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ABSTRACT 

Forests have crucial importance for the sustainability of Earth and humanity and one of the biggest threats 

to the existence of forests are the fires. This paper proposes a conceptual model for mitigating forest fire 

risk by use of self-adaptive and autonomous unmanned aerial vehicles (UAVs). Memoryless property of 

exponential distribution is also reflected and considered in the calculations of forest fire probabilities. 

Stochastic and dynamic properties of the situation and the mathematical complexity of the routing 

problem entailed and justified a simulation study. The effectiveness of the proposed dispatching approach 

for routing UAVs and the validity of the proposed model are tested on a small sized realistic scenario. 

Experimental results encourage the development of complex models. Integrating the proposed model with 

advanced information technologies may lead to the development of a digital twin system.         
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1 INTRODUCTION 

With the developments and widespread availability of information and sensor technologies (specifically 

5G, satellites, wireless communication, optical sensors, image processing) and their products, it is getting 

easier and more affordable to achieve online information. These developments provide great opportunities 

and challenges for governments, companies, and researchers. Up to last decades, the way of handling 

problems had been mostly simplifying the dynamic and stochastic nature of problems by static and 

deterministic ones. This approach had been reasonable with regards to delay times for achieving online 

data. But, in this day and age, achieving real data almost online is not a great challenge. Most of the 

applications used by everyone at every day are capable of reaching and manipulating online data. 

Therefore, modeling and optimization approaches that enable real-time input data as the operations occur 

has been a scientific challenge with great potential impacts. Many of the recent research and application 

areas such as virtual reality, digital-twins, cyber-physical systems and industry 4.0 are utilizing this 

phenomenon. 

The forests have vital importance for the protection of the Earth's climate, biosphere, and biodiversity. 

Additionally, they have a critical role in fighting with the effects of global warming. They can mitigate 

warming by absorbing carbon. The roughly 31% of the Earth's and 43% of Europe’s land surface is 

covered by forests (Sedjo and Lyon 1990; Martell, Gunn, and Weintraub 1998; Eurostat 2017) and one of 

the biggest threat to the existence of the forests are the forest fires (i.e. the unwanted fires burning forests 

and wildlands) (Tedim, Xanthopoulos, and Leone 2015). 
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It is possible to minimize the effects of forest fires by monitoring the potential risky areas and early 

detection of the exact location and status of the fires. Early detection of the fires can reduce the reaction 

time and makes possible to save peoples’ and other living creatures’ lives. It also helps to minimize the 

cost of firefighting and revitalization of the forest. There are a number of detection and monitoring 

systems mentioned in the literature and real life. Manned and unmanned based forest fire detection and 

monitoring systems are categorized into the following two main titles (Alkhatib 2014): 

 volunteer reporting, public reporting of fires, public aircraft, and ground-based field staff, etc. 

 operational detection systems: fire towers, aerial patrols (aircraft, unmanned aerial vehicles 

(UAVs), drones, helicopters, etc.), satellites, electronic lightning detectors, and automatic 

detection systems (cameras, wireless sensor networks (WSNs), etc.). 

 

Because of enormous and rapid developments in all branches of information, remote sensing, aviation and 

other related technologies, unmanned aerial vehicles (UAVs) are being extensively employed in various 

governmental, scientific or commercial applications (e.g., environmental monitoring, disaster 

management, border security, intelligence, and etc.). UAVs can capture target images and these images 

can be transmitted to the ground control station in real time via wireless data transmission systems (Zhen 

et al., 2019).  

 

This paper proposes a conceptual model for mitigating forest fire risk by use of UAVs. A novel 

dispatching rule is proposed for routing UAVs. The aim of the model is to route UAVs in accordance 

with the fire probabilities and mitigate the risk at entire of the region.  

 

The rest of the paper is organized as follows. The next subtitle includes the related works about the forest 

fire detection problem and systems in detail. Section 3 covers the conceptual model proposed in this 

paper. For the verification and validation of the proposed model a small but realistic instance is used and 

experimented by a case study in Section 4. Conclusions and proposals for future works are presented in 

Section 5.  

