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Abstract

Forest fires have a great impact on the ecological environment. The government needs to
take measures to control forest fires. Forest fires are easily affected by wind speed and
other weather conditions, and the difficulty of extinguishing forest fires is easily affected by
terrain complexity. Effective management methods can protect the important ecological
functions of forests, thereby maintaining long-term development and economic efficiency.
The government can put out the fire by remote monitoring, personnel extinguishing and heli-
copter extinguishing. Different from most articles on how to eliminate forest fires from the
technical point of view, this article mainly analyzes from the two aspects of optimizing
resource allocation and guiding policy formulation. This article constructs the differential
game model under these three modes, and then obtains the equilibrium result. And the com-
parative analysis. Finally, the conclusion is drawn. The stronger the wind, the more resi-
dents need to flee. However, strong winds are not conducive to crews and helicopters
fighting the fire. Rather than fighting fires, residents are more inclined to detect forest fires in
time through remote monitoring. When the personnel can effectively control the fire, the per-
sonnel fire extinguishing mode is preferentially selected. Otherwise, helicopter firefighting
mode should be selected.

1. Introduction
1.1 Background and research significance

According to FAO’s Global Forest Resources Assessment 2020 Key findings, 31 percent of the
world’s land is covered by forests [1]. Forests can produce oxygen, purify air, conserve water,
and conserve water and soil. Forests provide a large number of raw materials such as wood
and rubber for people’s production and life. Forest ecosystems are also natural habitats for
wildlife [2]. It has played a huge role in protecting species diversity. Maintaining the stability
of forest ecosystem is of vital significance to human survival and development.

In recent years, the forest has also suffered some destruction. The world’s total stock of
trees has fallen slightly, from 560 billion cubic meters in 1990 to 557 billion cubic meters in
2020 [1]. Among them, forest fire is an important cause of forest area reduction. Every year
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there will be many forest fires, so that the forest has been seriously damaged. Forest fires can
directly reduce forest area by destroying trees. This can seriously damage the forest structure
and forest environment [3]. In this case, the forest ecosystem is easily out of balance. Forest
fires can lead to a decline in the number and variety of wild plants and animals. If fires are of
high intensity, they can disrupt soil chemistry [4], raising the water table in the low depression
in the forest, resulting in forest swamps. In addition, it will also cause air pollution, water
resources drop, thus affecting people’s normal life. Smoke from forest fires can be harmful to
people’s health, especially children, the elderly and people with respiratory problems. In some
cases, forest fires can damage properties and threaten people’s lives [5]. Once a forest is
destroyed, it is very difficult to restore the original ecosystem.

In order to deal with forest fires, forests need to be managed effectively. For example, forest
fires can be managed through mobilization and population cooperation [6]. Compared with
developed countries, forest management problems are more prominent in developing coun-
tries. Currently, more than 2 billion hectares of forests worldwide have management plans,
including most of the forests in Europe. On the other hand, less than 25 percent of forests in
Africa and less than 20 percent in South America have management plans [1]. The common
forest fire management methods include remote monitoring and timely extinguishing of forest
fires. And the forest fire extinguish method is mainly divided into personnel extinguish and
helicopter extinguish two kinds. The difficulty of extinguishing forest fires is easily restricted
by wind speed, terrain complexity and local conditions.

It is important to choose reasonable and effective forest fire management modes, because
not having the right management modes can cause significant harm to the environment, the
economy, and human health. If not properly managed, this can lead to environmental
impacts such as repetitive burning and land erosion. If the forest fire control mode is too
aggressive or inappropriate, it could harm economic interests such as forestry, timber and
tourism. However, effective management methods can protect the important ecological
functions of forests, thereby sustaining long-term development and economic benefits [7].
Forest fire control is dangerous and can threaten the lives and property of those who control
it and the surrounding communities. If a reasonable forest fire control mode is selected, the
life and property safety of local residents can be protected to the greatest extent. Reasonable
and effective forest fire control modes are very important, and each control method needs
to take into account the environmental, economic and human health impacts, and take
comprehensive measures to ensure the sustainability and effectiveness of the whole control
process [8].

1.2 Literature review

The research on forest fire is mainly from the causes of forest fire, the impact of forest fire and
how to control forest fire.Some scholars have studied the causes of forest fires. For example,
Farinha et al. believes that the more vulnerable the society is, the more likely forest fires will
occur [9]. Tan et al. believed that human factors and drought were important causes of forest
fires in Indonesia [10]. Wang et al. [11] analyzed forest fire risk areas in Sichuan and believed
that climate warming would lead to increased forest fire risk. The scholars studied the main
causes of forest fires from social, man-made and weather perspectives.

Some scholars have studied the effects of fire on forest ecosystems. For example, forest fires
can affect tree mortality [12]. Years after forest fires, although the number of trees can recover
to the original level, tree species will decrease [2]. Multiple fires can lead to vegetation degrada-
tion [13]. Forest fires can cause rivers to return to their original condition in between 5 and 45
years [14]. These studies cover the major impacts of forests on the ecological environment.
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However, forest fires are constantly changing with terrain and weather conditions, and such
changes are not described by the above scholars.

Some scholars have studied how to control forest fires. For example, Vela et al. [15] pre-
dicted the spread of forest fires in the Amazon. Vigna et al. [16] argued that the social ecosys-
tem (SES) approach plays an important role in forest fire management. Qiang et al. [17]
studied the use of TRPCA and TSVB methods for forest fire monitoring. Vinodhini et al. [18]
studied how the MLP and AROC methods based on the internet of things can monitor forest
fires. Hu et al. [19] studied the MVMNet method for rapid detection of forest fire smoke.
These cover the main methods of forest fire suppression. However, these scholars mainly ana-
lyzed how to control forest fires from a technical perspective, rather than a management
perspective.

In order to make up for the shortcomings of the above research, this article studies from the
perspective of management mode and uses the time-continuous differential game. In this arti-
cle, the differential game models of remote monitoring, personnel extinguishing and helicop-
ter extinguishing are constructed. The equilibrium results of various models are compared and
analyzed. Finally, the applicable scope of three forest fire management modes is obtained. It
provides reference for better protection of forest ecosystem.

