
 

  
Abstract—Determining the positions of unknown position 

nodes, especially mobile nodes in a wireless sensor network 
(WSN), is critical for many applications. It helps to identify the 
location of the collected data and of the node carrier such as a 
worker, patient or vehicle. This information is often critical on 
supporting the right (time) decisions. This paper presents a 
scalable localization system targeting Controlled WSNs for 
critical industrial environments. Multiple positioning methods 
were implemented and evaluated using real testbeds setting up 
in both laboratory and industrial environments. The 
measurement used in our localization system is Received Signal 
Strength Indicator (RSSI). Although it is unstable and with 
high variance, the experimental results show that pattern 
matching based methods such as k-nearest neighbors, 
probability-based (Bayesian Theorem) and Kalman filter over 
probability-based produce an acceptable accuracy that is 
sufficient for many applications. In particular, the average 
distance error of 3.37m can be achieved with 50th and 80th 
percentile distance errors of 2 and 5.35m respectively. In 
addition, by carefully designing the positions of beacons it is 
possible to obtain the average distance error about 2.23m and 
50th and 80th percentile distance errors of 0.46 and less than 
4.4m respectively. 
 

Index Terms — Localization, Wireless Sensor Network, 
Baysian method, K-Nearest Neighbors  

I. INTRODUCTION 
ith the ability to wirelessly connect a large number of 
tiny and low cost nodes, Wireless Sensor Networks 

(WSNs) have an unlimited potential for useful applications. 
Nodes in a WSN can sense the conditions of the 
environment (e.g., temperature, humidity, pressure, 
radiation, PH, etc.), do some simple computation tasks and 
support wireless communications. Naturally, WSNs can be 
applied in most of areas including military, industrial, 
health-care, environment and home monitoring. However, 
due to the constraints on the form, cost and power 
consumption, the sensor nodes have small memory, low 
computing power and limited communication facilities. 
Consequently, there are many problems related to the 
application development, deployment and management of 
this type of networks. Among of them, localization is critical 
for many kinds of applications because data are meaningless 
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without knowing the location in which it was obtained. The 
position of the objects involved in the events is essential to 
many important and useful applications such as searching, 
rescue, tracking or people health-care (e.g., workers in 
hazard environments, monitoring Alzheimer).  
Localization algorithms estimate the position of unknown 
objects (i.e., sensor nodes) by using inter-sensor 
measurements such as the signal strength, the angle, or the 
propagation time. The localization problem has been studied 
since 1960s resulting in the most successful location system 
that is widely in use today, the Global Positioning 
System(GPS) [1]. GPS based solutions are a good choice for 
outdoors. However, because of the constraints of sensor 
nodes, localization in WSNs using GPS is inefficient in 
most of the cases. Firstly, cost and energy consumption 
constraints prevent equipping GPS sensors for every node. 
In addition, it is no longer an option for indoor environments 
or environments with a lot of obstacles such as industrial 
plants. Moreover, the accuracy of civil GPS, in some cases, 
does not satisfy the requirements of the applications. 
Although the work in [2] showed that it is possible to embed 
a GPS receiver to sensor nodes and to reduce energy 
consumption by offloading GPS processing to the cloud, the 
accuracy archived was still low (35m).  More importantly, in 
industrial plants, GPS based solution will find limitations, 
when a person goes into a process area, most of the cases 
erected in metal and concrete. In such scenarios, GPS is no 
longer an option, and WSN based solutions get their 
opportunity to operate. 

In this paper we present a scalable Real Time 
Localization System (RTLS) that uses the RSSI values as 
the measurement. The contributions of this paper are 
innovative and include the propositions that follow. 

First, we propose a scalable and real time localization 
system. This is achieved by dividing a large sensor network 
into multiple subzones to improve the performance of 
location computation. 

Second, the location system consists of multiple 
localization algorithms. We also combined Kalman filter [3] 
with a probability-based method in order to improve the 
accuracy. 

Third, the location system was evaluated with the testbeds 
in different environments, especially a real critical industrial 
environment, the Soporcel paper plant of Portugal.  

Fourth, we introduce a method for organizing the training 
dataset to deal with the large-scale sensor network, while 
maintaining the performance of location estimate process. 