2 RELATED WORKS 

Several and various forest fire detection and monitoring systems are covered in the previous works.  

Arrue, Ollero, and Martinez-de Dios (2000) proposed a system that combines computer vision tools, 

neural networks, and expert fuzzy rules to detect forest fires in open areas. The system is using image 

processing, visual infrared image matching, a memory of previous events, meteorological and 

geographical information, motion, size, and location. Jaber, Guarnieri, and Wybo (2001) presented the 

design and the development process of an information system based on intelligent agent technologies to 

prevent and fight with the forest fires. In the paper, a pilot implementation is done and the methodological 

and technological based concept is tested. 

Alonso-Betanzos et al. (2003) introduced a system used in Spain. The system can be used for three 

purposes. The first purpose is to predict forest fire risks by using neural networks in a preventive manner. 

The system uses four symbolic risk categories and has a 78.9% accuracy. The second usage of the system 

is to back up the forest fire monitoring and extinction processes. As the third objective of the system, it 

helps to plan the revitalization of the burned regions. Dimopoulou and Giannikos (2004) used an 

integrated system for forest fire control that combines three modules as a geographical information 

system (GIS), mathematical programming (MP) and simulation. In the system, the GIS module uses the 

geographical information and transforms the data of the forest for the MP module. The MP module 

optimizes the firefighting process and the simulation module simulates the alternative firefighting 

scenarios.  

San-Miguel-Ayanz et al. (2005) discussed the usage of remote sensing systems for fire detection, fire 

emergency management, and firefighting. In the paper, the satellites, airborne systems, and fixed ground 
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platforms are examined. Aslan, Korpeoglu, and Ulusoy (2012) proposed WSNs for detection of a fire and 

a simulator is used to validate and evaluate the proposed idea. Garcia-Jimenez et al. (2017) introduced an 

inference algorithm using overlap functions and overlap indices and tested the algorithm on a real case 

including forest fire detection via WSNs. Lin et al. (2018) used a fuzzy algorithm to evaluate fire risk. 

The data are collected by WSNs and fuzzified. The proposed fuzzy system is tested in China. 

UAVs are also proposed for detection and monitoring forest fires in the literature. Erdelj, Krol, and 

Natalizio (2017) presented a review of the usage of WSNs and UAVs for a complete disaster management 

system. Casbeer et al. (2006) examined using decentralized multiple UAVs to cooperatively monitor and 

track the propagation of large forest fires. A real-time algorithm is introduced to observe the attitude of 

fires via an infrared sensor. A simulation is used to test the proposed algorithm. 

Kumar, Cohen, and HomChaudhuri (2011) presented an algorithm to cooperatively control of a number 

of uninhabited aerial vehicles for tracking and fighting a wildland fire. Martinez-de Dios et al. (2011) 

proposed a system for automatic forest-fire measurement via ground and UAV deployed infrared and 

visual cameras. The system can measure the location and shape of the fire front, flame height and rate of 

spread, among others in real time by using image processing and geolocation techniques. The system is 

tested in Portugal and Spain from 2001 to 2006. Pastor et al. (2011) introduced the helicopter-based Sky-

Eye system within its hardware/software architecture aims The system can be implemented on the 

medium-sized unmanned helicopters at a reasonable cost.  

Merino et al. (2012) presented a system including several unmanned aerial vehicles deployed with 

infrared or visual cameras and a central station for forest fire monitoring. The paper covers experimental 

results of a fleet of three vehicles, two autonomous helicopters, and one blimp. Yuan, Zhang, and Liu 

(2015) overviewed the current progress in this field. In the beginning, a review of the development and 

system architecture of forest fire monitoring, detection and fighting via UAV systems is given. Then, the 

technologies in the literature are covered, including fire detection, diagnosis and prognosis, image 

vibration elimination, and cooperative control of UAVs. Finally, the paper discusses the challenges and 

solutions of using UAVs for fighting with forest fires. 

