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ABSTRACT

Forest and wide area fires are one of the biggest obstacles to the protection of green areas, which are the life guarantee for future generations. These 
fires, which constitute a major threat to the ecosystem, can lead to human and animal deaths. In this work, an early warning system was proposed to 
detect forest fires with wireless sensor networks. The wireless sensor network consists of spatially distributed sensors to analyze the situations of the 
environment for various scenarios. Near real-time data from various sensors are transmitted to the server within mesh network structure via redundant 
paths using low cost and low power Zigbee. The communication in the system is continued thanks to this mesh design without any loss of data when 
there is a connection break between the sensor nodes and the beacons. Multi-layer feed forward neural networks are utilized for decision-making stage 
by adopting to the conditions of the environment rhythms. By designing a graphical user interface that works on a local machine, the approximate 
location of the modules, status color codes and status visualization with Google Maps on web server and notification of the relevant authorities are 
provided. 
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Introduction

Traditional methods such as local patrols, monitoring towers, aerial prevention, long-distance 
video detection and satellite tracking are used to detect early forest fires. It has been increased 
the interest in research cases in special areas such as providing real-time monitoring and early 
warning technology facilities of wireless sensor networks, fight against natural disasters and 
following the unattended ecological environment.

In the literature, distributed sensor nodes which used wireless sensor network protocols were 
investigated not only for early fire systems but also for abnormal status determinations as a 
result of meteorological natural hazard. ZigBee protocol based wireless sensor network was 
used for the detection of ultraviolet flames and forest fire in [1]. Wavelength detection of the 
flame has been carried out by using various electronic circuit elements such as ultrasonic pho-
todetector and sensor nodes with low power consumption. In [2], authors performed in early 
forest fire detection system design and evaluations with wireless communication networks, 
the basic issues in the modeling of forest fires were introduced. Fire air index (FWI) system data 
were analyzed and different components that could be required for an effective fire detec-
tion system were investigated. The large areas of evaluation are divided into small areas called 
‘cells’. The ‘k-coverage’ method was used for the effective placement of cells. In [3], authors 
tried to provide near real-time detection of meteorological natural hazards, especially fire situ-
ations, with distributed wireless sensor networks. In the classification study, machine learning 
techniques have been applied to real-world events through data mining. 

A wireless sensor network (WSN) for data harvesting to be used as raw input data into their 
control system is proposed in [4]. In this system, Fuzzy Logic algorithm is used for intelligent de-
cision-making system for fire detection process which performs five membership functions such 
as temperature, smoke, light, humidity and distance. A cluster-based wireless sensor network 
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paradigm for real-time detection of forest fire is proposed in [5]. 
In this paper, Ad hoc network related technology, the node hard-
ware designing, the forest-fire forecasting model and the propa-
gation characteristic of UHF wireless signals are discussed. In [6], 
the authors proposed to detect faulty nodes and calculate the 
probability of fire using Fuzzy logic. In [7], authors aim to identify 
firestorm in a forest and by predicting the firestorm in a forest 
the sensing ability of the sensor node. It is very difficult to detect 
the occurrence of fire with such systems of an insufficient num-
ber of sensor nodes. In addition, such systems with insufficient 
infrastructure cause delay in the alarm signal and have failed re-
porting. A Feed-forward Neural Network designed on FPGA was 
used in order to overcome such problems.

Soliman et al. [8] in their study, evaluated the situation of fire, low 
smoke level fire and high smoke level fire by combining wireless 
sensor networks with artificial neural networks. Chehri et al. [9] 
in their study monitored mines against fire by using wireless net-
works. Jain et al. [10] in their study placed in the form of clusters 
with equal spacing between the vertical and horizontal align-
ments. The information from the sensors is transmitted wireless-
ly from the node in the main hub to the server side. Early forest 
fire detection was tried to provide with wireless sensor network 
system via temperature, humidity and gas detector sensors in 
various literature researches [11, 12].  In [13], the high reliability 
and low cost system which is composed of wireless sensor net-
work and GPRS network can realize repaid establishment of ad 
hoc networks of the sensor nodes as well as real-time collection, 
transmission and display of the information on various surround-
ing growth environment. Aslan et al. [14] in their work propose 
a comprehensive frame work for the use of wireless sensor net-
works for forest fire detection and monitoring. Their framework 
includes four main components of a wireless sensor network: 
the deployment scheme, the logical topology and architecture 
of the network, the intra-cluster communication scheme, and 
the inter-cluster communication scheme. Their system can pro-
vide both effective and efficient operation: consuming less ener-
gy without sacrificing the quick reaction capability. .In algorith-
mic manner, a bi-objective optimization model to seek the best 
locations for fire stations, accounting for access, service coverage 
and the impact of existing stations is proposed in [15]. 