This article has some contribution to the field of forest fire fighting. The existing research
on forest fire fighting is mainly carried out from the angle of improving fire fighting efficiency
and improving the development of fire fighting technology and equipment. The analysis of
this article is mainly introduced from the optimization of resource allocation and guidance of
policy formulation. This study is helpful for the government to formulate perfect fire fighting
guidance policies and optimize the allocation of fire fighting resources.

2. Methodology
2.1 Problem description, hypothesis, and variable definition

2.1.1 Problem description. Forest seriously damage forest structure and forest environ-
ment, resulting in forest ecosystem out of balance. In order to describe the whole process of
forest fire dynamic change, differential game is used in this article. In the process of forest fire
control, the remote monitoring of forest fire can detect the fire in time and remind the nearby
residents to flee. However, this method is less weather-resilient and does not directly extin-
guish forest fires. Although the personnel fire extinguishing mode can effectively and accu-
rately extinguish forest fires, it is easy to cause casualties. Helicopters can help local residents
escape and reduce casualties, but they are expensive.

Many areas of the earth have forests. The study of forest fire control in this article is applica-
ble to all areas of the earth with forest. In order to protect the ecological environment and peo-
ple’s survival and development needs, it is necessary to carry out forest fire research on a
global scale. Specifically, in areas prone to forest fires, such as Southeast Asia, Australia, Africa,
North America and other places, it is especially necessary to conduct in-depth research on for-
est fires. In addition, with the intensification of global climate change, the frequency and scale
of forest fires are also increasing, so the research and prevention of forest fires are more urgent,
and more investment and control are needed.

In order to effectively control forest fires, the government mainly adopts the following
three management modes:

1. Remote monitoring mode. Remote monitoring of forest fires is needed in order to detect
ignition points in the forest in time. For this purpose, the government can deploy remote
monitoring equipment, and effectively monitor and track hot spot warnings within a
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certain range. The main remote monitoring equipment includes these types. First, fire
monitors. It uses infrared and thermal imaging technology to detect smoke and heat
sources, which can quickly and accurately spot fires. Second, fire warning system. Through
the collection and analysis of weather, temperature, humidity, wind speed and other data, it
predicts the time and place where the fire may break out, and gives early warning [20].
Third, drones. It can use high-definition cameras for real-time shooting and monitoring of
the fire scene, while putting firefighting supplies on the fire scene to mitigate the fire and
provide more accurate information for firefighters. Fourth, satellite remote sensing. Satellite
imagery can provide information on the extent, intensity and hot spots of fires, which can
help fire departments better understand and respond to fires. Fifth, artificial intelligence
systems. It uses techniques such as machine learning to analyze large amounts of data and
can quickly and accurately identify the occurrence of a fire and its possible scope of impact
[21]. The input of remote monitoring equipment and personnel plays a very important role
in forest fire early warning. For example, the government determines whether forest fires
occur in San Diego by analyzing the temporal brightness and temperature of forest fires
[22].

. Personnel extinguishing mode. In case of forest fire, relevant fire fighters should be assigned

tasks. People concerned should work together and use scientific methods to fight forest
fires. For example, create fire breaks and use fire extinguishing tools to contain fires. Use
water cannons where water is available. When the fire is out, the crew will carry out a blan-
ket inspection of the fire area to see if there are any unextinguished sparks. This should
ensure that the fire is completely extinguished. This type of fire fighting is not easy to carry
out in the complex terrain. At the same time, it is easy to cause casualties.

. Helicopter extinguishing mode. Prevention alone cannot completely eliminate the possibil-

ity of wildfires, only can reduce the probability of occurrence. Helicopter firefighting needs
to take into account factors such as availability, terrain and water sources. If helicopters are
well-resourced and easily mobilised, rescue services can quickly dispatch helicopters for res-
cue missions, reducing delays in rescue operations. At the same time, it can carry out rescue
in a wider area, as well as respond to a variety of complex rescue missions. The complexity
of the terrain and hard-to-reach areas can limit the choice of landing sites for helicopters.
Rugged terrain, narrow valleys, dense forests, etc., can make suitable landing sites scarce.
Helicopters need to find a flat, open and safe place to land to ensure the safety of pilots and
rescuers. Water source plays a vital role in fire fighting and rescue by helicopter. When
there is a forest fire or other fire, the helicopter can use the water to fight the fire from the
air. The reliability and proximity of the water source determines whether the helicopter can
obtain the water source in time and carry out effective fire fighting operations. The avail-
ability and suitability of water sources also affect the duration and effectiveness of fire sup-
pression. Given the availability of helicopters, terrain and water, the most effective way is to
send out helicopters to fight the fire. Helicopters can put out fires by dropping water
directly on them from the air. This method has the characteristics of quick effect and large
water load.

The relationship between the three forest fire control modes is shown in Fig 1.
2.1.2 Hypothesis. In order to compare and analyze the application scope of three forest

fire management modes, namely remote monitoring, personnel fire fighting and helicopter
fire fighting, and to characterize the differential game model of forest fire management, this
article establishes the following assumptions based on the game parties, decision-making state
and economic development level.
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Fig 1. Relationship between three different forest fire control modes.
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1. There are a large number of residents near the forest. There are more water resources, ani-
mals and plants around the forest, and the air is fresh. At the same time, the soil near the
forest is good, which can provide soil for people to cultivate. The area around the forest is
more suitable for human habitation. For example, the Rocky Mountains are in northern
Canada, and there are more forests near them. The forest still has a beautiful natural envi-
ronment and the ecological environment has not been damaged [23]. For six years in a row
since 1994, the United Nations Development Program has ranked the Rocky Mountains as
the best place in the world to live. Of course, not all forests are suitable for human habita-
tion. For example, the Amazon rainforest is too humid for human habitation. For simplic-
ity, uninhabitable forests are not the subject of this article.

2. The decision-making of the government and residents is constantly changing. When forest
fires occur, the government will make corresponding decisions, such as dispatching fire
fighters or helicopters for rescue [24]. And the government’s decisions are influenced by
weather conditions or how stranded residents are. The government’s fire-fighting measures
will also affect the movement of residents to flee. When the government does a better job of
controlling fires, residents’ fears are mitigated. If the government doesn’t act, or if the fire
gets out of hand, it could affect how much people flee. At the same time, the level of flight of
the local population in turn has a very important influence on the government’s decision-
making. As a result, the decisions of the government and residents are constantly changing.