Ghamry, Kamel, and Zhang (2016) proposed forest monitoring and fire detection methodologies using a 

group of UAVs and unmanned ground vehicles (UGVs). In the strategy of the paper, the UGVs transports 

the UAVs to the danger zone. The UAVs start monitoring the area and try to detect the fire. When UAVs 

detect a fire, they share the location and other data with the UGVs and ground fire management 

personnel. The leader UGV uses the overall data gathered by UAVs to track and stop the fire. Simulations 

are done for the proposed strategy.  

Yuan, Liu, and Zhang (2017a) introduced a forest fire detection method based on images captured from 

the camera mounted on a flying UAV using both color and motion features. In the paper, proposed 

methodology is tested to detect and track fires by processing the aerial video data. In the second study of 

the same authors (Yuan, Liu, and Zhang 2017b) an image processing method based on infrared images 

obtained from UAVs is presented to detect the forest fires. Experiments are conducted to validate the 

algorithm. In another study done by Karma et al. (2017), UAVs are proposed to use in search and rescue 

missions in forest fires.  

Zheb et al. (2019) formulated an integer linear programming model for the UAV routing and height 

selection problem. They used a commercial integer linear programming solver  (CPLEX) and can obtain 

optimal solutions within reasonable time only for small-scale instances of the problem. Therefore they 

developed a tailored tabu search metaheuristic to solve large-scale instances within relatively short 

computing times. 
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3 CONCEPTUAL MODEL FOR SELF-ADAPTIVE ROUTING  

As seen from the literature review on using UAVs for forest fires, researches are focused on mostly 

remote sensing and image processing methodologies that can be used for monitoring, detection, and 

tracking forest fires by UAVs. We propose a novel dispatching approach for routing forest fire detection 

UAVs. While the proposed approach is simple at first glance, its dynamic, probabilistic and distributed 

properties make it difficult to model and solve analytically. Therefore, we analyzed the efficiency and 

performance of the proposed model through a simulation study. UAV routing problem for forest fire 

detection can be seen as an extension of classic vehicle routing problem (VRP). Since the computational 

complexity of the problem does not allow the usage of exact solution methods for realistic instances, a 

simulation model would be plausible for generating solutions.   

3.1 Problem Situation 

In this paper, we define the problem situation as a routing problem of UAVs for detection forest fires. 

Simply, the proposed approach utilizes the fire probabilities of the forest fields for routing UAVs. In this 

context, two alternatives (predictive, casual) or a combination of them may be used for calculating fire 

probabilities for specific fields. If the historical data about fires for the field are reachable, probability 

distributions capable for modeling interarrival times between events would be plausible. On the other 

hand, fire probabilities for the specific fields can also be calculated by probabilistic causal models. But, in 

both cases, the effect of unvisited time of a field would not be handled. 

Suppose that the UAVs are routed according to the maximum fire probability values and a UAV is routed 

to a field with maximum probability. UAV monitored the related field and there is no fire. What will be 

the next action for the UAV? Will it keep on the same field and continue to monitor the same field or 

route to other fields? Specifically, if the waiting times for fires have “memoryless property”? The 

contribution and novelty of the proposed model in this study is considering the effect of unvisited time on 

the fire probability of a field. 

3.2 Modeling Objectives 

The objective of the model proposed in this study is to illustrate the effectiveness and usability of the 

proposed dispatching rule in a self-adaptive routing of UAVs for detecting forest fires. Achievements to 

objectives will be experimented and analyzed through realistic scenarios. A concept map of the proposed 

model is illustrated in Fig.1. The rest of the conceptual model is described and illustrated by a small sized 

realistic case study in the following section. 

