 Network Model

We model a network with N sensors randomly deployed. The locations of sensor
nodes and the base station are fixed and can be obtained by using GPS. Each
node knows its own location and the locations of its 1-hop and 2-hop neighbors.
r is the communication range of each node.

Definition 1. 2-hop neighbors. Let N(v;) and N(v;)" be respectively the
sets of node v;’s 1-hop and 2-hop neighbor nodes, that is, v;’s 2-hop neighbors
are the neighbors of v;’s 1-hop neighbors after removing the duplicated ones.

We assume all nodes are operated with EC-CKN based wake/sleep duty-
cycling. 2-hop neighbors are gathered when executing EC-CKN for sleep schedul-
ing in WSNs. Each sensor dynamically turns on and off the radio in turn based on
the 2-hop neighbors’ remaining energy information. Time is divided into epochs,
and each epoch is T. In each epoch, the node will first transmit packets, and
then run the EC-CKN sleep/awake scheduling algorithm to decide the state of
the next epoch: sleep or awake. Sensor nodes depend on their current energy lev-
els to adjust power consumption accordingly. Each wireless sensor node is only
equipped with a single radio interface, and has the same initial energy F;y;-

Note that, the impact of MAC layer is ignored in our model. In other words,
if the network is collision-free and connected, then each message is delivered.

4 The TPGFPlus Algorithm

We combine 2-hop geographic forwarding and the characteristic of duty-cycled
WSNs for a novel multipath routing. The gathering of 2-hop neighbors is not
an additional overhead for TPGFPlus algorithm, since the 2-hop neighborhood
information is obligatorily gathered when executing EC-CKN. But extending to
3-hop or even more will incur extra broadcasting, which is not included in EC-
CKN any more. In summary, TPGFPlus algorithm consists of two phases: A)
2-hop geographic forwarding; B) Path optimization.



Two-Hop Geographic Multipath Routing in Duty-cycled WSNs 159

4.1 2-Hop Geographic Forwarding

This phase consists of two courses: greedy forwarding and step back & mark.

The greedy forwarding policy is: Suppose a current forwarding node always
chooses its next-hop node which is closest to the based station among all its 1-
hop and 2-hop neighbor nodes and the next-hop node can be further to the base
station than itself. Once the forwarding node chooses its next-hop node among
its 2-hop neighbor nodes that have not been labeled, it will have to find an
intermediate 1-hop direct neighbor that has not been labeled according to some
selecting policy. A digressive number-based label is given to the chosen sensor
node along with a path number. This greedy forwarding principle is different
from the greedy forwarding principle in [2]: a forwarding node always chooses
the 1-hop neighbor node that is closer to the base station than itself. And, the
Local Minimum Problem does not exist.

Supposing candidate nodes with similar progress to the destination, the one
with higher residual energy will first be chosen. In this point, our work is signif-
icantly different from the previous TPGF [9] of which the strategy is forwarding
the packets to the direct 1-hop neighbor which is nearest to the sink. Fig. [2] and
Fig. [ briefly describe the geographic forwarding process of TPGF and TPGF-
Plus respectively.

Fig. 1. 1-hop geographic forwarding example: Node a always forwards packets to node
b since it has the shortest distance to the sink

Though such a method does not have well-known Local Maximum Problem,
there may be block situations [9]. During the discovering of a path, if any for-
warding node has no 1-hop neighbors except its previous-hop node, we will mark
this node as a block node and this situation as a block situation. In this situa-
tion, the step back & mark course will start. The block node will step back to
its previous-hop node, which will attempt to find another available neighbor as
next-hop node. This course will be repeatedly executed until a node successfully
finds a next-hop node to convert back to the greedy forwarding course.