3. The country has a relatively high level of economic development. If a country has a low
level of economic development, the government will focus more on feeding its own people.
The government has no extra money to introduce remote surveillance systems. When there
is a forest fire, the government does not have the money to hire firefighters to fight it. In
such cases, governments do not have the money to fight fires or rescue, even if they know
they can get more bang for their buck. In reality, more than half of the world’s forests (54%)
are found in just five countries: the Russian Federation, Brazil, Canada, the United States of
America and China [1]. These countries have a higher level of economic development and
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are able to organize human and material resources to deal with forest fires. Therefore, for
the sake of convenience, this article assumes that a country has a high level of economic
development. When there is a forest fire, there is enough money to send out personnel or
helicopters.

2.1.3 Variable definition. When constructing the differential game model in this article,
many parameters and variables are designed. These parameters and variables are defined as
shown in Table 1.

Unit personnel input by, to eliminate forest fires can produce many benefits, including the
following aspects. First, protect the safety of life and property. Forest fires threaten people’s life
safety and property interests. The input of unit personnel can effectively contain and

Table 1. The main definition of variables and parameters in this article.

variables and specific meaning
parameters
Y = {R,P,H} three forest fire management modes (remote monitoring, personnel fire fighting,
helicopter fire fighting)
independent variable
My,(t) government personnel input under forest fire control mode Y
Tyi(t) government equipment input under forest fire control mode Y
Evi(t) the escape degree of residents to forest fires under the forest fire management mode Y
Xy () the reputation of the government under the forest fire management model Y/
xy»(t) residents’ satisfaction under forest fire management mode Y
parameter
P the discount rate occurring over time, 0<p<1
é the rate of decay of government reputation or public satisfaction, §>0
b income generated by unit personnel input, by, >0
b the effect of a unit of equipment input, b7 >0
cr the cost per unit of equipment, c7;>0
cmi the cost per unit of personnel, cy;; >0
a the impact of equipment or personnel input on reputation, a; >0
a, the effect of escaping a fire on satisfaction, a,>0
bg the income earned by unit residents fleeing, by>0
bry revenue per unit of helicopter deployed to fight a fire, by >0
Vi wind speed at the time of the forest fire, v,,>0
Wy degree of weather stability, w,>0
Vs the positive impact of remote monitoring equipment or technology on personnel fighting
forest fires, v,>0
d the distance of the helicopter from the fire, >0
drosdpasdip the distance of the ignition from the residence, dr»,dps,dr2>0
1 the positive effect of government reputation or public satisfaction on earnings, />0
I, fire information for residents, I,>0
P2 the positive effect of helicopter fire fighting on the evacuation of residents, py;;>0
qp1 the proportion of casualties caused by personnel fighting forest fires, 0<gp; <1
function
I (t) social welfare function of government under forest fire control mode Y
Jy>(t) social welfare function of residents under forest fire control mode Y
Vyi(t) government’s benefit function under forest fire control mode Y
Vya(t) benefit function of residents under forest fire control mode Y

https://doi.org/10.1371/journal.pone.0289727.t001
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extinguish forest fires, and protect people’s life safety and property from fire. This will reduce
casualties and property losses, and bring huge benefits to society. Second, protect the ecologi-
cal environment. Forest is one of the important ecosystems on the earth, forest fires will not
only destroy vegetation and soil, but also release a lot of carbon emissions, causing serious
impact on the environment. The input of unit personnel can prevent the spread of fire, reduce
the scope of forest destruction, and protect the stability and health of the ecological environ-
ment. Third, maintain social and economic stability. The outbreak and spread of forest fires
will not only cause direct economic losses to surrounding residents and farmers, but also have
a huge impact on tourism, agriculture, forestry and other related industries. The input of unit
personnel can quickly respond to fires, effectively control and extinguish fires, and maintain
social and economic stability. By preventing and extinguishing forest fires, the rational utiliza-
tion of personnel and financial resources can be realized, the loss of personnel and property
can be reduced to the greatest extent, the ecological environment can be protected, and social
stability can be maintained. These are important gains that have profound implications for
individuals, communities and society as a whole.

It is worth noting that the wind speed v,, will have an impact on the social benefits of the
government and residents. Stronger winds can accelerate the spread of fires because they pro-
vide more oxygen and carry flames and smoke farther away. This will make the fire more
intense, burn over a larger area and for longer. In addition, strong winds can spread the fire
downbhill. This will threaten people’s property and life safety and discourage people from
fleeing.

When forest fires occur in areas with complex terrain such as mountains or hills, there may
be steep hillsides, canyons, rivers and other obstacles at the fire site, which is difficult for
ground rescue personnel to enter and operate. At this time, the helicopter can show its skills
and quickly reach the designated area to help the trapped people escape the fire smoothly, thus
having a positive impact pyy, on the rescue.

The social benefits of forest fire control mainly include life safety, ecological protection,
property protection, fresh air, productivity protection and so on. This is because forest fire
control through remote monitoring, personnel fire fighting, helicopter fire fighting can reduce
the harm and threat of fire to human beings. The risk of injury and death can be reduced by
early detection and control of fires. Forest is one of the important ecosystems on earth. Elimi-
nating forest fires is conducive to maintaining ecological balance, reducing the death of vegeta-
tion and wildlife, and reducing the destruction of ecosystem. Forest fires will cause great losses
to people’s property, such as forest burning, wildlife loss, farmland and residential houses are
burned down, etc. Eliminating forest fires can avoid the above economic losses. Forest fires
smoke all over the sky, and a sharp decline in air quality will have a greater impact on health.
Controlling and eliminating forest fires can reduce the concentration of pollutants in the air
and protect people’s health. The elimination or early control of forest fires can avoid the loss of
productivity caused by forest fires, such as forest logging, fishing, tourism and other related
industries.