 

Figure 1: The concept map of the proposed model. 
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4 THE CASE STUDY 

As the case study, Turkey is chosen to use UAVs for forest fire detection, since it has a large acreage 

(783,562 km²) therefore UAVs can be useful to detect the forest fires. The country is also in a risky region 

for the forest fires. Turkey has 21.86 million hectares area (approximately 28% of the country acreage) 

covered by forests and other wooded lands (Eurostat 2017) and between 1937 to 2003 in 74,493 forest 

fires, 1,556,150 hectares area are burned (Ege Forestry Research Institute 2008). To fight with the forest 

fires, the Turkish State Meteorological Service has an early warning system called Forest Fire Early 

Warning System (i.e. MEUS) and this system has an ability to predict risky regions in Turkey three days 

in advance by processing the meteorological data. The MEUS uses the meteorological data such as 

maximum temperature, relative humidity, wind speed, and direction, etc. to classify the regions in a risk 

scale between 10%-20% (blue) to 90%-100% (purple). A sample risk map of Turkey for the forest fires 

that belongs to July 01, 2017 is presented in Fig.2.    

 

Figure 2: The forest fire risk map of Turkey (July 01, 2017).  

As the case study, the risk maps of July-August 2017 (i.e. 61 days and 61 maps) are used to find the 

riskiest regions in Turkey as in Fig.3. and these regions are selected as the candidate checkpoints for the 

UAV routes. When a UAV is reached to the center of a checkpoint, it is assumed that this region is 

observed. 

 

Figure 3: According to the data of July-August 2017, the all risky (above 70%) regions in Turkey for the 

forest fires.  
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4.1 The Simulation Model 

The proposed conceptual model is tested by the real data from the Izmir region of Turkey. There are 6 

forest fields in this region. All forest fields and air base (Izmir Adnan Menderes Airport, ADB, Izmir, 

Turkey) for UAVs are modeled with their actual locations (latitudes and longitudes) as represented in 

Table 1.  

Fires are assumed to be occurring according to a Poisson process. The mean number of fires per unit time 

for the whole region () is calculated according to previous fire records and the mean value is 

disaggregated to six fields as represented in Table 1. The average number of forest fires between 2004 

and 2017 was 234. The inner distribution of fires in the region is not known at the time of the study. 

Therefore, arrival of the fires are distributed with weights from 1 to 6 to the fields and f (f=1,2,…6) 

values are calculated in the time scale of hours. This will also help to analyze the validity of the model.  

Table 1: Input data for the simulation experiments. 

Location Latitude Longitude Weight Fire per Year f (fire per hour) 

Air Base 38,2937 27,1521  - - 

Field 1 38,32025 26,78522 1/21 11,14 0,0013 

Field 2 38,23032 26,78522 2/21 22,29 0,0025 

Field 3 38,23032 26,54316 3/21 33,43 0,0038 

Field 4 38,32025 26,90625 4/21 44,57 0,0051 

Field 5 38,23032 26,90625 5/21 55,71 0,0064 

Field 6 38,23032 26,66419 6/21 66,86 0,0076 

Total: 21/21 234,0 0,0267 

 

The properties of the UAVs are also realistic. The specifications of Bayraktar Unmanned Aerial Vehicle 

produced by Baykar Makina are used in the simulation model. It has a cruising speed of 70 knots (130 

km/h) and 24 hours of flight time with fully automatic flight control features. If the flight time of the 

UAV rises above 20 hours, it is directed to the air base for refueling and maintenance. Total of refueling 

and maintenance time is modeled by triangular distribution by (1,2,3) hours. The proposed approach has 

been modeled in the Simio Simulation Software (University Design Edition, ver.10). Fig.4 shows a 

screenshot from the model. The distances between all fields including air base are assumed to be linear 

and calculated by the Euclidean distances formula. Free network property is used for UAVs. 
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Figure 4: Geographic locations of the fields and the air base, a screenshot from the simulation run.  

4.1.1 UAV Dispatching Process 

The fire probabilities of the forest fields are used as the dispatching rule for UAVs. A continuous state 

variable (level state variable) is used to record the unvisited times of the fields. With the start of the 

simulation time, the cumulative fire probabilities for each of the field are also computed continuously. 

The fire probability of field f at simulation time t is calculated by Eq.(1) and Eq.(2). 

  ( )     
                  (1) 

where, 

                      (2) 

    is the last visit time of field   by the UAV.  

Since the time between fires at forest fields are assumed to be distributed exponentially which is 

memoryless inherently if a fire has not observed until time tf, the distribution of time until next fire (from 

time tf) will be the same as when we started at time zero.  