With a testbed that includes 12 readers (fixed position 
nodes) distributed over 2 floors, we achieved 50th and 80th 
percentile distance errors of 2m and 5.35m respectively. In 
addition, in a real industrial environment with 11 readers 
distributed over 3 floors in a 18 floor building at the 
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Soporcel paper mill, we achieve 50th and 80th percentile of 
overall distance errors of 1.46 and 8.87m, correspondingly. 
Moreover, with carefully designing and implementing the 
positions of readers we can, in the critical industrial 
environment, attain 50th and 80th percentile distance errors of 
0.46m and 4.4m respectively. The results from the 
experiments presented in this paper show that the proposed 
and implemented RTLS is appropriate for applying in the 
real critical environments. 

The paper is organized as follows. The next section 
discusses the related work. Section III presents the general 
application scenarios. Section IV describes the proposed 
scalable localization system. Section V presents the testbeds 
and experimental results. The final section presents the 
conclusions and future works. 

II. RELATED WORK 
The localization in WSNs can be divided into two broad 

classes: one for ad-hoc and the other for controlled 
networks. The former is based on the assumption that WSNs 
are intended to be deployed randomly into the field and 
nodes are rarely moved after deployment excepting nodes 
die or randomly added. The latter is applied for WSNs that 
are carefully designed. A controlled WSN comprises two 
main parts: the infrastructure, which is a set of nodes with 
fixed known positions called anchors or beacons, and the 
mobile nodes, which are usually attached to workers, 
patients, or vehicles. Determining the locations of the 
mobile nodes in a controlled network is essential for many 
types of applications. This section discusses the methods for 
determining location of the mobile sensor nodes.  

Perhaps the simplest localization method to estimate the 
position of a mobile node is proximity which based on 
“closest beacon” principle. This means that the location of 
the mobile node is that of the closest beacon based on some 
measurement such as Received Signal Strength Indication 
(RSSI) or distance. Active Badge [4] is one of the 
positioning systems that employed this method. Another 
simple localization method is the centroid algorithm [5] in 
which the position of a node is computed as the arithmetic 
mean of the coordinates of the beacons in range of it. This 
means that if a unknown node receives signals from n 
beacons located at positions {Xi=(xi,yi), i=1,..,n}, then its 
position is computed using the formula: X ∑ X . The 
advantage of these two methods is that it is very simple to 
implement. However, they only produce relative locations 
such as in which room the mobile node is.  

Another approach for localization is to express the 
problem as a system of n equations (e.g., circles, spheres, or 
hyperbola) and solving the equation system to find the 
position of unknown position node. However, because of the 
errors in measurements, the system usually doesnot have a 
solution. Consequently, instead of solving the equation 
system, the linear or non-linear least square method [6] [7] 
is used. Depending on the type of measurement the methods 
in this approach are divided into two groups: lateration and 
angulation. The lateration method uses the distance 
measurement (e.g., Time of Flight or Time of Arrival - ToA, 
Round-trip Time of Flight or RSSI) between a device and 

several anchors to model the problem as a system of circular 
(2D) or sphere (3D) equations. On the other hand, the 
angulation uses the Angle of Arrival (AoA) of the 
transmitted signal at several anchors to form a system of 
lines. The most well-known public localization service 
employing lateration algorithm is GPS [1]. The recent work 
in [2] is a GPS-based solution for WSNs which tries to 
reduce energy consumption for sensor nodes by only getting 
the raw signals from satellites and then forwarding them to 
the location service responsible for the offline computation 
of the location. However, the accuracy of [2] was still low 
(35m). Bat [8] and Cricket [9] are the example of the multi-
lateration based location system for WSNs. The accuracy of 
two systems is in the range of centimeters. However, the use 
of a combination of ultrasound and RF, make these systems 
more costly. In addition, it is very susceptible to noise, 
obstacles, and non-LOS (Line-Of-Sight) environments. 
Ubisense system [10] is a location system which combined 
AoA and UWB (Ultra-Wideband) to estimate the location in 
WLAN. Its accuracy was very high (cm). However, its cost 
is high because it requires directional antennae. In addition, 
its accuracy was also severely affected by noise, obstacles, 
and non-LOS environments. 