The evaluation of social benefits can start from these aspects. The safety of life benefits of
forest fire control can be evaluated by statistical analysis of the number of people rescued by
the fire department, the fatality rate of the fire and the medical costs. To assess the ecological
benefits of forest fire control, data can be collected and analyzed in terms of forest area, forest
destruction, plant recovery, and wildlife loss. The property protection benefits of forest fire
control can be analyzed in terms of the reduction of economic losses caused by fire, the loss of
property of enterprises and residents, and the reduction of insurance costs. Assessing the clean
air benefits of controlling forest fires can be derived from air quality monitoring data, such as
particulate matter concentrations, as well as from people’s physical health. The productivity
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protection benefits of forest fire control can be assessed by statistics and analysis in terms of
the earnings of related industries, asset values, employment opportunities and business
operations.

2.2 Differential game of different forest fire control modes

Differential game refers to a time continuous game played by multiple players in a time contin-
uous system. It has the goal of optimizing the independence and conflict of each player, and
can finally obtain the strategy of each player evolving over time and reach the Nash equilib-
rium. At present, the differential game it is mainly applied in the fields of logistics management
[25], advertising decision [26], supply chain [27], etc. The situation of forest fires varies
according to weather conditions. The level of the government s response varies with the situa-
tion of the terrain, equipment and personnel. In order to describe this change clearly, this arti-
cle uses the time continuous differential game method.

2.2.1 Remote monitoring. In the mode of remote monitoring of forest fires, the main
work that the government can do is to monitor forest fires through advanced technology. At
this point, the utility of the government is related to the number of personnel and equipment
invested in remote monitoring. Meanwhile, the effectiveness of the government’s remote mon-
itoring is also limited by the stability of the weather. In the event of a forest fire, the govern-
ment can provide fire-related information to local residents, so as to help local residents to
escape.

In the remote monitoring mode, the social benefits obtained by the government and resi-
dents are:

o c Cry .
Jm = / {leMRl(t)ln(l + wg) — %Mil(t) + by, Ty (1) — % T (1) + lle(t)] e”dt (1)
0

OC V. d % —pt
Jpo = /0 [_ ﬁlfm(ﬂ + bEg, () + lszU)] e dt (2)

In the above formula, by, Mg, ()In(1+ws) represents the effect of remote monitoring on for-
est fire prevention. In(1+ws) represents the positive effect of weather stability on forest fire pre-
vention. %4 My, (t) represents the personnel cost invested in remote monitoring mode.
b1 Tri(t) represents the income generated by investing related monitoring equipment in

remote monitoring mode. “I- T,%1 (t) represents the cost generated by investing related monitor-
ing equipment in remote monitoring mode. lxg, () represents the reputation gained by the
government under the mode of remote monitoring.

bgEg,(t) represents the income earned by residents for fleeing the fire. In(e+Iy,) represents
the positive impact of bushfire-related information received by residents on escape from the

1
fire. IHZZEZZ) E3,(t) represents the cost to residents of the wildfires. There is a reason for this. In

the event of a fire, the greater the wind speed, the greater the speed and extent of the fire, and
the faster the smoke will spread over the surrounding area, making the whole situation more
complex and dangerous. Due to the shielding and interference of smoke and dust, it may bring
many unfavorable factors to the escape of residents. When the wind speed is large, the escape
path of residents may be cut off by fire and smoke or be intensified and narrowed. This will
increase the difficulties and hidden dangers of escape. So, the wind speed is proportional to the
cost of fleeing. lxz,(t) represents the residents’ satisfaction with forest fire prevention.
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In the remote monitoring mode, the change of government reputation is:

X (1) = a (M (1) + Ty (1)) = Oy (£) (3)
In the remote monitoring mode, the change of public satisfaction is:

Kpo(t) = AyEpy (1) In(1 + Ipy) — x5 (1) (4)

In the above formula, a; (Mg, ()+ T () represents an increased reputation for government
investment in remote monitoring personnel and equipment. a; Mg, (t) represents the govern-
ment’s increased reputation for spending on remote surveillance personnel. a, Tg,(f) repre-
sents the increased prestige of the government’s investment in remote surveillance equipment.
Oxg1(t) represents a decline in the government’s reputation. a,Er,(H)In(1+I,) represents the
satisfaction of the public from remotely monitored escape from a forest fire. 6x,(f) represents
the decline in public satisfaction.

2.2.2 Personnel fire fighting. In the personnel fire fighting mode, the social benefits
obtained by the government and residents are:

o= [ [ (0) = 9,00M () = S0 () 5 B (0] (5)

I = / [_demE}%)z(t) + bEEpz(t) + leQ(t):| e dt (6)

0

In the above formula, by, Mp, () represents the benefit of personnel fighting fire.
vwqdp1Mp1(t) represents the risk of loss of life in the mode of personnel fighting forest fires.
1 M3, (t) represents the personnel cost invested in the mode of personnel extinguishing fire.
Ixpy(f) represents personnel put out the fire under the model, the government gained a
reputation.

bgEp,(t) represents the income earned by residents for fleeing the fire. demE%,2 (t) repre-
sents the cost to residents of a forest fire in the mode of personnel fighting the fire. Ixp,(f) rep-
resents the residents’ satisfaction with forest fire prevention.

In the personnel fire fighting mode, the change of government reputation is:

Xpi (1) = a; My (£) — 0xpy (1) (7)
In the personnel fire fighting mode, the change of public satisfaction is:
Xpy (1) = aEpy (1) — Oxpy (1) (8)

In the above formula, a; Mp,(f) represents the increased prestige of the government’s com-
mitment to firefighters. dxp, (f) represents a decline in the government’s reputation. a,Ep,(f)
represents the public satisfaction that comes from escaping a forest fire. dxp,(t) represents a
decline in public satisfaction.
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2.2.3 Helicopter fire fighting

In the helicopter fire fighting mode, the social benefits obtained by the government and resi-
dents are:

Jin = /U (b1 Tya (£) — v, T, (8) + ey, ()] et )

o= [ [ B0 + BB (Olnle + ) + b0 e (10)
0

In the above formula, b7, Ty, (f) represents the benefit of helicopter fighting forest fires.
dv, T? (t) represents the cost of equipment invested in the mode of helicopter fire extinguish-
ing. Ixz (t) represents the helicopter fire fighting model under which the government gained a
reputation.

beEmo(t)In(e+p,) represents the income earned by residents for fleeing the fire. In(e+pp,)
represents the helicopter helped residents escape the fire. This is because helicopters can
quickly transport the injured who need more rescue, and for many residents, they can escape
the fire without relying on helicopters. The effect of helicopters on the flight of residents was
first to increase rapidly and then to increase slowly. It is in the form of a pairwise function.

