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Abstract—This paper aims to reduce the estimated distance error (EDE) and
location error (LE) of hop-based range-free node positioning algorithms. For this
purpose, a novel range free positioning algorithm was proposed based on prox-
imity, denoted as PNN-MAP. First, the proximity was introduced to express the
distance between neighbouring nodes and the proximity expression was derived
based on the geometric relationship between these nodes. Then, the estimated
distance was calculated by the proximity expression and relevant information of
anchor nodes, and the unknown node positions were estimated by the MDS-MAP
to reduce the LE. Later, the PNN-MAP algorithm was simulated and compared
to three other node positioning algorithms. The results show that the proposed
algorithm achieved the smallest EDE and LE at different communication radiuses
or different number of anchor nodes. In terms of energy consumption, the PNN-
MAP had a relatively high traffic volume. However, there is no requirement on
the calculation ability of network nodes, and the estimated node positions can be
displayed directly on the server after the positioning. In general, the PNN-MAP
enjoys a strong practicality and universality. This research promotes the applica-
tion of wireless sensor networks (WSNs).

Keywords—Wireless Sensor Network (WSN), Estimated Distance Error
(EDE), Location Error (LE), Range-Free, Proximity

1 Introduction

The wireless sensor network (WSN) is able to monitor the environmental infor-
mation in the area of the test node, such as temperature, humidity, pressure, speed and
illuminance. However, the monitoring would be meaningless without knowing the po-
sitions of these data. In various applications (e.g. military tactical communication and
target tracking), the information acquired by each sensor node must be bound to the
node position [1-3].

The WSN is almost inaccessible to personnel, owing to the huge number and airdrop
deployment of network nodes. Thus, the node positions cannot be determined in ad-
vance but positioned by a certain method. Currently, the popular positioning methods
include global positioning system (GPS) and manual deployment [4-6]. Among them,
the GPS is the most commonly used approach. Nevertheless, the GPS module may
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increase the cost, energy consumption and size of wireless sensors. Node positioning
has become a key bottleneck of WSN applications, under such constraints as sensor
node configuration, energy, calculation, storage and communication abilities. To solve
the bottleneck, the positioning of WSN nodes must carry the following features: self-
organization, low energy consumption, high fault-tolerance and scalability.

Fruitful results have been achieved on multi-nodal positioning, including range-
based positioning methods and range-free positioning methods. Specifically, the range-
based positioning methods rely on physical ranging techniques like angle of arrival
(AOA), time of arrival (TOA), time difference of arrival (TDOA) and received signal
strength indicator (RSSI). This type of strategy requires a strict environment and addi-
tional ranging hardware. By contrast, the range-free positioning methods mainly calcu-
late the node positions based on the connectivity between nodes, such as four-corner
distance vector-hop (DV-HOP), distance vector-regulated neighbourhood distance
(DV-RND) and localized encryption and authentication protocol (LEAP). These three
range-free positioning algorithms are respectively based on anchor deployment, dis-
tance vector routing and single-hop correction value [7-9].

Considering the strict environment and equipment requirements of range-based
methods, this paper adopts the range-free methods to analyse the positioning of WSN
nodes. First, the proximity parameter was obtained through the calculation of the dis-
tance relationship between neighbouring nodes. Based on the proximity, the distance
between neighbouring nodes was derived by ranging positioning. Then, the actual po-
sitions of unknown nodes were evaluated by the two-phase positioning method based
on greedy algorithm.

2 Proximity-Based Range-Free Positioning

The current range-free positioning algorithms generally estimate node distance
based on the hop count. Most of them suffer from a huge positioning error. To solve
the problem, a proximity-based range-free positioning algorithm was proposed: the
probabilistic neural network-maximum a posteriori (PNN-MAP) algorithm. By this al-
gorithm, the node distance is evaluated based on node information and proximity esti-
mation, and then the node positions are obtained by multidimensional scaling-maxi-
mum a posteriori (MDS-MAP) algorithm [10-12].