Recently, algorithms in machine learning field such as 
KNN (K-nearest neighbors), Probability-based and neural 
networks are employed for localization problem in WSNs. 
The localization algorithms in this group are also known as 
pattern matching, fingerprinting, or scene analysis. KNN 
[11] can be used to estimate the location of an unknown 
position node by first searching the fingerprint dataset for k 
records that close match with the new observed data, 
according to a distance function (e.g., Euclidean distance). 
By averaging these k positions, an estimated position of the 
mobile object is obtained. The distances can be used as the 
weights when averaging k positions; and in this case it is 
called weighted KNN. RADAR [12], MoteTrack [13] and 
LANDMARC [14] are examples of localization systems that 
employ the KNN. For the RADAR system, it is possible to 
achieve 90thpercentile of location error around 5.97m. 
MoteTrack [13] achieves an impressive accuracy with the 
80th percentile accuracy of 1.6m with data from 16 channels 
and about 3.5m with data from one channel. However, 
MoteTrack [13] system requires the sensor nodes to wait a 
rather long time in order to acquire enough data for 
computing their location. In addition, because beacons have 
to continue to broadcast messages on multiple channels and 
power levels, its energy consumption is very high. 
Furthermore, because the algorithm is implemented on the 
sensor nodes, it cannot apply for the large sensor network 
with hundreds or thousands of anchors. Differing from other 
methods, LANDMARC [14] employs a set of reference tags 
for collecting data. With a testbed having 2m x 1m reference 
tags, it can achieve the 50th percentile of location error of 
about 1m and 75th percentile of about 1.2m. The problem 
with this method is that it requires a high density of 
reference tags, about one tag in each two meters, to obtain 
good accuracy. Consequently, the cost of this system is high 
and it is not appropriate for use in many real environments.  



 

Probability-based localization method is similar to KNN 
but it uses the likelihood to compute the “similarity” 
between the new observed data and the records in the 
training dataset. Horus [15] [16] was a probability-based 
system for WLAN with the 90th percentile of errors of about 
1.43 m. However, in order to obtain this accuracy the 
density of Access Points (APs) is high (average 6 access 
point per location). In addition, it required multiple samples 
for each location estimate. [17] is another probability-based 
system for WLAN. The results from this study showed that 
using the RSSI for estimating location has an expected 
bound for performance with a median localization error of 
3m  and 97th percentile of  9.15m [17]. 

Neural networks can also be used for solving the 
localization problem in WSNs as research done in [18], [19] 
and [20]. The study in [19] used the Cricket system [9] in its 
experiments and showed that the performance of the neural 
network based solutions were better than those of the 
Kalman Filter [21]. However, the testbeds in these 
experiments were too small to evaluate the performance of 
the neural networks. On the other hand, the experiments of 
the study in [20] were only done using simulation, whose 
results are rarely trusted for evaluating the accuracy 
localization. A more realistic study in [22] showed that the 
90th percentile of accuracy of a neural network for WLAN 
was 5.4m. 

Every solution has its own merits and drawbacks, making 
it appropriate for different applications’ requirements. The 
proximity and centroid methods are easy to implement but 
their accuracy is low. Similarly, lateration and angulation 
have a low memory and computation requirements but the 
accuracy is dependent on the accuracy and reliability of the 
measurements, which is very difficult to achieve in WSNs. 
Consequently, this approach usually gives a very low 
accuracy in WSNs. On the other hand, the machine learning 
based methods are complex in implementation and require 
high memory and computation demand. However, they are 
more accurate than the others.   

