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	 To reduce the energy consumption of the routing protocol, we propose a stability-considered 
density-adaptive routing protocol with fuzzy logic control (SDRFLC) to improve the stability-
considered density-adaptive routing protocol (SDR).  In the initial stage, the proposed method 
determines whether a relay node is needed in accordance with the distance between source and 
destination nodes.  If the relay node is required, then density is calculated.  On the basis of this 
density, the best routing mode is selected.  In the newest sparse mode (S-mode), the SDRFLC 
uses the stability and density values as the input of fuzzy logic control.  Then, the output value 
is used to adjust the angle and solve the local maximum problem.  Our proposed method is 
superior to the SDR in terms of the transmission ratio and routing overhead.  With higher 
stability, our proposed method can effectively control the route requirement of sensor nodes (SNs)
and prolong the life of mobile wireless sensor networks (MWSNs).

1.	 Introduction

	 In recent years, mobile wireless sensor networks (MWSNs)(1,2) have received considerable 
research attention.  Since MWSNs are non-infrastructural, it is not necessary to build the basic 
environment in advance.(3)  In a MWSN, mobile sensor nodes (SNs) not only transmit data 
between each other, but also act as routers.  Because of the  SN mobility, connections between 
SNs are uncertain, resulting in unstable data transmission(4) and increased energy consumption, 
thereby reducing SN lifespans.  Many studies have therefore focused on extending wireless 
network lifespans(5) using particular routing algorithms(6) and transmission paths.(7)

	 One of the most important issues of MWSN development is energy consumption.  Many 
studies concern routing, communication, and quality of service (QoS) applications(8) in 
MWSNs.  Since MWSNs SNs are movable, the network topology is changeable during the 
network lifetime.  As a result, QoS(9) is unable to guarantee reliable transmission, and the 
network may experience packet loss, delay, jitter, low throughput, and delivery problems.  In 
light of this situation, many studies have proposed enhanced routing protocols, including the 
optimized link state routing protocol (OLSR).(10)  OLSR is able to reduce message overhead by 
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using multipoint relays to forward broadcast messages by flooding, but requires large, dense 
networks.  Haas proposed the zone routing protocol (ZRP),(11) which is a hybrid routing protocol 
with proactive and reactive routing schemes.  It is able to accelerate delivery and reduce control 
messages.  Karp and Kung proposed greedy perimeter stateless routing (GPSR),(12) which has 
become a common routing protocol.  Geographic routing uses greedy forwarding to find the 
shortest distance between SNs in order to make forwarding decisions.  GPSR addresses the 
problem of greedy forwarding regions by routing around the perimeter of these regions.
	 For optimal routing path selection, Arora and Monga proposed the ad hoc on-demand 
distance vector (AODV)(13) with a knowledge-based algorithm.  It establishes the optimal 
routing path using the AODV and improves the link failure using the knowledge-based learning 
algorithm.  The fuzzy-based geographic forwarding protocol (FuGeF)(14) was proposed 
to mitigate spatiotemporal attack and provide minimal security.  FuGeF introduces three 
forwarding node selection parameters of remaining energy, cost of connection, and forwarding 
distance selection via the fuzzy logic system (FLS) with a novel form of dynamism.  The 
stability-considered density-adaptive routing protocol (SDR)(15) is a novel MWSN routing 
protocol that is able to reduce the rebuild of routes and guarantee stability with two routing 
mechanisms: dense mode (D-mode) and sparse mode (S-mode).  
	 To reduce energy consumption by means of a routing protocol, we propose a stability-
considered density-adaptive routing protocol with fuzzy logic control (SDRFLC) to improve the 
SDR.  In the initial stage, the proposed method yields the distance from the source node to the 
destination node.  Then, the optimum angle is used in the density calculation mechanism.  The 
best routing mode will be selected in accordance with the density.  In the newest S-mode, the 
SDRFLC uses the stability and density values with fuzzy logic control(16,17) to address the local 
maximum problem.  

2.	 Materials and Methods

	 The routing processes of the SDRFLC are based on the SDR, as depicted in Fig. 1.  First, 
in the initial range decision, the transmission distance d from the source to the destination 
is compared with the threshold.  If the distance is smaller than the threshold, the density 
calculation mechanism is used to calculate the stability and density of the optimum 
destination face area (DFA).  The corresponding routing mode will be selected in accordance 
with the density.  When the density is higher than the threshold, the SDRFLC will use the 
original D-mode to forward the data.  If the density is lower, the SDRFLC will use the 
new S-mode (S+-mode) to find the forwarding node.  The S+-mode utilizes fuzzy logic control 
to increase the search angle.  If this search angle still does not lead to the forwarding node, the 
node will use the stability-based face routing mechanism to find the forwarding node.