1
v, Ay Exp (1) represents the cost to residents of a bushfire in helicopter model. Ixz,(t) represents
the residents’ satisfaction with forest fire prevention.
In the helicopter fire fighting model, the change of government reputation is:

Xy (1) = a, Ty, (£) — 0y, (1) (11)
In the helicopter fire fighting model, the change of public satisfaction is:
Xppy () = By (£) — Oy (1) (12)

In the above formula, a; My (¢) represents the government has increased its reputation by
investing in helicopters. dxp (t) represents a decline in the government’s reputation. a,Ep,(t)
represents the public satisfaction that comes from escaping a forest fire. dx,(t) represents a
decline in public satisfaction.

3. Results

In the differential game, the social welfare of the government and residents when forest fires
occur is not only affected by the control variables and parameters, but also constantly changes
with the influence of time, state and country on social welfare. In order to better calculate the
input of government equipment, the input of personnel, the fleeing degree of residents, and
the social benefits of the government and residents, the HJB formula is adopted. HJB formula
is a partial differential equation, which is the core of optimal control.
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3.1 HJB formula

If the government uses remote monitoring equipment to control forest fires,the HJB equations
of the social welfare function of the government and residents are:

c 5 Cry d
Vi = max { by My (OIn(1+ wg) = BEME (1) 4 by Ty (1) = ST (1) + i (1)

Mgy (1), TR (£) 2
OV
Oxp,

(13)
+

lay (Mo (1) + Ty (1)) — 5xm<r>]}

v,d 1 av,
PV = mad | B0 4 bBl0) + 5 )] + G B0 + 1) — o0} 19

If the government uses personnel fire fighting model to control forest fires,the HJB equa-
tions of the social welfare function of the government and residents are:

c oV,
pVPl - gla()tg{ [leMPl(t) - quPlMPl(t) - 1;1 M}%I(t) + lel(t):| + 8xp1 [alMPl(t) - 5xp1(t)]} (15)
P1 P1

3 ov
PVp = max{ [_dePQEfv(t) + bEp(t) + lxm(t>] + WPZ

Epy(t) P2

@y (1)~ 5xp2<t>]} (16)

If the government uses helicopter fire fighting model to control forest fires,the HJB equa-
tions of the social welfare function of the government and residents are:

av,
Vi = max{ b0 o) = T30 0) 4 5 (0] + 5 2 T - S5 0]} (1)
H1lL H1

OV
0%y

PVir = mas] [~ duBhn) 4 BB (O + pie) + )] + 572 00) — D50 | (19

12 (1)

3.2 Result of equilibrium

Proposition 1: In the remote monitoring model, input of government equipment, the input of
personnel, the fleeing degree of residents, and the social benefits of the government and resi-
dents are respectively (See Appendix 1 in S1 File for details):

b, In(l 4+ w) +a, -+
M, () = ln( 5) 1545

CMl
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2
To(t) =—— 11— (20)
16<le ta ﬁ)
2 P
Ep(t) = e ; (1)
In’(e + I,) [Qbs + 2%“2 In(1+ IR2):|
b,,;In(1 l b,,In(1 L
T B P A MO V) LA EY
Rl 5 ¥R 5 ML n s 9 .
+lbr1 CZT] ] 2 % ‘n ] ( )
- 22
Gy )
I
1 ] leln(l + Ws) + a, m C%-l
MPYETR c - %
M1 16 (le + a, m)
l 1 vd v, 4
Ve = P+ P pln(e +R; ) Rzl
R 1n(e 4 Iy,) {%E +2——a,In(1+ IRQ)]
p+9o
_|_l by, dy
p ! 2 23
1n2(€+IR2) |:2bE+2mﬂ2 ln (1+IR2):| ( )
1 1 Va2
+EP+5Q2 e 21n(1+IR2)

l
11’12(6 + IRQ) [2bb + 2m02 ln (1 + IRQ):|

Conclusion 1: In remote monitoring mode, the more stable the weather is, the more per-
sonnel need to be deployed to monitor the fire. The greater the cost of the equipment, the
more necessary to invest the equipment for remote monitoring. And the better the effect of
unit number of equipment, the more need to reduce the input of this equipment. The more
information residents had about the fire, the less they fled. The stronger the wind speed at the
time of the fire, the more residents fled.

Proposition 2: In the personnel fire fighting model, input of government equipment, the
fleeing degree of residents, and the social benefits of the government and residents are
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respectively (See Appendix 2 in S1 File for details):

!

by —v.9m +-=a
M;l(t) _ M1 Cqu p+6 1 (24)
M1
) V:d2
EP2(t) = = (25)
4(bE + #éaz)
l 1
1 by — Ve + ?‘11 1 byi — vy + ?al
Voo = Xpy +— bM] P — —Vdp P
p+0o p el p ‘m

) ! 2 ) ! (26)

_lcﬂ M1~ Vol + mal l i . M1~ Vuwdp + mal

p 2 Can pp+o S
*? — ;X _ lv d dePQ + b l Vzud§2
P2 PR P2 P P2 I Ep ] 2
2(b5+_a2) 44 by +——a,
p+0o Flp+d 27)
+1 I . V2,
PP LY
E ,0 + 5[12

Conclusion 2: In the personnel fire extinguishing mode, the more income generated by per-
sonnel input per unit number, the more need to increase personnel input. The greater the
wind speed, the more need to reduce personnel input. The greater the proportion of casualties,
the greater the need to reduce personnel input. The stronger the wind, the greater the need for
evacuation. The farther away the fire is from the residents, the greater the degree of escape
from the fire.