III. THE APPLICATION SCENARIOS 
This section presents the application scenarios to which 

the localization system is targeted. In critical environments 
such as refinery and industrial plants, determining the 
position of people (e.g., workers) or moving devices (e.g., 
RFID tags attached to bicycles) is very important in order to 
have instantaneously appropriate responses. In such 
environments, the sensor nodes are attached to the humans 
or vehicles, to monitor people’s current health situation 
(e.g., heart rate or blood pressure) or the environmental 
conditions (e.g., temperature, humidity or air pressure), as 
well as their positions. By experiential working critical 
industrial environments such as oil refinery, paper mill and 
chemical plant, we found that these environments have a lot 
of obstacles. Fig. 1, a part of a refinery, is an example of 
such an environment with tubes and tanks present 
everywhere. For these reasons, using GPS may not be a 
good choice due to its low accuracy or infeasibility because 
of obstacles.  
Our study presented in [23] shows that, within the refinery, 
whereas there are no other wireless networks that interfere 
with the IEEE 802.15.4, there is still a considerable amount  

of signal noise caused by several types of machines and 
pumps that work 24h a day. In addition, the effects of noise 
are different between channels of the same standard. 
Moreover, the noise and interference severely affect the 
performance of the IEEE 802.15.4 based sensor networks in 
term of delay and packet loss as shown in [18]. 
Consequently it is necessary to have a suitable localization 
for such scenarios. This means that the localization solution 
should work in a noisy environment with a lot of obstacles, 
but with low power consumption. 

The position can be calculated at the mobile nodes or at a 
central server, depending on which place is more 
appropriate. However, in the case the mobile node estimates 
the location for itself, the location data has to be sent to the 
central servers for further processing. In our approach, to 
reduce the power consumption as well as the computation 
burden of the sensor nodes, we decided to develop a central 
localization system in which the positions of mobile nodes 
are estimated at the central servers. The next section 
presents the proposed model. 

IV. SCALABLE LOCALIZATION SYSTEM 
In order to create a positioning system that can response 

to a large number of concurrently requests, we model our 
system using multi-layered software architecture. In 
addition, we also employ the service-oriented principles to 
our system, i.e., the communication between layers is based 
on web services. The following sub-sections detail the 
proposed system. 

A. General Model of the System 
The main goal of this model is to allow interoperability 

between the WSNs and external environment such as web 
2.0, virtual worlds (e.g., second life [24]) or enterprise 
applications. In addition, the model should also be flexible 
to easily add infrastructure services (e.g., localization and 
mobility) for WSNs. Moreover, it is also scalable to apply 
for large WSNs. As shown in Fig. 2 the model employs the 
proxy and gateway as a mediate layer for interoperability 
between WSNs and the applications that monitor and 
control them.  

The proxy is responsible for obtaining, analyzing and 
forwarding the data from WSNs to the gateway. It uses the 
event mechanism to activate the appropriate functionalities 
(e.g., sending data to the gateway for storing). It also 
includes components for supporting localization as well as 
for sending commands to the sensor nodes (e.g., 
configuration or controlling commands).  

Fig. 1.  A typical part of a refinery 



 

The gateway, also called web service gateway, acts as the 
entry point for the system, i.e., it accepts and responses the 
requests from the proxies and user applications. It hosts the 
middleware including localization engine, which 
implements the localization methods. The localization 
engine accepts the localization requests from the proxies, 
computes the location, and returns the results back to the 
proxies. More importantly, it also stores the location results 
into the database on the gateway (or a database server) for 
using by other applications such the visual application or 
SCADA. The main advantage of the web service gateway is 
that it isolates the services from their consumers. In 
addition, any changes to the middleware will not affect the 
client applications provided that its interfaces are kept intact. 
Moreover, we can employ the central security control at the 
gateway.  

To reduce the unnecessary overhead, the communication 
between the sensor network and proxy can be serial port or 
IP based. To support the scalability of sensor network, there 
may be more than one proxy associated with one gateway. 
Moreover, there can be more than one gateway in the 
system.  

B. Localization Middleware 
The localization middleware comprises a list of location 

services (with different algorithms) for estimating the 
position of the mobile nodes. The general components of the 
location engine are shown in Fig. 3. Besides a list of 
implemented localization algorithms, the middleware also 
includes services for proxies to request the positioning 
service as well as other applications to access the location 
results. There are two methods for applications to get 
location data from the gateway: polling and publisher-
subscriber model. The former method requires the 
application periodically sends request to the gateway to get 
the latest location data. On the other hand, with the 
publisher-subscriber model, the application only subscribes 
the location request to the gateway once for each interest 
data. Then, the location engine will raise an event and 

inform the application for every new location result. All of 
these functionalities are provided by the gateway via web 
service interfaces. 