2.1	 Initial range decision

	 The first-order radio model (FORM) energy model(18) is used to obtain the distance 
threshold dthreshold to determine whether the forwarding node is required to transfer data.  In 
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the FORM, a data packet of n bits is assumed.  Etotal is the total energy consumption to transmit 
from source node S to destination node D.  If d ˃ dthreshold, the source transfers the data directly; 
if d ˃ dthreshold, source node S needs a forwarding node to overcome the transmission range 
problem.
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2.2	 Density calculation mechanism for routing mode selection

	 In the density calculation mechanism, SDR-Angle calculates the search radius of S–D, only 
90 degrees, as DFA, which brings the forwarding node closer to the S–D datum line.  Then, the 
density calculation mechanism calculates the node density in the DFA.

Fig. 1.	 Flow of SDRFLC.
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2.2.1	 Evaluation of DFA stability

	 Consider a MWSN described by G(t) = (V, E(t)), where nodes are denoted by V = {1, 2, ..., i}.  
The sets of routing paths are denoted by E(t) = {E1, E2, ..., Ej}.  If node l receives a message 
from node k, it shows that nodes l and k exist at a directed edge,  e(l,k).  El(tk) and El(tk+1) show 
that node l and its neighbor node form a path at two adjacent times.  The stability Sl can be 
calculated as

	
1 1

1

11 1

1 1 ( ) ( )cos
1 1 | ( ) || ( ) |

l l
l k l k

l k
l k l kk k

E t E tS
l l E t E t

θ
− −

+

+= =
= =

− −∑ ∑ .	 (3)

	 As shown in Eq. (3), when the stability Sl is large, the angle θk of El(tk) to El(tk+1) will be 
small, which means that the nodes do not change dynamically in adjacent times, and node i is 
relatively stable.  If the stability Sl is small, the angle θk of El(tk) to El(tk+1) will be large, which 
means that the nodes change dynamically in adjacent times, and node l moves rapidly.

2.2.2	 DFA and stability considered in density assessment

	 Node S searches within a broadcast angle of 90 degrees to discover existing nodes in 
its adjacent area.  In the density assessment, the density ρk of the search area in the DFA is 
calculated as 
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where DFA90 is the search area of the DFA.  ρk is the nearby node density of node k and r is the 
transmission range of neighbor node k.
	 The corresponding routing mode is selected on the basis of the density ρk.  When 
ρk > ρthreshold, the basic D-mode will be triggered.  When ρk > ρthreshold, the S+-mode will be 
triggered.

2.3	 S+-mode

	 If the density ρk > ρthreshold, it expresses sparse forwarding nodes in the area.  The S+-mode 
will be described in detail below.

2.3.1	 Local maximum problem

	 If node S transmits to node D, there is only one path and the neighbor nodes are not in the 
DFA search area.  This problem is called the local maximum problem.  
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	 The situation is such that the final node is unable to find another node by which to transfer 
data to destination node D in the local maximum problem.  The final node is not the destination 
node and is thus called a dead-end or concave node.  As shown in Fig. 2, when the ρk of the 
dead-end node is smaller than the threshold, the routing mode should switch to the S+-mode 
to solve the local maximum problem.  Therefore, in this study, the stability-based face routing 
mechanism is used to address this problem.

2.3.2	 Enlargement of DFA angle in fuzzy logic control

	 When the current node becomes a dead-end node, the proposed method utilizes fuzzy logic 
control to obtain a new search angle.  As shown in Fig. 3, first, the density and stability are 
fuzzified.  The values are then given corresponding fuzzy variables with fuzzy rules and fuzzy 
inference.  Because there are two inputs with three varieties, nine rules are obtained for the 
system, as shown in Table 1.
	 The angle result will be used to find a forwarding node in the S+-mode.  If the enlarged 
angle still cannot find forwarding nodes, the stability-based face routing mechanism will be 
used to find a forwarding node.