4.2 Path Optimization

Though our work use 2-hop neighborhood, path circles also appears. To eliminate
the path circles and optimize the found routing path with the least number of
hops, we introduce the label based optimization. The principle of the label based
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Fig. 2. 2-hop geographic forwarding example: Node a choose 2-hop neighbor g as its
next-hop which is closest to the sink among all a’s 1-hop and 2-hop neighbors. Once
choose g, we have to select b as an intermediate 1-hop direct neighbor.

optimization is: Any node in a path only relays the acknowledgement to its one-
hop neighbor node that has the same path number and the largest node number.
A release command is sent to all other nodes in the path that are not used for
transmission. These released nodes can be reused for exploring additional paths.
After receiving the successful acknowledgement, the source node then starts to
send out data to the successful path with the pre-assigned path number.

5 Simulation Results

To evaluate the performance of TPGFPlus algorithm, we conduct extensive sim-
ulations in NetTopo [22]. The studied WSN has the network size: 800 m * 600
m. The number of deployed sensor nodes are increased from 100 to 1000 (each
time increased by 100). The value of k in EC-CKN algorithm is changed from 1
to 10 (each time increased by 1), letting more nodes awake. For every number
of deployed sensor nodes, we use 100 different seeds to generate 100 different
network deployments, in which ordinary nodes are random distributed. A source
node is deployed at the location of (50, 50), and a sink node is deployed at the
location of (750, 550). The transmission radius for each node is 60 m. Each node
is initialized with a certain amount of energy (100 Units) before deployment.
The energy consumption is simulated to be 1 Unit for executing EC-CKN one
time in each node. The following performance metrics are evaluated during the
simulations:

5.1 The Average Number of Paths of TPGFPlus Algorithm

Fig. [Bl shows the comparison of explored average number of paths by TPGF-
Plus and TPGF algorithms when the value of k£ changes for different number of
deployed nodes. We can see that TPGFPlus algorithm finds more transmission
paths than TPGF. In addition, as shown in Fig. Bl when & exceeds 6, waking up
more sensor nodes cannot always increase the number of found paths.
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Fig. 3. Average number of paths found by TPGFPlus and TPGF vs. the value of k

5.2 The Optimized Average Hops of Paths of TPGFPlus Algorithm

Fig. @ shows the optimized average hops of paths obtained by TPGFPlus and
TPGF algorithms. Both algorithms are not dramatically affected by the changing
value of k. But our TPGFPlus utilizes 2-hop neighborhood information and

performs better.

5.3 The Comparison of Network Lifetime of TPGFPlus and TPGF
Under EC-CKN and CKN Algorithms

The network lifetime in both EC-CKN and CKN based WSNs are represented
by the number of epochs. By executing TPGFPlus and TPGF under the same
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Fig. 4. Average hops of paths found by TPGFPlus and TPGF vs. the value of k

situation, simulation results in Fig. Bl reveals that our algorithm incurs no addi-
tional energy consumption, while achieving better routing performance in terms
of both average number and average hops of paths, but somewhat prolong net-
work lifetime. In addition, Fig. [l and Fig. [0l reflect that implementing EC-CKN
sleep scheduling algorithm prolongs network lifetime over CKN algorithm. Fur-
thermore, it confirms that decreasing the value of k, letting more nodes sleep
can definitely prolong the network lifetime, particularly when network nodes are
densely deployed.
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Fig. 5. Lifetime of WSNs while TPGFPlus based on EC-CKN and CKN algorithms

are executed

6 Conclusions

In this paper, TPGFPlus researches on 2-hop neighborhood information for geo-
graphic routing in EC-CKN applied duty-cycled WSNs. In summary, the major
contributions of our work can be summarized as follows:

— To the best of our knowledge, few previous works consider utilizing 2-hop
neighborhood information for geographic routing and solve the problem of

dynamically finding or updating multipath

in duty-cycled WSNs,

— Through extensive simulations we evaluate the performance of TPGFPlus
and show that it achieves better routing performance in terms of both
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Fig. 6. Lifetime of WSNs while TPGF based on EC-CKN and CKN algorithms are
executed

average number and average hops of paths. Moreover, in EC-CKN based
WSNs, 2-hop based geographic routing can prolong network, allowing more
nodes to sleep while achieving the same desired average number of paths,
compared with that of 1-hop based algorithm,