Proposition 3: In the helicopter fire fighting model, input of government equipment, the
fleeing degree of residents, and the social benefits of the government and residents are respec-
tively (See Appendix 3 in S1 File for details):

. by +-La,
THl (t) = 2d:j+0 (28)
§ v:d:
EHz(t) = H 2 (29)
4|b,In (1+ Py,) + ﬁ%}
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2
S I P O Ot W B BN
Hmp ™ p T 24y, p " 2dv,, pp+d6 " 2dv,
l 1 v, d 1 V22
Vin = mxH2_;vwdH2 _— ] +;bE — I 2
2|:bEln(1+PH2)—|—ma2:| 4[bEln(1+PH2)+maz
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Conclusion 3: In the mode of forest fire control by helicopter, the input of helicopter is
inversely proportional to the wind speed. The amount of helicopter input is inversely propor-
tional to the distance from the fire. Residents fled in direct proportion to the wind speed. The
degree to which people flee is directly proportional to the distance from the fire.

3.3 Numerical analysis

The discount factor p is 0.9. The decay rate d of government reputation or public satisfaction is
0.1. The casualty ratio gp; of personnel fighting forest fires is 0.2. The positive effect py, of heli-
copter fire fighting on residents’ escape is 2. The fire information Ir, of residents received is
1.5. The positive impact [ of government reputation or public satisfaction on revenue is 1. The
distance of the helicopter from the fire is 4. The positive impact v, of remote monitoring equip-
ment or technology on personnel fighting forest fires is 2. The income by from the degree of
resident unit flight is 3. The cost ¢y, per unit of personnel is 3. The cost ¢y per unit of equip-
ment is 2. The effect by, for each unit of equipment input is 2.5. The degree w; of weather sta-
bility is 2. The influence a, of equipment or personnel input on reputation is 1. The effect a, of
escaping the fire on satisfaction is 1.5.

When the wind speed v,, at the time of the forest fire is 1, this article can calculate:

Vi = 0.22b3, 4 0.41b,, + 1.12 (32)
Vi = 0.184b, + 0.3b,, + 1.12 (33)
Vi, =185 (34)

The following graph (named Fig 2) can also be produced.
When the wind speed v,, at the time of the forest fire is 2, this article can calculate:

Vi = 0.22b3,, + 0.41b,, +1.12 (35)
vy = 0.184b;,, + 0.22b,,, + 1.07 (36)
Vi, =142 (37)

The following graph (named Fig 3) can also be produced.

Conclusion 4: The wind speed is inversely proportional to the social benefits obtained by
the government under the personnel fire fighting mode and helicopter fire fighting mode.
When the income generated by the personnel input per unit number is small, the social benefit
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Fig 2. Impact of income generated by personnel input on the government’s social benefits.
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Fig 3. Impact of income generated by personnel input on the government’s social benefits.
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of the government under the helicopter fire-fighting mode is greater than that under the per-
sonnel fire-fighting mode and the remote monitoring mode. With the increase of income gen-

erated by personnel input per unit number, the social income of the government under

personnel fire-fighting mode and remote monitoring mode is increasing. In the end, the social
benefit of the government under these two modes is greater than that under the helicopter fire-

fighting mode.
When the wind speed v,, at the time of the forest fire is 1, this article can calculate:

Vi, =1-0.031d,
Vi, =1—0.061&,

Vi, = 1 —0.0424,

The following graph (named Fig 4) can also be produced.
When the wind speed v,, at the time of the forest fire is 2, this article can calculate:

(38)

(39)

(40)

Ve, =1-0.124d;, (41)
V,, =1-0.244d}, (42)
* 2
Vi, =1—0.1684;, (43)
The following graph (named Fig 5) can also be produced.
14
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Fig 4. The effect of fire distance from residents on residents’ social benefits.
https://doi.org/10.1371/journal.pone.0289727.9004
PLOS ONE | https://doi.org/10.1371/journal.pone.0289727  August 10, 2023 16/21


https://doi.org/10.1371/journal.pone.0289727.g004
https://doi.org/10.1371/journal.pone.0289727

PLOS ONE

Control forest fires

Social benefits of residents

—— Remote monitoring mode
6r Personnel fire fighting mode 9
---#--- Helicopter fire fighting mode

8 1 1 1 1 1 J
0 1 2 3 4 5 6

The distance of the fire from residents

Fig 5. The effect of fire distance from residents on residents’ social benefits.
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Conclusion 5: Under the three fire extinguishing modes, wind speed is inversely propor-
tional to the social benefits of residents. Under the remote monitoring mode, the residents get
the greatest social benefits. The social benefits of helicopter firefighting are in the middle. The
social benefits of residents are the least under the personnel fire fighting mode.

4. Discussion

Because forest fires can spread quickly with strong winds, the government needs to put them
out in time. Remote monitoring of forest fires can detect fires in time and alert nearby resi-
dents to flee. However, this method is less weather-resilient and does not directly extinguish
forest fires. Although the personnel fire extinguishing mode can effectively and accurately
extinguish forest fires, it is easy to cause casualties. Helicopters can help local residents escape
and reduce casualties, but they are expensive. Therefore, the extinguishment mode of various
forest fires is an important issue in this article. Existing studies mainly analyze the effects of
each model through relevant data. There is no comparative analysis of the applicable scope of
different models. In this article, the differential game is applied in the field of forest fire con-
trol, especially considering how to effectively control forest fire in the case of wind speed and
fire diffusion.

Forest fires have become more frequent in recent years. The forest area is huge, the terrain
is complex and the weather is unstable. Forest fires are hard to spot in time. In the past forest
fire monitoring, the fire warning method based solely on video image or thermal imager is
very ineffective. In order to detect forest fires as soon as possible, forest fires can be monitored
remotely using advanced long-range multispectral scanning. Governments can also use
advanced drone surveillance systems [28]. Costly forest fire equipment often achieves better
results. This allows forest fires to be detected more promptly. This is similar to the conclusion
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Grammalidis [29] reached. Grammalidis [29] believes that more advanced Cubesats have sig-
nificant advantages over traditional satellites for smoke and fire detection.

Many forest fires are caused by the disposal of combustible materials. When the weather is
more stable, it is easier for people to access the forest for productive activities. Therefore, the
more stable the weather, the more necessary the relevant personnel to strengthen the monitor-
ing of forest fires. Once the remote monitoring system detects a forest fire, it needs to provide
more fire information to the residents in the area where the forest fire occurs. This is to pre-
vent panic among residents. At the same time, increasing the scope of fire monitoring is very
important to ensure the safety of people’s lives and property. Fire is a kind of destructive disas-
ter, which can spread quickly and cause huge casualties and property losses. Expanding the
scope of fire monitoring can detect and alarm fires in advance so that timely measures can be
taken for fire fighting and rescue. This is consistent with the expansion of fire monitoring net-
works proposed by Kumar et al. [30]. The remote monitoring system of forest fires should
monitor wind speed and other weather conditions in time. If the wind speed is fast, it is neces-
sary to remind local residents to evacuate quickly and to evacuate further away.