 
In order to be able to evaluate and select the appropriate 

localization method for different sensor networks, we 
implemented the following localization methods in our 
location engine: Lateration, KNN, Probability-based, and 
Kalman filter over probability-based. For the final 
localization method, we combine two algorithms: (1) 
Probability-based; and (2) Kalman filter. This method first 
estimates the location of a node using the Probability-based 
method. Then, the resultant position is used as input for the 
Kalman filter. Because we donot have a rigorous 
mathematical model for this case, we assume that the 
estimation of the current position is linearly related to the 
previous estimated position, the current measurement and 
the noise. Consequently, our model for Kalman filter is as 
follows:  

 

In which, zk is the position given by the probability-based 
method; xk is the final estimated position; wk-1 and vk-1 are 
the process and measurement noise, respectively.  

In our implementation, we assume that the noise does not 
change over time, i.e., wk=wk-1=…=w1 and vk=vk-1=…=v1. 
Consequently, the process and measurement noise matrixes 
are computed once and based on the errors of the 
Probability-based method. 

C. Scalable Mechanisms 
The above localization methods work well for sensor 

networks with limited number of anchors. However, they 
will have some problems when applied for sensor networks 
that have a large number of anchors. First, the data training 
significantly grows if it comprises all the anchors of the 
entire sensor network. In addition, the location estimation 
process is slower when the training data set becomes larger. 
Moreover, because the range of each anchor is limited, only 
a small number of anchors are present in each record of the 
training dataset. As a result, it wastes a lot of system 
resources and affects the performance. The problems are 
more severe for the KNN and Probability-based methods. 
The reason is that these two methods belong to the lazy 
machine learning algorithm type, i.e., instead of creating the 
model from the training dataset these algorithms use it as is 
during estimation process. Therefore, making the training 
dataset smaller results in computation is faster. However, if 
we do this by taking fewer measurement positions, then the 
accuracy will be reduced. Consequently, we have to keep 
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taking the same number of measurements but somehow 
reduce the number of records in the estimation process.  

Our solution for this problem is to divide the entire 
network into smaller areas called subzones. With this 
division, the entire training dataset will be divided into 
multiple datasets (one for each subzone). The training 
dataset for each subzone is reduced and only comprises data 
collected in the area covered by the corresponding subzone. 
By organizing training dataset in this way, the performance 
of the location estimate is significantly improved. In fact, 
the location computation time remains the same regardless 
how large the sensor network is. The problem with this 
approach is to select the subzone for each localization 
request. To do this, for each subzone we select one or more 
position as the representative records. As a result, we come 
up with a two steps localization process: (1) subzone 
determination (2) localization estimation on the selected 
subzone. 

In the first step, the location engine computes the 
similarity (e.g., distance) between the input data and the 
representative records of the subzones. Then, the closet 
subzone is chosen to use for the second step, i.e., for the 
localization process, which is the same as the one presented 
in previous section, but with the subzone dataset. To further 
improve the accuracy as well as the performance, for each 
location request we use a few readers with strongest RSSI 
values to limit the possible area of the tag. The result of this 
step is list of subzones for the location engine to choose in 
the first step.  

V.  THE TESTBEDS AND EXPERIMENTAL RESULTS 
This section presents the testbeds and the experimental 

results obtained. The objectives are to evaluate our solution 
and to compare the performance of different localization 
methods. More importantly, it also presents the experimental 
results obtained in a real critical industrial environment, the 
Soporcel paper mill, and the comparison of the performance 
between the different environments. 

A. Testbed Environments 
The testbed uses the hardware developed by Eneida [25], 

an engineering company specialized in Instrumentation, 
Energy and Communications dedicated to the process 
industries. The equipment used in the testbed includes: (1) 
the smart active tags (EWS μ433M and EWS µ433M1Ex), 
which broadcasts its own ID; (2) the wireless 
communication devices (also called readers) (EWS G433M 
and EWS G433M1Ex), which accept the data from the tags 
and forward them to the gateway devices; and (3) the 
communications gateway devices (EWS GIP or EWS 
GIPW), which accept the data from the readers and forward 
them to the central servers for further processing. These 
sensor networks operate on the frequency band of 433MHz. 
One possible topology of this type of sensor network is 
depicted in Fig. 4. The communication between readers and 
the gateway can also be wireless. 