— Geographic routing in duty-cycled WSNs should be 2-hop based, but not
1-hop based, and it is mandatory for gathering 2-hop neighborhood infor-
mation in most existing sleep-scheduling algorithms.
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7 Future Work

As mentioned in previous subsection 4.1, there are several different policies for
selecting the intermediate node in TPGFPlus. Particularly, our interests fall into
the following three policies:

— Finding an intermediate 1-hop direct neighbor node which is closest to the
2-hop neighbor node. For the first forwarding policy, it will find a neighbor
closest to the 2-hop neighbor node and make the maximum progress to the
destination.

— Finding an intermediate 1-hop direct neighbor node which forwards packet
from current node to its 2-hop neighbor node with the shortest distance. The
second forwarding policy attempts to minimize total geographical distance
between the source node and the sink.

— Finding an intermediate 1-hop direct neighbor node with the most remaining
energy, or the best link quality (interference-minimized), or even the optimal
multi-factor weighted cost function value, and so on.

In this paper, due to space limitation, we research on the first policy and provide
its simulation results. For future works, we will study other policies and provide
comparison among the different policies.

Acknowledgment. The work is supported by “the Applied Basic Research
Program of Changzhou Science and Technology Bureau, No.CJ20120028”, “the
research fund of Jiangsu Key Laboratory of Power Transmission & Distribution
Equipment Technology, No.2010JSSPD04” | “the Scientific Research Foundation
for the Returned Overseas Chinese Scholars, State Education Ministry” and “the
Innovative Research Program for Graduates of Hohai Univ, No.CGB014-09”.

References

1. Leong, B., Liskov, B., Morris, R.: Geographic routing without planarization. In:
Proceedings of NSDI (2006)

2. Karp, B., Kung, H.T.: GPSR: greedy perimeter stateless routing for wireless net-
works. In: ACM MobiCom, pp. 243-254 (2000)

3. Kim, Y.J., Govindan, R., Karp, B., Shenker, S.: Geographic routing made practical.
In: Proc. NSDI, pp. 217-230 (2005)

4. Bisnik, N.; Abouzeid, A.A.: Capacity deficit in mobile wireless ad hoc networks due
to geographic routing overheads. In: Proceedings IEEE INFOCOM, pp. 517-525
(2007)

5. Lai, S., Ravindran, B.: On Multihop Broadcast over Adaptively Duty-Cycled Wire-
less Sensor Networks. In: Rajaraman, R., Moscibroda, T., Dunkels, A., Scaglione,
A. (eds.) DCOSS 2010. LNCS, vol. 6131, pp. 158-171. Springer, Heidelberg (2010)

6. Calinescu, G.: Computing 2-hop neighborhoods in ad hoc wireless networks. In:
Pierre, S., Barbeau, M., An, H.-C. (eds.) ADHOC-NOW 2003. LNCS, vol. 2865,
pp. 175-186. Springer, Heidelberg (2003)



166

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Y. Dong et al.

Lee, S., Bhattacharjee, B., Banerjee, S.: Efficient geographic routing in multihop
wireless networks. In: Proc. ACM MobiHoc, pp. 230-241 (2005)

Ammari, H.M., Das, S.K.: Joint k-coverage, duty-cycling, and geographic forward-
ing in wireless sensor networks. In: IEEE Symposium on Computers and Commu-
nications, Sousse, Tunisia, July 5-8, pp. 487-492 (2009)

Shu, L., Zhang, Y., Yang, L.T., Wang, Y., Hauswirth, M., Xiong, N.: Tpgf: geo-
graphic routing in wireless multimedia sensor networks. Telecommunication Sys-
tems 44(1-2), 79-95 (2009)

Stojmenovic, 1., Lin, X.: Loop-free hybrid single-path/flooding routing algorithms
with guaranteed delivery for wireless networks. IEEE Transactions on Parallel and
Distributed Systems 12, 1023-1032 (2001)