4.1.2 Verification and Validation 

The computer model is verified by checking the codes. Dynamic labels are used to ensure that the right 

data and logic have been used. It has been easy because of the simplicity of the proposed dispatching rule 

and the small sized case study. Moreover, the proposed model is validated respect to its purpose. The 

effect of the dispatching rule by using Eq.(1) and Eq.(2) is tracked by status plots of instantaneous and 

average fire probabilities. Fig.5 presents the case for Field 3. 
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Figure 5: Proposed dispatching rule - Plot of instantaneous and average fire probabilities for the Field 3 

(both values are multiplied by 100 in order to achieve a better visualization). 

In order to make a comparison, the model is run with the random dispatching rule. Related probabilities 

are plotted as in Fig.6. 

 

Figure 6: Random dispatching rule - Plot of instantaneous and average fire probabilities for the Field 3 

(both values are multiplied by 100 in order to achieve a better visualization). 

As expected, the fire probabilities remained in limited intervals by the proposed dispatching rule. 

Furthermore, these intervals can also be controlled by changing the number of UAVs. 

In order to visualize the effect of the proposed dispatching rule on all fields as a whole, average fire 

probabilities are plotted with 240 hours run of the simulation model (Fig.7). As expected, the proposed 

dispatching rule limited the fire probability intervals of all fields. 
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Figure 7: Proposed dispatching rule - Plots of average fire probabilities for all fields (values are multiplied 

by 100 in order to achieve a better visualization). 

4.2 Experimental Results 

In order to analyze the impact of proposed dispatching rule, two scenarios are compared. In scenario 1 

UAVs are routed to the next field by the proposed dispatching rule. In scenario 2 UAVs select the next 

field randomly. Responses are defined as average and maximum fire probabilities for each field. Each 

scenario was run for 240 hours and 10 replications. 

Fig.8 shows the boxplots of the average value of average fire probabilities for 10 replications. Si_Fj refers 

to i
th
 scenario and j

th
 field. As seen in the Fig.5, the proposed dispatching rule keeps the average fire 

probabilities between 0.018 and 0.024, and the overall average is 0.021. While the average fire 

probabilities for scenario 2 ranges between 0.015 and 0.055, and the overall average is 0.036. Random 

dispatching seems better for Field 1 but it is because proposed dispatching rule directs the UAVs in order 

to obtain a smaller average for the entire of the region.  

Fig.9 shows the boxplots of the maximum value of average fire probabilities in 10 replications. The 

proposed dispatching rule keeps the maximum average fire probabilities between 0.043 and 0.062, and 

the overall average is 0.054. While the fire probabilities for scenario 2 ranges between 0.049 and 0.20, 

and the overall average is 0.13. Despite fact that proposed dispatching rule directs the UAVs in order to 

obtain a smaller average for the entire of the region, it has been superior to random dispatching rule at all 

fields. 
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Figure 8: Boxplot of the average fire probabilities.  
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Figure 9: Boxplot of the maximum fire probabilities.  

5 CONCLUSION 

Apart from most of the previous works which are related to forest fire detection and monitoring using the 

latest technologies, this paper handles the routing of UAVs through a risk mitigation concept. The core 

contribution and novelty of the proposed model in this study can be regarded as the consideration of the 

effect of unvisited time and fire probability of the candidate fields while routing UAVs for forest fire 

detection. If the waiting times for fire events to a field can be assumed to have an exponential distribution, 

the contribution of the proposed dispatching rule would be highly valid because of the memoryless 

property.  

A small region of Turkey is used in order to verify and validate the proposed conceptual model in this 

paper. Future development will be the development of a simulation model enclosing the whole country 

and use of multiple UAVs.   
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The conceptual model proposed in this study may also be seen as a former study for a digital twin model. 

A model integrating a database of historical data, wireless sensors at fields and satellite communications, 

in order to obtain and make inferences from data about fire probability of the fields may lead to a self-

adaptive and autonomous routing of UAVs with the use of proposed dispatching rule.  
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