To evaluate the performance of the location system with 
different environments, we set up and did the experiments 
with two testbeds. The first one consists of two sites: the 
first site is Instituto Pedro Nunes in Portugal (IPN) building 
in which Eneida Company is situated and the second one is 

at fire department which is about 300 meters from IPN 
building. The former is a two-story building where readers 
were deployed in both floors, creating two different 
subzones. Consequently, the entire sensor network is 
divided into 3 subzones: subzone 1 is located at the 1st floor 
of IPN, subzone 2 at the 2nd floor of IPN building and zone 3 
at the fire department. The layout of the testbed is shown in 
Fig. 5. In this scenario the localization system is 
implemented on one server and placed at the 2nd floor of the 
IPN building. 

 

  
The second testbed was set up in the recovery boiler for 

power production building of the Soporcel paper mill, 
Portugal, which is a very hazard and critical environment. 
There were 11 readers installed on the floor 4, 5, and 6 of 
the 18 story building. The area of each floor is about 990 
square meters (33 m x 30 m). 

B. Experimental Results 
With the installed test-beds we did numerous experiments 

with different configurations and objectives. Before 
presenting the results of the location methods, we did 
numerous analyses to find ways to improve the accuracy and 
robustness of the location methods. 

1) RSSI Calibration 
In order to find a good correlation between RSSI value 

and distance, we tried to evaluate four possible methods to 
convert RSSI value to distance: (1) Mean RSSI value; (2) 
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linear regression; (3) Friis Transmission Equation [26]; and 
(4) kernel smoother algorithm [27]. To evaluate these 
methods, we collected RSSI values between a tag and a 
reader at different distances from 1 to 40m with 1 meter a 
step. At each distance one hundred RSSI values were 
collected.  

It can be seen from the Table 1 that the kernel smoother is 
more stable (smallest standard deviation - SD) than the 
others. In addition, this method has also the best error rate 
with 90% of errors below 8.26m. For most of the methods 
(except Friis equation) the average error is around 5m. We 
can see that the average RSSI and linear regression methods 
also have a average and median similar to those obtained 
from the kernel smoother method. However, they have the 
larger SDs and have more outliers. Although the Kernel 
Smoother is better than the other methods, its average error 
is also high (5.16m).  

2) The Spread and Distribution of RSSI Values 
Finding the spread of RSSI is important because it provides 
information about how stable (or unstable) the RSSI is. In 
addition, it is worth noting that the probability-based 
localization methods assumed that the distribution of RSSI 
values is normal. Consequently, it is necessary to have an 
empirical study to see whether or not this assumption is 
acceptable. In order to evaluate the spread and distribution 
of RSSI values, we put a tag and a reader at fixed positions 
and measured the RSSI values received at the reader. We 
totally collected 58978 RSSI values.  The result of this 
experiment is depicted in Fig. 6. 

The histogram in Fig. 6 indicates that the spread, the range 
between the maximum and minimum, of RSSI value is 29.  
This implies that we can conclude that the RSSI values are 
unstable because of a very high range and large SD. The red 
line is normal distribution, using the computed mean and 
SD, over the scaled histogram of the real data. Although 
these two graphs are not totally matched each other, the 
distribution of the RSSI values is approximate to the normal 
distribution. With this result it is acceptable to use the 
normal distribution in the probabilistic-based localization 
algorithms. 

3) Training Dataset 
In order to estimate the position of a node using the 

machine learning based localization methods, a training 
dataset is needed. A training dataset comprise a list of 
records which are tuples with the following information: 
<x,y,z, rssiAvg1, rssiStd1, rssiAvg2, rssiStd2,…, rssiAvgn, 
rssiStdn>. In which: 

 x, y, z are the coordinates of the position where 
the data is collected; 

 the rssiAvgi is the average RSSI value from the 
anchor ith  at position x, z, y; 

 rssiStdi is the SD of the RSSI values of anchor 
ith at position x, z, y. 

