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Abstract

:

The popular simulation process that uses traditional cellular automata with a fixed time step to simulate forest fire spread may be limited in its ability to reflect the characteristics of actual fire development. This study combines cellular automata with an existing forest fire model to construct an improved forest fire spread model, which calculates a speed change rate index based on the meteorological factors that affect the spread of forest fires and the actual environment of the current location of the spread. The proposed model can adaptively adjust the time step of cellular automata through the speed change rate index, simulating forest fire spread more in line with the actual fire development trends while ensuring accuracy. When used to analyze a forest fire that occurred in Mianning County, Liangshan Prefecture, Sichuan Province in 2020, our model exhibited simulation accuracy of 96.9%, and kappa coefficient of 0.6214. The simulated fire situation adapted well to the complex and dynamic fire environment, accurately depicting the detailed fire situation. The algorithm can be used to simulate and predict the spread of forest fires, ensuring the accuracy of spread simulation and helping decision makers formulate reasonable plans.
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1. Introduction


Forest fires are characterized by destruction and a propensity to suddenly change, jeopardizing people’s safety and property [1]. Accordingly, decision makers need an efficient and accurate simulation of forest fire spread to help them suppress fires. Accurate and specific simulations can enable decision makers to quickly understand the current fire state and intuitively access fire spreading trends, thereby providing scientific support for formulating efficient fire suppression programs.



Forest fires occur under the combined action of weather and geographical conditions, and the phenomenon is a complex physical and chemical process. Forest fire spread simulation is based on the theoretical forest fire spread model, which uses reasonable computer simulation algorithms to predict the dynamic development process of forest fires [2].



Many different models have attempted to offer insights into forest fire spread. They are traditionally divided into three categories by a modelling mechanism: theoretical physical models, empirical models, and semi-empirical models. The physical model is best represented by the Fons model [3] and Albini model [4]. The empirical models include the elliptical model [5], McArthur model [6], and Canada forest fire model [7]. The semi-empirical models notably include the Rothermel model [8], Van Wagner model [9], and Wang model [10].



A forest fire spread simulation algorithm uses raster or vector format data to show the spread of forest fires. Commonly used methods include the Huygens wave propagation [11], cellular automata (CA) method [12], penetration theory [13,14], and fractal theory [15], with the CA method also including boundary interpolation and the maze algorithm [16]. These various algorithms have all contributed to the development of algorithms for simulating forest fire spread.



Among these methods, the CA model is of particular interest for this study. This model is defined in the discrete space of the dynamic system, with the cell state at the next time affected by itself and the neighboring cell state at the current time. Conceptualizing forest fire spread as a spatiotemporal dynamic change process is compatible with the CA model [17]. Currently, simulating forest fire spread through the CA model has become an increasingly popular research area, with Eskandari et al. combining the CA model with the Alexandridis model to simulate and predict some forest fires in Iran, comparing the simulation results with the actual fire boundaries to qualitatively evaluate the model [18]. Similarly, Rui et al. artificially improved the temporal and spatial consistency of the forest fire spread model by combining the CA model with the Wang Zhengfei model, adding time correction coefficients to increase the accuracy of forest fire spread predictions [19]. Furthermore, Mutthulakshmi et al. used the CA model to analyze the factors that affect fire spread and to determine which factors play key roles in various forest fire spread situations [20].



Forest fires are generally difficult to predict, so that the CA model must be tweaked to fit the specific time and place of a fire. Vahidnia et al. proposed a new CA model, using artificial intelligence tools such as the adaptive neuro-fuzzy inference system (ANFIS) and the genetic algorithm (GA) to optimize the CA model’s transition rules [21]. Zheng et al. integrated the extreme learning machine with the traditional forest fire CA framework to propose a new model that describes the effects of wind velocity on fire spread patterns [22]. To simulate a real-time interactive crown fire spread, Liu et al. introduced a new CA model based on the reaction and radiation physical equations, verifying the model’s function [23]. Previous literature has combined forest fire spread models and the CA model with a fixed time step, focusing on improving the spatial and temporal consistency of forest fire spread simulations or analyzing the main factors that influence forest fire spread. However, no study has used the CA model with a variable time step to adaptively simulate forest fire spread under different fire states.