Based on the literature, in order to establish such a system with 
minimum requirement, there has to be  wireless sensor and 
communication networks including beacon and  sensor nodes 
and local host. Number of sensor nodes should be increased not 
only to have wide coverage, but also to create redundant paths.

In our work, we propose an early warning system to detect 
forest fires with wireless sensor networks. Our motivation is to 
create scalable, modular, and user friendly an early fire warn-
ing system. System management is simpler because whole 
decision algorithm can be controlled remotely. The network 
consists of sensor nodes, beacons and server, which are dis-
tributed in the early forest fire detection process. Temperature, 
flame wavelength and air quality threshold values have been 
determined by the sensor nodes communicating with ZigBee 
wireless communication protocol. Within the scope of various 

scenarios, training and test data have been created according 
to these values. The training was carried out by selecting the 
artificial neural network architecture appropriate to the data 
set. Real-time data from the sensors is classified on the beacons 
and visualized to inform the end user.

The rest of this article is organized as follows. The next section 
provides a brief overview of wireless sensor networks and the 
IEEE ZigBee wireless communication protocol. Section 3, the 
sensor node, the beacon, and the overall system structure to-
gether with the relationship between these components. Sec-
tion 4, feed forward neural network-based beacon design is im-
plemented and the communication between the intermediate 
and the server is explained. Section 5, local server and server 
components are mentioned. Section 6 presents the simula-
tions and results of this study. Finally, section 7 completes this 
study and presents future work.

Wireless Sensor Networks for Fire Detection

Wireless Sensor Networks are a set of tools that work inde-
pendently from each other using sensors to cooperative-
ly monitor physical or environmental conditions such as tem-
perature, humidity, light, sound, pressure, vibration, object 
movements, pollution, soil composition, and noise level at the 
different location. A typical wireless sensor network is made up 
of hundreds or even thousands of sensor nodes connected by 
a wireless medium and exchanging information with each oth-
er. The sensor nodes, which are randomly distributed to large 
areas, consist of the beacon structure that collects, processes 
and extracts the data coming from other nodes, and finally the 
server part which we can visually observe these data. The mesh 
structure created in the study was carried out with ZigBee pro-
tocol with low cost and minimum energy consumption. The 
ZigBee protocol is easy to integrate into the system and thanks 
to its flexible structure, the routing of the message path can 
change dynamically in the network used to improve the per-
formance of the application to be used. However, it has a lower 
data rate than the Bluetooth protocol and it has the disadvan-
tage that data cannot be sent in large sizes.

In our system; temperature, air quality value and flame infor-
mation are broadcast from the sensor nodes to the target Bea-
con addresses using the ZigBee protocol. These sensor values 
are classified with artificial neural network on the Raspberry Pi 
in the Beacon. This data is transmitted from the data storage 
server on Amazon Web Services (AWS), which acts as an inter-
mediate server, to the server running locally.

Mesh Topology and System Design

 The structure created in this study includes a server, two bea-
cons and two sensor nodes connected to these beacons in 
order to create the infrastructure for the future study. In this 
topology, all sensor nodes shown in Figure 1 are connected to 
beacon and also connected to each other. Thus, if the connec-
tion between the sensor node and the Beacon breaks, the data 
continues to flow through the other sensor node. 
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Sensor nodes

Fires change the temperature and humidity of the environ-
ment, but also CO (Carbon Monoxide) gas is released and 
causes the flame to form. The LM35 temperature sensor is 
used to detect the change of temperature at the sensor nodes 
as shown in Figure 2, the MQ-135 air quality sensor is used to 
measure the intensity of the smoke and the flame detector sen-
sor is used to determine the presence of the flame. Because it 
forms the basis for future work, this study is limited to the num-
ber of 4 sensor nodes. 

Mesh topology

Mesh topology in Wireless Sensor Networks has a structure 
that is resistant to line breaks due to providing redundancy. 
When a sensor node is in a state that cannot communicate with 
the beacon, data can be sent through other sensor nodes. In 
this study, each XBee wireless communication module, which 
operates the ZigBee protocol, is configured via the XCTU inter-
face program. In this way, the sensor nodes and the beacon can 

communicate using all the properties of the mesh structure as 
shown Figure 3.