Because collecting data is very time-consuming, we could 
not collect the data in a very fine-grained position (e.g. 1 or 
2 square meters each).  Therefore, we applied a method 
similar to that of used in [17], i.e., we collected RSSI values 
at the distance about 3-5 square meters and then did 
interpolation to create a fine-grained dataset. To make the 
testing of the localization algorithms more reliable, we 
independently collected two datasets: one for training and 
the other for testing. With testbed at IPN building, the 
positions at which the data were collected are shown as red 
points in Fig. 5. 

As discussed previously, the accuracy of lateration 
algorithm depends on the accuracy of the distance 
measurement between the tag and the anchors. However, 
previous experiments showed that the conversion between 
RSSI values and distance has a very high error (Table 1) and 
the RSSI value is also unstable, with high variance.  In our 
experiments, the accuracy of this method is a very low with 
the majority of errors was greater than 10m. Therefore, in 
the following sections, we will not include it in our 
evaluation. 

4) Evaluating the Localization Methods with the 
laboratory Testbed 

This section presents the experimental results with the 
testbed installed at IPN building. As shown in Table 2 and 
Fig. 7, it is possible to obtain an average error lower than 
3.8m. In addition, the Probability-based and Kalman filter 
over Probability-based methods are more accuracy (having a 
lower mean) and more stable (smaller SD) than those of 
KNN.  Comparing to KNN, it can be seen that the average 
errors of the probabilistic method are improved about 
11.12% (from 3.79m to 3.37m).  Similarly, the average 
accuracy of Kalman filter over Probability-based method is 
also better that of KNN about 14.89% (3.79m and 3.33m, 
respectively). Equally important, as shown in Fig. 7, the 80th 

percentile of errors is reduced from 6m (KNN) to about 5m 
(other methods). 

Table 1 
ERRORS IN RSSI VALUE TO DISTANCE CONVERSION 

 Average of 
RSSI 

Linear 
regression 

Friis 
Equation 

Kernel 
Smoother

Min (m) 0.01 0 0.17 0.07
Max (m) 27.38 34.67 65.58 19.43
Average (m) 5.39 5.26 11.88 5.16
Q1 (m) 0.98 1.94 6.79 2.93
Median (m) 3.73 3.84 11.00 4.72
Q3 (m) 6.70 7.06 16.53 6.83
SD 5.07 4.92 6.76 3.55
90 percentile (m) 12.04 10.86 18.46 8.26

Fig. 6. Distribution of RSSI Value 

Table 2  
THE ACCURACY OF LOCALIZATION ALGORITHMS IN 

LABORATORY ENVIRONMET 
 KNN Probability Kalman Filter

Min (m) 0.07 0 0.06
Max (m) 18.09 16.02 14.56
Average (m) 3.79 3.37 3.33
Median (m) 2.31 1.99 2.06
75 Percentile (m) 5.11 4.35 4.21
80 Percentile (m) 6.09 5.34 5.09
SD (m) 2.01 1.78 1.58



 

5) Evaluating the Localization Methods with the 
Testbed in  real critical industrial Environment 

To evaluate the performance of the implemented location 
algorithms in a real critical industrial environment, we 
installed a testbed in the recovery boiler for power 
production building, located in the Soporcel paper mill. 
With this testbed, we did numerous experiments with 
different configurations and objectives. Table 3 and Fig. 8 
present the results of experiments with the testbed 
comprising 11 readers installed on 3 floors (4, 5 and 6) of 
this building. 

Comparing with the experimental results at the IPN 
building, it can be seen that the average accuracy in this 
environment is significantly reduced. In particular, the 
average location error of KNN is increased from 3.79m to 
4.49m (15.52%) and those of Probability-based and Kalman 
Filter over Probability-based methods are increased from 
3.37m to 4.32m (21.94%) and from 3.23m to 4.34m 
(25.64%), respectively.  There are several possible 
explanations for this result. First, the second testbed was 
installed on a very noisy environment with a lot of motors, 
pumps, and other machinery. In addition, the heating from 
the recovery boiler also affected the stability of RSSI and 
thus the accuracy of the location estimate. Furthermore, the 
obstacles also contributed to the accuracy of the system. 
Moreover, the position of the readers is also a factor that 