2.1 Network node

Suppose there is an n-node WSN whose nodes are randomly deployed, belong to the
same type and share the same communication radius r. Let m be the number of anchor
nodes, and i and j be two random nodes. Assuming that each neighbouring node obtains
its information through the transmission and forwarding by node i, the following rela-
tionship can be established:

M; = {jlj # i&&d;; <1} (1)
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where M; is the set of neighbouring nodes of node i; d;; is the distance between node i
and node j.

2.2 Proximity PNN

Proximity refers to the distance between two neighbouring nodes [13-15]. Figure 1
shows the communication coverages of neighbouring nodes i and j. Note that the com-
munication coverage of each node is expressed as a circle with radius r.

Fig. 1. Communication coverages of neighbouring nodes

As shown in the figure, S;; is the overlap between the communication coverages of

neighbouring nodes i and j; the black dots are the other neighbouring nodes of the two
nodes. Then, the area of §;; can be expressed as:

T 2
A(S;;) = 2r? arccos (%) —dy|r? - i o

4

The, the ratio of this area to the communication radius of each node can be expressed
as:

12+ (2 2 - @

ii . . di A3 .
where % falls in the range of [0,1]. Thus, the terms starting from ﬁ (Tj) are negli-

gible. Then, the two numerical values of the above equation are linearly correlated.
Figure 2 illustrate the results of equation (3) after ignoring the negligible terms.
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As shown in Figure 2, the curve is approximately linear. Based on the values in that
figure, we have the following linear expression:

ﬂ_;(1_ﬂ) @)

T 0.609 r2

According to the Monte-Carlo statistical simulation method, the overlap area and
communication coverage can be evaluated as:

ASy) Ny
—L~o--2
r N;

)

where N;; is the number of nodes; N; is the number of nodes in the communication
coverage of node i; o is the correction coefficient to minimize the error.

Assuming that there are sufficient neighbouring nodes around nodes i and j, the prox-
imity PN N;; can be obtained from equations (4) and (5):

PNN,; = PNN;; =E—L(1—a L) (6)

r  0.609 max (NN ;)

2.3 PNN-MAP positioning algorithm

According to equation (6), the distance between neighbouring nodes i and j can be
estimated as:

d, =d, =7r*PNN; (7)
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The estimated distance may have some error due to the elimination of the negligible
terms. To reduce the error, the proximity correction factor apy,y was introduced. Then,
the distance between the neighbouring node can be finalized as apyy * PNN;;. Based
on this final distance, the positions of the unknown nodes were estimated by the MDS-
MAP algorithm. This approach can be called the PNN-MAP algorithm.

3 Simulation and Analysis

To validate the proposed proximity-based range-free algorithm (PNN-MAP), ten
WSNs were randomly constructed. Each WSN is 100m*100m in size and contains 200
random nodes. All nodes are of the same type and able to communicate effectively.
Then, these networks were simulated on Matlab to see how the PNN-MAP performs at
different number of anchor nodes and communication radiuses. Besides, the perfor-
mance of the PNN-MAP was contrasted with that of the DV-HOP, LEAP and DV-
RND. Below is a brief introduction to the simulation results.

3.1 Performance comparison parameter

The positioning performance of WSNs is mainly measured by energy consumption
and positioning error. When the node distance is estimated by proximity, an error may
occur in the estimation of distance. Therefore, the estimated distance error (EDE) was
introduced to compare the performance of the said algorithms:

EDE = ——

TZ?=1 |ML|

o Zem|diy — diy| x 100%, d;; = J (=) + (=) ®

where (x;, ;) and (x;,y;) are the actual coordinates of nodes i and j, respectively;
d;; and d; ; are the actual distance and estimated distance between nodes i and j, respec-
tively; |M;| is the number of neighbouring nodes of node i.