When the wind speed is high, both personnel and helicopters should be reduced. Because
high winds can cause fires to spread faster and cause casualties. And high winds are making it
harder for helicopters to fight the fires. This is because high wind speed will have an impact on
the helicopter’s handling ability and stability, which may lead to hovering difficulties, flight
instability, and increase the possibility of accidents. Therefore, in extreme wind conditions, the
use of fire fighting helicopters is reduced to ensure the safety and effectiveness of flight opera-
tions. And Martini et al. [31] came to a similar conclusion in the reconstruction of perturba-
tions on autonomous helicopters. The difference is that when the wind speed is larger, the
personnel should stop participating in the forest fire extinguishing. When the wind speed is
high, the participation of helicopters in forest fires should be reduced.

Helicopters need to be equipped with fire-fighting materials such as water and dry powder
to effectively extinguish fires. There is a limit to how much fire-fighting material a helicopter
can carry. And forest fires generally wide range, far away from the ignition point, is not condu-
cive to the deployment of helicopters to fight forest fires. In order to better fight forest fires,
helicopters and fire-fighting materials need to be evenly distributed in multiple areas of the
forest. At the same time, the impact of forest fires on forest ecology and infrastructure needs to
be considered when deploying helicopters [32]. You can’t put all the fire fighting helicopters in
one area. So the helicopter can get as close to the fire as possible.

If a forest fire occurs, technical and personal involvement in fighting the fire is essential.
For this reason, we must not forget to develop new and more efficient firefighting equipment
and materials, such as fire hose systems, rescue tools, flame inhibitors and so on. As well as
fighting forest fires, prevention, detection and early warning of forest fires are also an impor-
tant part of forest fire control. In order to reduce the loss of forest fire, the risk of fire occur-
rence needs to be reduced at the source. When the forest terrain is complex, it is difficult for
personnel to enter the forest for monitoring work, and there are fewer residents near the forest.
This is mainly because mountainous terrain often has complex terrain and rugged ground,
which makes the deployment of firefighting personnel and equipment difficult. For example,
ridges and steep slopes can prevent firefighters from reaching areas where fires are spreading
fastest. In addition, the mountainous terrain can also cause the fire to spread faster, because
the fire can travel down the slope quickly. Canyon terrain is often narrow and deep, which can
cause a fire to be compressed into a relatively enclosed space, making the fire more intense
and difficult to control. In addition, the wind direction and speed of the canyon’s terrain can
cause the fire to spread in a particular direction, making it more difficult to fight the fire. Dro-
byshev et al. [33] confirmed this in a study of the Sedney National Wildlife Refuge in eastern
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Michigan. At this point, the benefits of deploying remote monitoring personnel are smaller.
Helicopters should be used in such cases for greater benefit.

5. Conclusion

This article assumes that forest fires can be controlled by remote monitoring, personnel fire-
fighting and helicopter firefighting. Considering that forest fire is very easy to spread, this arti-
cle constructs three differential game models. And the equilibrium results are compared and
analyzed. The study of this article shows that the stronger the wind, the more residents need to
flee. However, strong winds are not conducive to crews and helicopters fighting the fire.
Rather than fighting fires, residents are more inclined to detect forest fires in time through
remote monitoring. When the personnel can effectively control the fire, the personnel fire
extinguishing mode is preferentially selected. Otherwise, helicopter firefighting mode should
be selected.

The study of this article can also be extended to some extent. For example, this article only
considers the situation that there are more residents near the forest, the decision-making of
the government and residents is constantly changing, and the country has a high level of eco-
nomic development. In future studies, relevant issues can be studied when residents are far
away from the forest, residents make decisions according to government instructions, and the
state must accept assistance. In addition, the research of this article is not only applicable to
the problem of forest fire suppression, but also has certain reference significance for forest
pests, forest floods and other related problems.

Supporting information

S1 File.
(DOCX)

Author Contributions
Conceptualization: Yuntao Bai.
Data curation: Yuntao Bai.
Formal analysis: Yuntao Bai.
Funding acquisition: Lan Wang.
Investigation: Lan Wang.
Methodology: Lan Wang.

Software: Xiaolong Yuan.

References

1. Food and Agricultural Organization. Global Forest Resources Assessment 2020—Key Findings; Food
and Agricultural Organization: Rome, Italy, 2020.

2. LappanS., Sibarani M., O'Brien T. G., Nurcahyo A., Andayani N., Rustiati E. L., et al. (2021). Long-term
effects of forest fire on habitat use by siamangs in southern sumatra. Anim. Conserv. 24, 355-366.

3. BakerA. G, Catterall C., Benkendorff K. (2021). Invading rain forest pioneers initiate positive fire sup-
pression feedbacks that reinforce shifts from open to closed forest in eastern australia. J. Veg. Sci. 32

(6)-
4. Lopez-Vicente M., Kramer H., Keesstra S. (2021). Effectiveness of soil erosion barriers to reduce sedi-

ment connectivity at small basin scale in a fire-affected forest. J. Environ. Manage. 278,111510.
https://doi.org/10.1016/j.jenvman.2020.111510 PMID: 33120091

PLOS ONE | https://doi.org/10.1371/journal.pone.0289727  August 10, 2023 19/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289727.s001
https://doi.org/10.1016/j.jenvman.2020.111510
http://www.ncbi.nlm.nih.gov/pubmed/33120091
https://doi.org/10.1371/journal.pone.0289727

PLOS ONE

Control forest fires

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

Chen J., Di X.(2015). Forest fire prevention management legal regime between china and the united
states. J. Forestry Res. 26, 9.

Xanthopoulos G., Athanasiou M., Nikiforaki A., Kaoukis K., Mantakas G., Xanthopoulos P., et al.
(2022). Innovative action for forest fire prevention in kythira island, greece, through mobilization and
cooperation of the population: methodology and challenges. Sustainability, 14.