Forest fires are affected by complex topographical factors, weather, and the nature of the combustible material involved in the process of spreading. Owing to the non-uniformity of these factors, the spread of forest fires is non-uniform, with fires alternating between being severe and subdued [24]. Despite the dynamic nature of actual fires, the existing CA model’s time steps for forest fire spread simulation are fixed. The CA model is used to simulate forest fire spread at equal intervals. When the fire is strong, the overfire area for one time step becomes extremely large, so that the detailed fire state cannot be reflected accurately; as a result, decision makers may be unable to make accurate fire-fighting decisions in a timely manner. When the fire is weak, the overfire area for one time step becomes extremely small, rendering changes in fire state insignificant. Such a short time step is unnecessary and may waste computer resources.



Fire state is determined by various factors, including terrain, wind direction, and combustible properties. Forest fire spread speed is a comprehensive response under the combined influence of factors including local topography, wind speed, and combustible properties [24]. Changes in fire state are caused by these complex environments and are intuitively reflected in forest fire spread. In this study, the speed change rate index is constructed to reveal changes in fire state, allowing adaptive adjustment of the time step of the CA model. When wind speed is high, slope is steep, or other contributing factors are present, a forest fire spreads more quickly, with the time step decreasing through the speed change rate index to provide more details about the fire spread. Accordingly, based on the time-corrected Wang Zhengfei model [19], this study proposes an adaptive CA forest fire spread algorithm that takes into account the heterogeneity of weather, terrain, and vegetation factors. The speed change rate index is used to adjust the time step by comparing changes in forest fire spread dynamically, informing decisions.




2. Algorithm Development


This method obtains the spatial distribution of combustibles from remote sensing data, extracting topographical factors from the digital elevation model (DEM). Then, based on the revised Wang Zhengfei model [19], the speed change rate index is introduced to adjust the time step and produce an adaptive CA algorithm. This algorithm can be used to simulate forest fire spread, while characterizing the effects of the current environment on a forest fire, providing decision makers with details about the spread with guaranteed accuracy, as Figure 1 shows.



2.1. Revised Wang Zhengfei Model


Rui et al. revised Wang Zhengfei model [19], which takes into account weather, topography, combustibles, and temporal consistency, using a time correction coefficient to ensure consistency between the stimulated fire and the real fire. The time correction coefficient was obtained based on repeated experiments.



Based on this model, to characterize the effects of current environment on forest fires, a speed change rate index was introduced for adjusting the time step of the CA model, allowing the forest fire simulation to adjust to the complex environment, producing the spread details.


  R =  R 0  ·  K φ  ·  K θ  ·  K S  ·  K r  ,  



(1)






   R 0  = a · T + b · W + c ·  (  100 − R H  )  − d ,  



(2)






  W = I n t    (   v  0.836    )     2 3    ,  



(3)






   K φ  =  e  0.1783 · v · c o s φ   ,  



(4)






   K θ  =  e  3.553 · g · t a n  (    1.2 · θ  )    ,  



(5)




where R is the forest fire spread speed (m/min),    R 0    is the initial speed of the forest fire spread (m/min),    K φ    is the wind coefficient, Kθ is the terrain factor,    K S    is the combustible index (obtained from a lookup table) [10],    K r    is the time correction coefficient, a = 0.03, b = 0.05, c = 0.01, d = 0.3, T is the ambient air temperature( ℃ ), W is the wind level, Int indicates a set integer, RH is the air relative humidity (%), v is the wind speed (m/s),   φ     is the angle between the wind direction and the fire spread direction, h is the slope, and g is the direction of the hill—1 for uphill and −1 for downhill.