The unknown node positions are estimated by maximum likelihood estimation in
DV-HOP, LEAP and DV-RND algorithms, and MDS-MAP in the PNN-MAP algo-
rithm. The location error (LE) can be expressed as:

1

LE = r.l:—lm\/(xi — %)+ (yi —¥;) x 100% 2

T (n-m)r &

3.2 Correction coefficient ¢

The correction coefficient o was introduced to reduce the error generated when the
area ratio is replaced by the number of nodes. The most suitable value of ¢ was deter-
mined by measuring the EDEs at different correction coefficients. The measured results
are recorded in Figure 3, where the number of anchor nodes is 10, the range of 6 is [0.5,
1] and the communication radiuses are 15m, 20m and 25m.
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Fig. 3. Effect of the value of ¢ on the EDE

As shown in Figure 3, the EDE firstly declined and then increased with the growth
in the value of ¢. Besides, the EDE is negatively correlated with the communication
radius, i.e. the communication coverage. Whichever the communication radius, the
EDE was minimized at the 6=0.9. Hence, the optimal value of the correction coefficient
is 0.9.

3.3 Effect of communication radius on EDE and LE

For a sensor node, the number of neighbouring nodes increases with the communi-
cation radius, i.e. the communication coverage. Therefore, the effectiveness of node
positioning algorithms can be tested by changing the communication radius.

The WSN has a poor connectivity if the communication radius is too small, while
each node consumes too much energy if the radius is too large. Considering this, the
effect of communication radius on algorithm performance was tested with 20 anchor
nodes and the communication radius of [13, 30] (unit: m). Figures 4 and 5 respectively
present the EDEs and LEs of the contrastive algorithms at different communication
radiuses.

It can be seen from Figure 4 that the PNN-MAP achieved the smallest EDE, followed
in ascending order by DV-RND, DV-HOP and LEAP. With the growth of the commu-
nication radius, the EDE of DV-HOP slightly increased from 20.0% to 21.3%, while
that of LEAP first decreased and then increased in the range of [21.0%, 22.5%]. The
EDE ranges of both algorithms were small, a signal of weak dependence on communi-
cation radius. On the contrary, the EDEs of DV-RND and PNN-MAP plunged deeply
with the increase of the communication radius. The EDE ranges of these two algorithms
were [19.3%, 11.9%] and [15.2%, 9.2%], respectively. These results show that the
PNN-MAP algorithm boast the smallest error and the highest effect.
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Fig. 4. Effect of communication radius on the EDE
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Fig. 5. Effect of communication radius on the LE

Since the proximity was introduced to accurately locate the actual position of each
node, the effect of communication radius on the LE was further tested. The test re-
sults are displayed in Figure 5. It can be seen from this figure that the PNN-MAP algo-
rithm had the smallest LE, followed by DV-RND. With the increase of the communi-
cation radius, obvious decline occurred in the LEs of PNN-MAP, DV-RND and DV-
HOP. The most significant decline belongs to PNN-MAP. The LE of LEAP decreased
first and increased later. Overall, the PNN-MAP enjoys the best node positioning effect.

112 http://www.i-joe.org



Paper—A Novel Proximity-Based Range-Free Positioning Algorithm for Wireless Sensor Network Nodes

3.4 Effect of the number of anchor nodes on EDE and LE

The impact of the number of anchor nodes on EDE and LE should also be investi-
gated, for these nodes are the basis for node distance estimation and positioning calcu-
lation. Thus, the communication radius was set to 25m and the range for the number of
anchor nodes to [3, 20]. This is because the positioning of a plane needs at least 3 nodes,
but too many nodes may lead to high energy consumption and high cost. Figures 6 and
7 respectively show the test results on the effect of the number of anchor nodes on EDE
and LE.