influences the performance of the system. It is also 
important to note that when comparing to KNN, the 
accuracy of the other two methods is also a little bit better. 
However, the differences are not as substantial as those 
obtained in the first testbed.  
With the collected data, we also analyzed the accuracy of 
the location system at different areas in the real 
environment. The objective of this study was to find out the 
subzones whose accuracy is better than that of the others. In 
this study, the floors 4, 5, and 6 were divided into 9, 7, 7 sub 
zones, respectively. From the results of the experiments, we 
found out that among these 23 subzones, 9 of them 
(39.13%) had the average distance errors less than 2.23m 
with 80% of errors were less than 4.4m.  The Table 4 
 and Fig. 9 describe the location errors of these subzones.  

Observing the locations of these best subzones, we 
recognized that all of them were located in the boundaries of 
at least three readers. In addition, the communication 
between the readers and tags in these subzones were rather 
clear. This is not necessarily in LOS communication, but the 
obstacles between the reader and tag were not too big. 
Moreover, the distance between the readers also contributes 
to the accuracy, as in these best subzones the distance 
between them is about 15m. The implication of this study 
allows us to design and deploy a RTLS with different levels 
of accuracy for different zones. For instance, we should 
deploy more readers for the high critical zones and fewer 
readers for other less important ones.  

VI. CONCLUSION 
In this paper we presented our proposed model for a 

localization system that can be applied for large-scale 
WSNs. The localization engine implements numerous 
localization methods. We also did several experiments with 
two testbeds on both laboratory and industrial environments 

Fig. 9. The Accuracy of the Best Subzones at Soporcel 

Table 3
THE ACCURACY OF LOCALIZATION ALGORITHMS IN 

SOPORCEL TESTBED 
 KNN Probability Kalman Filter

Min (m) 0.02 0 0
Max (m) 20.49 19.68 19.04
Average (m) 4.49 4.32 4.34
Median (m) 1.87 1.22 3.39
75 Percentile (m) 7.53 7.56 7.19
80 Percentile (m) 8.62 8.67 8.07
SD (m) 2.52 2.57 2.25

Table 4 
 THE ACCURACY OF BEST SUBZONES OF SOPORCEL TESTBED 

 
Sub-zone 1 2 3 4 5 6 7 8 9

Min 0 0 0 0 0 0 0 0 0
Average 2.08 1.16 0.42 1.32 2.02 2.23 1.43 2.18 1.94
Median 0.18 0.19 0 0.17 0.19 0.46 0.06 0.16 0.29
75 Percentile 1.46 0.42 0.14 0.94 3.39 3.19 1.82 3.42 3.46
80 percentile 4.26 0.50 0.74 3.59 4.11 4.24 4.25 4.41 4.33
90 percentile 6.05 5.93 1.47 4.80 5.05 5.21 5.27 5.88 6.01
Max 10.66 8.12 9.58 9.29 10.38 10.52 10.94 10.88 9.23
Std,Dev 1.79 1.13 0.75 1.09 1.35 1.39 1.22 1.79 1.44

Unit: m 

Fig. 8. The Accuracy of the localization Algorithms at Soporcel

Fig. 7. The Accuracy of Localization Algorithms at IPN



 

to evaluate the accuracy of the implemented localization 
methods.  

The results from experiments showed that although RSSI 
values are unstable with high variance, pattern matching 
based methods such as KNN, probability-based and Kalman 
Filter over Probability-based produce an acceptable 
accuracy for application scenarios in industrial environment. 
With these methods, it is possible to achieve an average 
error less than 4m and 80 percent of error less than 6m. 
More importantly, with carefully engineering the positions 
of readers, it is possible to reduce the average errors to about 
2.2m. 

From the results of our experiments and from those of 
other authors, e.g., [17], we can conclude that by only using 
RSSI values we cannot make more improvement on the 
accuracy of localization than those obtained in our 
experiments. The fundamental problem concerns the lack of 
stability of the measured RSSI values, and not of the 
algorithms. Therefore, if more accuracy is wanted in a 
positioning system, other measurement methods must be 
used.  
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