In Equation (1), the forest fire spread speed comprises the initial fire speed, wind, terrain, combustibles, and time correction coefficient. The initial fire speed is determined by the daily-scale environmental factors, which can be considered constant during a time step. Because the time correction coefficient is revised to be a constant, changes in fire spread speed are decided mainly by wind, terrain, and combustibles on the time step scale.




2.2. Adaptive Geographic Cellular Automata Algorithm


The CA model is a changeable system that composes a cell and cell space. The discrete, finite state cell evolves in the cell space following certain rules [25], which can be abstracted as <Zn, S, N, f>, namely <n-dimensional cell space, state, number of neighborhoods, state transition rules>.



In the forest fire spread geographical cellular automata algorithm, fire units with different geographical burning conditions are located in the geographical cell space. As the discrete time progresses, the state of each cell changes depending on its own state and its neighbors’ states, following the forest fire spreading rules. This procedure is shown in Figure 2.



The grid pixels can be used to represent the cell size. Because the remote sensing data grid size was set to 30 m, the forest fire spread geographical cellular automata algorithm used a 30 m grid as the unit space, with the pixel values representing the cell states defined as: S = 0 (unburnt), S = 1 (early burning), S = 2 (full burning, capable of igniting surrounding cells), S = 3 (extinguishing gradually), and S = 4 (completely extinguished).



After the fire condition is input, the simulated forest fire begins to spread, with any cell having a state value of 2 able to ignite the surrounding cells, causing the forest fire to continue spreading. The change in the time dimension is not continuous: after time step  ∆ t, the cell state at the next time (t +  ∆ t) is calculated according to the cell state at the current time (t) and its neighbors’ states. The state conversion rule is designed to imitate the burning process of actual trees. For example, when cell state is 0 (unburnt), if a cell has state 1 (early burning), then the state value is next calculated using the following formula: When cell state is 1 (early burning), it will next become 2 (full burning). When cell state is 2 (full burning) and neighbor’s states all equal or exceed 2 (full burning), the focal cell state will next become 3 (extinguishing gradually). When cell state is 3 (extinguishing gradually), the state value will next become 4 (completely extinguished).



When the fire is becoming stronger, its spread will accelerate, so to provide more detail about the predicted spread of the fire, the time step should decrease. When the fire becomes smaller, its spread will decelerate, so to prevent wasting computer resources, the time step should increase. To reflect the fire trend, the speed change rate index was constructed to represent increments of forest fire spread, with the adaptive geographic cellular automata algorithm constructed as follows.


   S  i , j   t + ∆ t   =  S  i , j  t  +    (   R  i − 1 , j − 1  t  + … +  R  i + 1 , j + 1  t   )  ∆ t  L  (  R  i , j  t  = 0 ) ,  



(6)






   a  i , j  t  =  {       R  i , j   t + ∆ t   −  R  i , j  t     (   R  i , j   t + ∆ t   =  R  i , j  t   )        0    (   R  i , j   t + ∆ t   =  R  i , j  t   )        ,  



(7)






  ∆ t =   ∆  t 0     e   a  i , j  t      ,  



(8)




where    S  i , j  t    is the cell state,    R  i , j  t    is the forest fire spread speed (m/min), L is the cell size (m),    a  i , j  t    is the speed change rate index,   ∆ t   is the time step, and   ∆  t 0    is the initial time step.



The cell state at the next time instance is determined primarily by the cell state at the current time, spreading speed of neighboring cells, cell size, and time step  ∆ t.



The speed change rate index represents changes in the fire’s spread speed at adjacent time steps, reflecting the current environment’s effects on its spread. It is determined by the complex in the environment where the fire spreads and is expressed in Equation (7).



Time step  ∆ t depends on the initial time step and speed change rate index    a  i , j  t   . The initial time step is fixed at 1 h, and the speed change rate index reflects changes in the fire’s intensity.