Beacon structure

Beacon collects data from the sensors in the scanning area, col-
lects data on the amount of gas and existence of flame, and 
then wirelessly puts it on the server. Beacon acts as a bridge 
between the sensors and the server. The Beacon has a receiv-
er XBee module for collecting data from sensors in the struc-
ture. In this work, this module takes the data from the sensors 
and decides on the state of fire in the environment using the 
Multi-layer feed forward neural network structure run on the 
Raspberry Pi as shown in Figure 4. The data obtained from the 
artificial neural network output is transferred to the server side 
by using Wi-Fi module. The beacon can also access the Internet 
with a GPRS module integrated to Raspberry Pi.

Intelligent Beacon Structure

A data set was created to perform the classification process. 
First, the analog data generated by the sensors are converted 
to 10-bit numerical values using the ADC unit of the XBee com-
munication module. Numeric data is transmitted to the XBee 

Figure 2. Structure of sensor node
Figure 3. Illustration of sensor nodes and beacons in mesh struc-
ture 

Figure 1. General structure of the system
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module in the Beacon with the XBee wireless communication 
module. Numerical values are transferred to the operating sys-
tem running on Raspberry Pi. 

Creating Dataset

In this study, due to the low level of complexity, the data set 
including the values   produced by the sensors to be used in 
the training were produced on the computer. According to the 
data from the sensors, the estimation will be based on 3 main 
scenarios. The conditions labeled as 0, 1 and 2 are listed below 
and created dataset is given in Table 1.

• Normal Situation (0): It is the case where the environment 
temperature is in the range of (-20, 40) °C, the gas sensor 
ADC value is between 0 and 500 and the flame sensor pro-
duces the flame value. This is interpreted as normal.

• Suspicious Situation (1): It is the case where the ambient 
temperature is in the range of (40, 70) °C, the gas sensor 
ADC measures between 500 and 700 ADC and the flame 
sensor produces the flame present value. In this case, only 
one sensor is enough to interpret as a suspicious condition 
if a value of a level above the normal level occurs.

• Critical Situation (2): It is the case where the temperature 
is above 70 °C, the gas sensor measures more than 700 ADC 
and the flame is present. If two or all of these three condi-
tions are provided, then the events are interpreted as critical 
situations and the warning systems are executed

In total, the data size 3.405.000, training data has 3.370.950 and 
test data has 34.050 examples.

Architecture of Feed Forward Neural Network

Designed Multi-Layer Feed Forward Neural Network architec-
ture as shown in Figure 5 consists of an input layer, 2 hidden 
layers and output layer. The input layer has 3 input values, the 
first hidden layer has 12 neurons, the second hidden layer has 
8 neurons and output layer has 3 neurons, ReLU is used as the 

Figure 4. Beacon structure

Table 1. The created dataset 

Range of  
Temperature(°C)

Air Quality
Sensor

Flame
Sensor

Number of
Samples Label

(-20, 40) 0-500 1 43000 1

(40, 60) 0-500 1 43000 2

(60, 120) 500-700 1 72000 1

(40, 60) 500-700 1 43000 2

(60, 120) 0-500 1 43000 2

(60, 120) 500-700 1 43000 2

(-20, 40) 700-1023 1 43000 2

(40, 60) 700-1023 1 43000 2

(60, 120) 700-1023 1 43000 2

(-20, 40) 0-500 0 2500000 0

(40, 60) 0-500 0 72000 1

(-20, 40) 500-700 0 72000 1

(40, 60) 500-700 0 72000 1

(60, 120) 0-500 0 72000 1

(60, 120) 500-700 0 43000 2

(-20, 40) 700-1023 0 72000 1

(40, 60) 700-1023 0 43000 2

(60, 120) 700-1023 0 43000 2 Figure 5. Architecture of multi-layer feed forward neural network
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activation function in the hidden layers and the Softmax acti-
vation function is used in the output layer. The architecture of 
the ANN was developed using the Python language and the 
TensorFlow infrastructure was used [16] through the Keras [17] 
library and the Adam [18] optimizer.

The classification performance, cross entropy loss, or log loss of 
the feed forward neural network were measured as a probabil-
ity value between 0 and 1 using the expression in Equation 1. 
As a result of the training, the accuracy rate of ~ 98% and the 
loss function value is about 0.1 as shown in Figure 6 and Figure 
7 respectively. As the predicted probability moves away from 
normal scenario conditions, the loss of cross entropy increases. 