As shown in Figure 6, with the increase in the number of anchor nodes, the EDE of
DV-HOP first decreased and then remained stable, while that of PNN-MAP, DV-RND
and LEAP maintained at the same level, that is, the number of anchor nodes has no
impact on the EDE at the same communication radius. This phenomenon can be ex-
plained as follows: the single-hop correction value in the LEAP is only related to the
communication radius; the single-hop correction value in the DV-HOP algorithm, the
RND correction value in the DV-RND algorithm, and the PNN correction value in the
PNN-MAP algorithm are adjusted based on the node distance, but the corresponding
EDE changes very slighting with the variation of the number of anchor nodes. In addi-
tion, it can be seen from Figure 6 that the PNN-MAP yielded the smallest EDE (9.8%),
followed by DV-RND (12.2%). By contrast, the EDEs of LEAP and DV-HOP were
both above 20%. Hence, the PNN-MAP outperforms the other three algorithms in dis-
tance estimation.
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Fig. 6. Effect of the number of anchor nodes on the EDE
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Fig. 7. Effect of the number of anchor nodes on the LE

All the algorithms outputted a high LE under three anchor nodes, indicating that the
data is unreliable in this case. Thus, the number of anchor nodes was set to the range of
[4, 20] to test its influence on the LE. According to Figure 7, the LE of each algorithm
exhibited a decreasing trend with the addition of anchor nodes. Besides, DV-HOP had
a very similar LE with the LEAP, the PNN-MAP realized the smallest LE, and the DV-
RND achieved the second smallest LE. These results demonstrate the advantage of the
PNN-MAP in node positioning at the fixed communication radius.

3.5 Energy consumption analysis

Under the energy constraint, lots of energy is consumed by WSN nodes during the
positioning. To save energy in this process, it is necessary to compare the energy con-
sumption of different algorithms. The energy consumption can be measured by the traf-
fic volume under the same network conditions. The traffic volumes of the said four
algorithms are listed in Table 1.

Table 1. Traffic volumes of different algorithms

Name Traffic volume
Each neighbouring node obtains its information through the transmission and forwarding
PNN-MAP : o .
by node i, and then transfer its information to the server.
DV-HOP Each anchor node broadcasts two messages to the entire network.
LEAP The server broadcasts a message to the entire network and each anchor node also broad-

casts a message to the entire network

Each neighbouring node obtains its information through the transmission and forwarding
DV-RND ; .
by node i, and then each anchor node broadcast two messages to the entire network.
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Table 1 shows that the LEAP has the smallest traffic volume, followed in ascending
order by DV-HOP, DV-RND and PNN-MAP. The PNN-MAP surpassed the other three
algorithms, because it has to transmit the node information to the server. However, the
nodes in PNN-MAP are responsible for information transfer only. The calculations are
done in the server, rather than the nodes. Through the calculation, the server can learn
about the positions of the nodes. In all the other algorithms, the nodes must have a
certain calculation ability, and transfer the calculated results to the server. All these
push up the traffic volume. Through the above analysis, the PNN-MAP and the other
three algorithms have different characteristics in energy consumption and should be
selected as per specific requirements. However, the PNN-MAP has an obvious edge
over the other algorithms in EDE and LE.

4 Conclusions

In WSNss, the node positioning is essential to the robustness of the data collected by
each node, and the key to the application of the entire network. In this paper, the PNN-
MAP algorithm, a proximity-based range-free positioning approach, is presented to
overcome the large EDE and LE of hop-based range-free positioning algorithms.

First, the proximity was introduced to express the distance between neighbouring
nodes and the proximity expression was derived based on the geometric relationship
between these nodes. Then, the estimated distance was calculated by the proximity ex-
pression and relevant information of anchor nodes, and the unknown node positions
were estimated by the MDS-MARP to reduce the LE. Later, the PNN-MAP algorithm
was simulated and compared to three other node positioning algorithms. Through the
simulation, this algorithm was proved effective as it achieved the smallest EDE and LE
at different communication radiuses or different number of anchor nodes. In terms of
energy consumption, the PNN-MAP had a relatively high traffic volume. However,
there is no requirement on the calculation ability of network nodes, and the estimated
node positions can be displayed directly on the server after the positioning. In general,
the PNN-MAP enjoys a strong practicality and universality.
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