During a forest fire’s spread, higher wind speeds, more flammable cover, and slope are all conducive to the spread of forest fires, so that the speed change rate index will exceed zero, with the time step reducing adaptively. Consequently, the cell state should be calculated more frequently, providing more detailed predicted spread results. If the current environment inhibits the spread of forest fires, the speed change index will be less than zero, so the time step should increase, which can effectively demonstrate a slowly changing trend of forest fire spread.





3. Experiment


3.1. Research Area


To verify the algorithm, the forest fire in Mianning County, Sichuan Province, from 7–11 May 2020, was chosen as a case study (Figure 3). Mianning County is located in the southwest of Sichuan Province, has a mild weather, and is mainly composed of mountainous landform.




3.2. Data and Data Processing


For this study, the hourly Mianning County meteorological dataset was downloaded from the China Meteorological Data Sharing Service Network, and the DEM data of ASTER GDEM version 2, Landsat™, ETM+, and Sentinel 2 were downloaded from the US Geological Survey Earth Probe. The time range of the meteorological dataset was 6–12 May 2020, and the time frequency was 1 h.



The vegetation coverage in the study area was mainly pine trees. The distribution of combustibles was extracted from the Landsat 8 image for 13 March, using the maximum likelihood supervised classification method. Finally, the study area was divided into two categories: pine and bare soil. Figure 4 shows the combustibles distribution map.



To obtain the initial input data for the fire’s spread, the burnt area and the actively burning area was extracted from the Landsat ETM+ image for 8 May, which was visually interpreted based on various spectral and thermal characteristics as well as smoke. These were used as the input data for the fire spread stimulation, as Figure 5a shows. It is not possible to download two images from the same sensor between 6 May 2020 and 12 May 2020, so the data of the fire’s end situation were obtained through Sentinel-2 image visual interpretation for 14 May, which was used to verify the accuracy of the simulated fire, as Figure 5b shows.



The DEM was also used to extract terrain information, such as slope and aspect. The raster image was cropped, color-synthesized, stripped, interpreted, and resampled uniformly to achieve a resolution of 30 m.




3.3. Simulation Results and Accuracy


To obtain the best time correction coefficient, the simulation results and the actual fire situation were combined. The time correction coefficient was adjusted several times, and the time consistency was best when    K r    = 1/25, which was used to guarantee the time consistency between the simulated and actual fires.



A forest fire spread simulation was conducted for Mianning County, Liangshan Prefecture, Sichuan Province in May 2020, which adapted to the complex real-world environment. To evaluate the simulation accuracy, the remote sensing image of 14 May was superimposed on the simulation result simultaneously, as Figure 6 shows. The shape and position of the simulation result and the actual fire situation were consistent. The kappa coefficient was 0.6214, indicating a high degree of consistency, and the accuracy was 96.9%, indicating a high degree of accuracy.



On the right-hand side, the upper part of the simulation result was larger than that in the actual fire situation, perhaps because actual fire suppression focused on the northeast side of the fire. (This simulation did not consider the influence of the fire suppression plans actually employed.)




3.4. Adaptive Forest Fire Spread Simulation under Different Conditions


The time step of traditional CA model was fixed at 1 h, as was the initial time step of the adaptive CA model. With different factors influencing forest fire spread, the simulation results of the two CA models were compared separately. Because there was a single combustible species in the study area, simulation results for different combustible material types were not analyzed.



3.4.1. Wind Speed


The meteorological dataset of the study area for 6 May 2021 to 12 May 2021 was analyzed, and the maximum wind speed recorded between 11:00 and 12:00 on 9 May 2021 was 8 m/s. The traditional and adaptive CA models were each used to simulate the spread of forest fires from 11:00 to 12:00 on 9 May.



Figure 7a,d show the fire states of the traditional CA model for this time. Predicted forest fire spread occurred primarily in the northeastern, eastern, and northern directions of the region. High wind speed caused the predicted forest fire to spread quickly, with the burnt area changing significantly between single time steps. An extremely large time step made details of the predicted spread unavailable.