Dutta, P., Grimmer, M., Arora, A., Bibyk, S., Culler, D.: Design of a wireless
sensor network platform for detecting rare, random, and ephemeral events. In:
ACM/IEEE IPSN (2005)

Shu, L., Yuan, Z., Hara, T., Wang, L., Zhang, Y.: Impacts of duty-cycle on TPGF
geographical multipath routing in wireless sensor networks. In: The 18th Interna-
tional Workshop on Quality of Service (IWQoS 2010), Beijing, China, June 16-18
(2010)

Yuan, Z., Wang, L., Shu, L., Hara, T., Qin, Z.: A Balanced Energy Consumption
Sleep Scheduling Algorithm in Wireless Sensor Networks. In: Proceedings of the 7th
International Wireless Communications & Mobile Computing Conference (IWCMC
2011), Istanbul, Turkey, July 5-8 (2011)

Nath, S., Gibbons, P.B.: Communicating via fireflies: geographic routing on duty-
cycled sensors. In: Proceedings of the International Conference on Information Pro-
cessing in Sensor Networks (IPSN 2007), Cambridge, Massachusetts, USA, April
25-27 (2007)

Wang, X., Zhang, X., Zhang, Q., Chen, G.: An Energy-Efficient Integrated MAC
and Routing Protocol for Wireless Sensor Networks. In: Proceedings of the 2009
IEEE international Conference on Communications, June 14-18, pp. 1-6 (2009)
Biswas, S., Morris, R.: ExOR: Opportunistic multi-hop routing for wireless net-
works. In: Proc ACM SIGCOMM 2005 Conf. on Applications, Technologies, Ar-
chitectures, and Protocols for Computer Communication, pp. 133-143 (2005)
Zorzi, M., Member, S., Rao, R.R., Member, S.: Geographic Random Forwarding
(GeRaF) for Ad Hoc and Sensor Networks: Multi-hop Performance. IEEE Trans-
actions on Mobile Computing 2, 337-348 (2003)

Tarique, M., Tepe, K.E., Adibi, S., Erfani, S.: Survey of multipath routing protocols
for mobile ad hoc networks. Journal of Network and Computer Applications (2009)
Johnson, D.B., Maltz, D.A.: Dynamic source routing in ad hoc wireless networks.
In: Mobile Computing. Kluwer Academic Publishers, Dordrecht (1996)

Perkins, C.E., Belding-Royer, E.M., Das, S.: Ad hoc on demand distance vector
(AODV) routing. IETF RFC 3561

Shu, L., Zhang, Y., Yu, Z., Yang, L.T., Hauswirth, M., Xiong, N.: Context-aware
cross-layer optimized video streaming in wireless multimedia sensor networks. Su-
percomput., 94-121 (2010)

Shu, L., Wu, C., Zhang, Y., Chen, J., Wang, L., Hauswirth, M.: NetTopo: beyond
simulator and visualizer for wireless sensor networks. ACM SIGBED Review 5(3)
(October 2008)



	Two-Hop Geographic Multipath Routing in Duty-cycled Wireless Sensor Networks
	1 Introduction
	2 Related Work
	2.1 CKN and EC-CKN
	2.2 Geographic Routing with 2-Hop Neighbors
	2.3 Geographic Multipath Routing in Duty-Cycled WSNs
	2.4 TPGF Geographic Multipath Routing
	2.5 Our Novelty in TPGFPlus

	3 NetworkModel
	4 The TPGFPlus Algorithm
	4.1 2-Hop Geographic Forwarding
	4.2 Path Optimization

	5 Simulation Results
	5.1 The Average Number of Paths of TPGFPlus Algorithm
	5.2 The Optimized Average Hops of Paths of TPGFPlus Algorithm
	5.3 The Comparison of Network Lifetime of TPGFPlus and TPGF Under EC-CKN and CKN Algorithms


	6 Conclusions
	7 Future Work
	References