 In hidden layers, ReLU activation function is used. ReLU is an 
activation function indicated by Equation 2, where z is the val-
ue of 0 for each negative z value and z for each positive z value. 

The Softmax activation function is used in the output layer giv-
en by Equation 3. The Softmax function takes input vectors and 
normalizes the probability distribution function. After applying 
Softmax to the input vectors, the vector elements take a value 
between 0 and 1.

Figure 6. Model accuracy

Figure 7. Model loss

Figure 8. Graphical user interface
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Graphical User Interface Design

The outputs produced by the Feed forward neural network in 
Beacon are transmitted to the server side for cloud data stor-

age offered by Amazon Web Services (AWS). In this way, beacon 
and server communications are accomplished. The file contain-
ing sensor node information in csv format from Beacon period-
ically is sent to AWS. On server side, the server checks whether 

Figure 9. View of twitter notification account

Figure 10. View of the dashboard
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the file has been discarded. This file contains the sample se-
quence of the sensor node, the artificial neural network status 
assessment, the probability of the condition being evaluated, 
the temperature, the air quality, the flame sensor status infor-
mation and the time label. The GUI provides an information 
about all important conditions for sensor nodes and beacons 
as seen in Figure 8. 

The initial state of the sensor nodes and beacons is defined 
by using GUI to start the control and processing unit. In ad-
dition, launching the dashboard and the web server are also 
provided by this graphical user interface.  In order to define 
initial information of the sensor nodes and beacons, the data 
transmission distance information of each selected modules 
must be known. The position information is defined for each 
module in the length and latitude in degrees via high-accu-
racy GPS module. Depending on the user’s request, previous 
defined values can also be reminded. This initialization pro-
cess integrated with Google Maps application programming 
interface. Mesh structure is visualized and provided approxi-
mate location detection for the modules. It is designed to be 
updated according to data received from AWS. The control 
and processing unit have many tasks. These tasks are control 
of sensor node information sent by beacons on AWS, check-
ing periodically received module information with decision 
function, notification of the necessary situations to relevant 
authorities, visualization of dynamically updated mesh struc-
ture on the web server.

Simulation and Results 

Simulation was performed using 2 Beacon and 4 sensor nodes. 
Position information of Beacons and sensor nodes are detected 
by a high-resolution external GPS. The circular radio range of 
the ZigBee module was calculated practically 100 meters. The 

circuit elements for the sensor node consume a total of 1.023 
Watt power. Although the delay between one XBee to another 
XBee increases as the number of hop increases but, it is max-
imum 350 ms. Sensor informations such as temperature, air 
quality value and flame are transmitted with hexadecimal code 
with XBee modules. The sensor node information is periodi-
cally interpreted by the feed forward neural network. It is also 
periodically transmitted to the server side with instant time la-
beling and the decision process is executed. 

 Informing the Outputs with Twitter

With the support of the Twitter’s application programming 
interface provided to the software developers, it is aimed to 
inform the relevant authorities instantly as shown in Figure 9.

Designed Dashboard

The designed control and processing unit ensures that the 
sensor node information transmitted to AWS is monitored pe-
riodically. Any information interpreted by feed forward neural 
network model can be tracked by the panel in Figure 10. The air 
quality and temperature values of each sensor node as well as 
the fire detection status can be monitored by the dashboard.

Status Notification with Google Maps

The location and changing status information of the beacon 
and sensor nodes can be monitored instantly using the Goog-
le Maps application programming interface shown in Figure 
11, The location information is determined by the MAC ad-
dress of the data sent by the XBee modules. The current sta-
tus of wireless module devices whose location is mapped via 
their MAC addresses are visualized by color codes on Google 
Maps.

Figure 11. View of web server running in local machine
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Conclusion

In this study, an early fire detection system has been imple-
mented in a distributed mesh structure with wireless sensor 
networks. In general, this system consists of 3 main compo-
nents: sensor node, beacon and server. Multi-layer feed forward 
neural networks were used as a decision maker. The outputs of 
the Neural Network were evaluated in the server side and the 
appropriate action was taken according to the situations. In the 
future study, it will be possible to have a wider coverage area 
of the system by increasing the number of sensor nodes. With 
this situation, it can be said that the mesh structure can be de-
signed with more redundant paths. In addition, other sensor 
types suitable for early detection of fire can be integrated into 
the system. Thus, it is clear that the neural network with the 
other sensors will produce stronger output conditions of the 
new model to be created.
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