The adaptive CA model was used to simulate the forest fire spread, so that the time step decreased as the speed of the forest fire’s spread increased. Figure 7b,c show the intermediate predicted spreading details: from 11:00 to 11:22, the predicted spread occurred mainly in the northeastern direction of the fire line at a greater rate, whereas the burnt area did not change significantly in the eastern and northern directions of the fire line. Between 11:22 and 11:39, the predicted spread speed was the same in all three directions. From 11:39 to 12:00, the predicted spread of forest fire occurred primarily in the east of the fire line.




3.4.2. Slope


The slope of the fire line location from 19:00 to 20:00 on 8 May 2021 was large. The traditional CA model was used to simulate fire spread from 19:00 to 20:00 on 8 May 2021, producing the results shown in Figure 8a,d. Comparison of these maps revealed that the predicted spread of forest fires occurred directly in the south and southeast areas, with large variations in burnt area.



The adaptive CA model was used to simulate fire spread during the same period, with the time step decreasing as the speed of the fire’s spread increased, providing the specific predicted spread details shown in Figure 8b,c. The predicted spread of forest fire southeast of the fire line occurred from 19:00 to 19:24 and from 19:38 to 20:00, with the predicted spread of the fire directly south of the fire line from 19:24 to 19:38.




3.4.3. Relationship between Aspect and Wind Direction


Based on the analysis of the meteorological dataset and the aspect of the study area, the slope was consistent with the wind direction on 8 May 2021, from 15:00 to 16:00.



Similarly, the traditional CA model was used to simulate fire spread from 15:00 to 16:00 on 8 May 2021, with the fire states shown in Figure 9a,d. The predicted forest fire spread occurred in all directions of the fire line.



During this 1 h, the time step of the adaptive CA model decreased as predicted fire spread accelerated. Details of the changes to the burnt area are shown in Figure 9b,c. Between 15:00 and 15:12, the predicted forest fire spread quickly, mainly in the eastern direction of the fire line. Between 15:12 and 15:28, the predicted forest fire spread mainly in the northern and southwestern directions of the fire line, with the spread rate decreasing and the time step became larger. Between 15:28 and 16:00, the fire line continued to spread southwest and east. These predicted spread details could aid decision makers in developing a reasonable fire suppression plan.






4. Discussion


The forest fire spread simulations in this study have much the same accuracy as those in the previous literature [18,19,20,21,22,23], but here, the speed change rate index has been constructed to adjust the time step of the CA model. When fire speed is rapid, the time step decreases adaptively using the speed change rate index, providing more details about the fire’s predicted spread. Conversely, when the fire’s speed is slow, the time step increases adaptively using the speed change rate index, conserving computer resources. Such an approach may help decision makers formulate more reasonable plans.



The example analysis in this study shows the advantages of this method: (1) the time step is calculated exponentially, with its value controlled within a certain range. For example, in this study, the range of the speed change rate index of forest fire spread in Sichuan Province was [–2,1]; hence, the range of the time step was calculated as [     ∆  t 0     e 2     ,  e · ∆  t 0    ], using the formula, so that the value of the time step could be adjusted within a reasonable range (2). When the fire becomes stronger, the time step decreases adaptively to provide as many details about predicted fire spread as possible. When the fire’s rate decreases, the time step increases adaptively to avoid wasting computer resources, and the time step will not be too large, thereby providing sufficient details on the predicted forest fire spread. However, this method has certain limitations: (1) forest fire spread simulations are influenced by many factors [24], so that, although the adaptive method in this study could reproduce the observed final fire perimeter, the universality of the method has not been verified, and whether it is suitable for forest fire spread in other areas is uncertain. (2) In this study, the effect of the initial time step on the forest fire spread simulation was not considered. Although the initial time step of 1 h is suitable for the example fire simulation, it might not be applicable to other fires. Studying ways of determining the appropriate initial time step for a particular fire would be worthwhile.