Gutierrez A. G., Armesto J. J., Diaz M. F. and Huth A. (2014). Increased drought impacts on temperate

rainforests from southern south america: results of a process-based, dynamic forest model. Plos One
9, e103226. https://doi.org/10.1371/journal.pone.0103226 PMID: 25068869

Guo F., Selvalakshmi S., Lin F, Wang G., Wang W., Su Z., et al. (2016). Geospatial information on geo-
graphical and human factors improved anthropogenic fire occurrence modeling in the Chinese boreal
forest. Can. J. forest res. 46, 582-594.

Farinha J., Cunha L., Dimuccio L. A. (2022). Exploratory spatial analysis of social vulnerability and for-
est fire risk in the pinhal interior sul (central portugal). Sustainability, 14.

Tan Z.D., Carrasco L. R., Taylor D. (2021). Spatial correlates of forest and land fires in indonesia. Int. J.
Wildland Fire 29, 1088—1099.

Wang S., Li H., Niu S. (2021). Empirical research on climate warming risks for forest fires: a case study
of grade i forest fire danger zone, sichuan province, china. Sustainability, 13(14), 7773.

Kwon S., Kim S., Kim J., Kang W., Girona M. M. (2021). Predicting post-fire tree mortality in a temperate
pine forest, korea. Sustainability, 13, 569.

Miranda J., Silva R., Juvanhol R. S. (2022). Forest fire action on vegetation from the perspective of trend
analysis in future climate change scenarios for a brazilian savanna region. Ecol. Eng. 175, 106488.

Hampton T. B., Basu N. B. (2022). A novel budyko-based approach to quantify post-forest-fire stream-
flow response and recovery timescales. J. Hydrol. 608, 127685.

Vela A. V., Herdies D., Alvim D., Fernandez J. (2021). A new predictive framework for amazon forest
fire smoke dispersion over south america. B. Am. Meteorol. Soc. 102, 1-43.

Vigna I., Besana A., Comino E., Pezzoli A. (2021). Application of the socio-ecological system framework
to forest fire risk management: a systematic literature review. Sustainability, 13,2121.

Qiang X. Zhou G., Chen A., Zhang X., Zhang W. (2021). Forest fire smoke detection under complex
backgrounds using TRPCA and TSVB. Int. J. Wildland Fire 30, 329-350.

Vinodhini V., Kumar M., Sankar S., Pandey D., Pandey B. K., & Nassa V. K. (2022). lot-based early for-
est fire detection using mlp and aroc method. Int. J. Global Warm. 27, 55-70.

HuY., ZhanJ., Zhou G., Chen A, Cai W., Guo K., et al. (2022). Fast forest fire smoke detection using
mvmnet. Knowl-based syst. 241, 108219.

Pennypacker C. R., Jakubowski M. K., Kelly M., Lampton M., Schmidt C., Stephens S., et al. (2013).
Fuego—fire urgency estimator in geosynchronous orbit—a proposed early-warning fire detection sys-
tem. Remote Sens. 5,5173-5192.

Wu Z., LiM., Wang B., Quan Y., & Liu J. (2021). Using artificial intelligence to estimate the probability of
forest fires in heilongjiang, northeast china. Remote Sens. 13, 1813.

Chen Y. (2021). A spatio-temporal brightness temperature prediction method for forest fire detection
with modis data: a case study in san diego. Remote Sens. 13.

Stephenson S. L., Novozhilov Y. K. (2022). Coprophilous myxomycetes associated with herbivore dung
in the northern rocky mountains. Sydowia 74, 175-180.

Marchi E., Neri F., Tesi E., Fabiano F., Montorselli N. B. (2014). Analysis of helicopter activities in forest
fire-fighting. Croat. J. For. Eng. 35, 234-243.

BaiY., Gao Y., LiD., and Liu D. (2022). Coordinated Distribution or Client Introduce? Analysis of Energy
Conservation and Emission Reduction in Canadian Logistics Enterprises. Sustainability, 14, 16979.
Viscolani B., and Zaccour G. (2009). Advertising strategies in a differential game with negative competi-
tor's interference. J. Optim. Theory Appl, 140, 153-170.

Zhu S., Xie K., Cui P. (2021). Dynamic adjustment mechanism and differential game model construction
of mask emergency supply chain cooperation based on covid-19 outbreak. Sustainability, 13, 1115.
Zheng S., Wang W., Liu Z., Wu Z. (2021). Forest farm fire drone monitoring system based on deep
learning and unmanned aerial vehicle imagery. Math. Probl. Eng. 3224164.

Grammalidis N. (2020). A review on early forest fire detection systems using optical remote sensing.
Sensors 20. https://doi.org/10.3390/s20226442 PMID: 33187292

Kumar S. S., Roy D. P., Cochrane M. A., Souza C. M., Barber C. P., and Boschetti L. (2014). A quantita-

tive study of the proximity of satellite detected active fires to roads and rivers in the brazilian tropical
moist forest biome. Int J Wildland Fire, 23.

PLOS ONE | https://doi.org/10.1371/journal.pone.0289727  August 10, 2023 20/21


https://doi.org/10.1371/journal.pone.0103226
http://www.ncbi.nlm.nih.gov/pubmed/25068869
https://doi.org/10.3390/s20226442
http://www.ncbi.nlm.nih.gov/pubmed/33187292
https://doi.org/10.1371/journal.pone.0289727

PLOS ONE Control forest fires

31. Martini A, Léonard F. and Abba G. (2009). Dynamic modelling and stability analysis of model-scale heli-
copters under wind gust. J Intell Robot Syst. 54, 647—686.

32. Sakellariou S., Sfougaris A., Christopoulou O. (2021). Review of geoinformatics-based forest fire man-
agement tools for integrated fire analysis. Pol. J. Environ. Stud. 30, 5423-5434.

33. Drobyshev I., Goebel P. C., Bergeron Y., and Corace R. G. (2012). Detecting changes in climate forcing
on the fire regime of a north american mixed-pine forest: a case study of seney national wildlife refuge,
upper michigan. Dendrochronologia 30, 137-145.

PLOS ONE | https://doi.org/10.1371/journal.pone.0289727  August 10, 2023 21/21


https://doi.org/10.1371/journal.pone.0289727