2.3.3	 Stability-based face routing mechanism 

	 The S+-mode is able to deal with the local maximum problem because the stability-
considered Gabriel graph algorithm (SGG) considers the stability of linked nodes.  As shown in 
Fig. 4, it is assumed that the stability Sa of node a is smaller than Sthreshold.  When nodes b and 

Fig. 2.	 (Color online) Local maximum problem. Fig. 3.	 Fuzzy logic control model.

Table 1
Angle of fuzzy rules.

Stability Density
High Medium Low

High Low Low High
Medium Low Medium High
Low Low Medium High Fig. 4.	 (Color online) SGG schematic.
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d build a link, node a is not considered because link b–d can transfer data in the transmission 
range, and the stability Sa of node a is smaller than the threshold.  As another example, it is 
assumed that the stability Sb of node b is smaller than Sthreshold.  Because the SGG considers 
stability, links b–c and b–e will not be built; therefore, the SGG can decrease the energy 
consumption due to relinking.  
	 The SGG is defined as follows: with an edge (b–c), as shown in Fig. 4, if the link from node 
b to node c does not include node a and the stability of node a is larger than Sthreshold, a circle is 
formed with the diameter of the distance of b–c, as in 

	 2 2 2, :{ ( , ) [ ( , ) ( , )]} { }a thresholda b v d b c d b a d c a S S∀ ≠ < + ∩ > .	 (5)

	 The SGG routing message is transferred sequentially along the faces with the left-hand and 
right-hand rules.  The SGG considers the node stability and reduces the energy consumption 
due to relinking by the left-hand and right-hand rules, as shown in Fig. 5.  The SGG is combined 
with planar polygons that are divided into several internal and external faces.  The routing 
message forwarded by the left-hand rule is S–V5–V4–V3–V2–V1–S and that by the right-hand 
rule is S–V1–V2–V3–V4–V5–S.  The S-mode addresses the dead-end node in the local maximum 
problem via the SGG.

3.	 Validation Result

	 In this section, we compare the performance of the proposed SDRFLC methods with 
that of the SDR.  We choose the field area of 4500 × 2500 m2.  The numbers of nodes are 
150, 250, 350, 450, and 550.  The duration of simulation is 1000 s.  The speed of node 
mobility ranges from 0 to 10 m/s.  The packet size is 512 bytes.  The communication type is 
CBR(UDP).  The mobility model is the random walk model (RWM).  The radio range is 100 m.  
The performance evaluation is divided into two types: delivery ratio and routing overhead.  
The delivery ratio refers to a node’s packet success rate.  At the time of transmission, each 
node passes data through a forwarding node, and the packet loss rate is 0.001.  Routing 
overhead is the energy consumption of a node broadcasting a 32 bit Hello message to find a 
forwarding node.  The simulation is written in C.

Fig. 5.	 (Color online) SGG of routing message.
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	 To further compare the performance of the proposed methods with that of the SDR, we 
consider the delivery ratio of the number of nodes in the field, as shown in Fig. 6.  The proposed 
SDRFLC methods yield better performance results than does the SDR method.  The delivery 
ratio of the SDRFLC ranges from 0.6 to 1.5% higher than that of the SDR.  Furthermore, the 
routing overhead of the number of nodes in the field is shown in Fig. 7.  The proposed SDRFLC 
methods yield higher performance characteristics than does the SDR method.  The routing 
overhead performance of the SDRFLC, which ranges from 12 to 20%, is also higher than that 
of the SDR.  These performance characteristics are improved because the SDRFLC method 
improves the DFA facing angle from 180 degrees to an optimum value, which generates a new 
search angle by fuzzy logic control.

4.	 Conclusions

	 We proposed the use of an optimum DFA facing angle with the newest S-mode to improve 
the SDR routing protocol by fuzzy logic control.  A corresponding routing mode is selected 
in accordance with the density value.  When the node density is higher than the threshold, the 
SDRFLC methods will use the original D-mode to forward data.  If the node density is sparse, 
the SDRFLC uses the new S+-mode to find forwarding nodes.  The S+-mode utilizes fuzzy logic 
control to enlarge the searching angle.  If the searching angle still cannot find the forwarding 
node, the node will use the stability-based face routing mechanism to find the forwarding node.  
In the simulation results of the delivery ratio, the proposed SDRFLC method is better than the 
SDR by 0.6 to 1.5%.  In terms of field size and routing overhead, the proposed SDRFLC method 
is better than SDR by 12 to 20%.  The proposed SDRFLC methods are thus able to reduce 
routing overhead and extend the mobile ad hoc network lifespan.
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