In addition, because the terrain data and vegetation data are constant over long period, whereas meteorological data change rapidly, high-time-frequency meteorological data are needed to improve the accuracy of forest fire spread simulations and provide more details about fire spread. Owing to the presence of only a single type of combustible in the study area, this study did not analyze the simulation results of the adaptive CA model under various combustible conditions. Nor was the adaptive CA model verified by abundant fire samples. In the future, to improve the accuracy of the adaptive CA model and analyze the factors driving forest fire, analysis should include more fire samples and use machine learning methods.



Remote sensing images with high spatial and temporal resolution are essential for simulating forest fire accurately. Drone technology has been widely used in forest fire simulations, providing real-time images of forest fire spread. Specifically, it can this technology help in constructing more accurate forest fire spread models and can also be used to verify predicted forest fire spread [26]. In the future, application of drone technology to forest fire spread simulation should also be considered.




5. Conclusions


This study addressed the problem whereby using a fixed time step, as in the traditional CA algorithm may limit decision makers’ ability to make reasonable plans. An adaptive forest fire spreading simulation algorithm was proposed, that couples the revised Wang Zhengfei model with the CA model. This algorithm takes into account the influence of meteorological factors and the changeable forest fire environment, constructing a speed change rate index that adjusts the time step adaptively, so that spread simulation adapts to complex real-world environments, providing more details about forest fire spread when fire is intense, while ensuring simulation accuracy. The main findings are as follows:



	
With a view to ensuring simulation accuracy, the adaptive forest fire spread simulation algorithm, based on cellular automata, can automatically adjust the time step so that forest fire spread can adapt to dynamic real-world environments, conforming to actual fire changes, and better simulate results. The experimental simulation accuracy was 96.9%, and the kappa coefficient was 0.6214.



	
In the traditional CA model, in which the time step is fixed, when a fire is large, producing large changes in the burnt area within one time step, it is impossible to know the details of the fire surge in all directions on the fire line, which may hinder emergency decision making. By contrast, the adaptive CA model that uses a variable time step can provide more details about fire spread for decision-makers. When wind speed is high, slope is large, or wind direction is consistent with slope direction, fire spreads faster, with the time step of the adaptive CA model decreasing to better reflect the details of its spread.
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Figure 1. Design of an adaptive forest fire spread simulation algorithm based on cellular automata. 
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Figure 2. Cellular state change procedure. 
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Figure 3. Mianning forest fire area, 2020. 
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Figure 4. Combustibles distribution map. 
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Figure 5. Extracted fire situation map: (a) initial and (b) ultimate. 
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Figure 6. Simulation result graph. 
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Figure 7. Predicted forest fire spread simulation map for 2021.5.9 11:00–12:00: (a) traditional CA model simulation graph for 9 May 2021, at 11:00; (b) adaptive CA model simulation graph for 9 May 2021, at 11:22; (c) adaptive CA model simulation graph for 9 May 2021, at 11:39; (d) traditional CA model simulation graph for 9 May 2021, at 12:00. 
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Figure 8. Predicted forest fire spread simulation map for 8 May 2021 19:00–20:00: (a) traditional CA model simulation graph for 8 May 2021, at 19:00; (b) adaptive CA model simulation graph for 8 May 2021, at 19:24; (c) adaptive CA model simulation graph for 8 May 2021, at 19:38; (d) traditional CA model simulation graph for 8 May 2021, at 20:00. 
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Figure 9. Predicted forest fire spread simulation map for 2021.5.8 15:00–16:00: (a) traditional CA model simulation graph for 8 May 2021, at 15:00; (b) adaptive CA model simulation graph for 8 May 2021, at 15:12; (c) adaptive CA model simulation graph for 8 May 2021, at 15:28; (d) traditional CA model simulation graph for 8 May 2021, at 16:00. 
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