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Abstract: Wildfires are a significant worldwide problem. In Russia alone, they caused about 150
million euros worth of damage in 2020. Therefore the development of solutions to control forest
fires is particularly important. In this paper, we have proposed a Depth-To-Water index-based so-
lution to find the optimal location of fire ponds and access roads to them. We created digital Depth-
To-Water maps in a geographic information system for two datasets: in Lohusuu, Estonia, and Pod-
porozhye, Russia. Potential fire ponds were derived using a mixed-integer programming model
with spatial Depth-To-Water data based on one fire pond of 100 m?® per forest compartment. We
generated access routes for firefighting vehicles to ponds using a mixed-integer programming
model, taking into account the existing road network. The results obtained in combination with the
known compartments' fire hazard classes allow both to reduce potential losses from wildfires and
to ensure compliance with the requirements of existing Government regulations.

Keywords: wildfires; depth-to-water index; mixed integer programming; fire ponds; optimisation

1. Introduction

Forest fires are a significant worldwide problem, causing significant environmental
and financial damage. According to the Court of Auditors report [1], wildfires in Russia
alone for five years caused more than 1 billion euros damage. An increase of anthropo-
genic impact on dendrocenoses and gradual climate warming entails losses of old-growth
stands due to wildfires [2]. Therefore, the development of solutions to control forest fires
is particularly important.

P. Bettinger, in the review [3], describes works from the 1970s through 2010 on incor-
porating wildfires into mathematical models of forest management. Rodriguez-Veiga et
al. [4,5] developed mathematical models to allocate refuelling points for firefighting heli-
copters. The first is the multi-objective model, emphasising water download and integer
linear programming model for allocation of resources in different periods during the
planning period. Huang [6], Zhou [7], Chevailer [8], Tjurin [9] work on optimal placement
of firefighting infrastructure in terms of optimal distances, time of arrival to the fire, or
optimal use of resources. Sednev [10] proposes to arrange fire ponds in a chain with a
pitch of 100 m with a slight overlap. Holusa et al. [11] developed a distance-based model
developed for calculating optimal shuttle transport of water and the use of different types
of water supply points for the Czech Republic.

In this paper, we propose to optimize the allocation of fire ponds for protection
against wildfires by applying the DTW index. DTW is a soil moisture index based on the
assumption that soils closer to surface water, in terms of distance and elevation, are more
likely to be saturated [12,13]. The hypothesis is to apply the DTW index to better plan the
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layout of fire ponds and access roads to them. Different approaches can be used to solve
the problem; in this paper, we propose creating a fire pond with the attraction to drier
areas. Wildfires are more likely to break out on dry plots. Therefore, it is suggested to
place a fire pond on the drier territory, which will serve as a drain or source of water for
firefighting. To implement this approach, a coefficient based on the DTW index was in-
cluded in the objective function.

The proposed approach was tested on two datasets (Podporozhye, Russia and Lohu-
suu, Estonia) with 625 and 150 km?, respectively.

2. Materials and Methods

Within two areas of interest classified as forests [14-16], regular networks with a
square side equal to 200-400 m were created. The centroid cells of the regular network
were considered as potential locations of artificial fire ponds. The points were assigned a
value of the construction cost of the artificial fire pond and the DTW index value. To op-
timize access roads layout, potential road network graphs were created. A description of
the methodology for creating input data for mathematical models is included in the used
datasets' descriptions.

2.1. MIP mathematical model for fire ponds’ layout optimisation

The objective function (1) is to minimize costs, consisting of the cost of construction
of fire ponds, the penalties for the distance of the built fire pond from the existing road
network, minus the incentives for construction of fire ponds in areas with a higher value
of the index DTW. Constraints (2) allow only one fire pond per block. Constraints (3) pro-
hibit fire ponds that are less than the minimum allowable distance from each other.

Objective function:

vFP,.-pC, + Z vFP,. - pRoadD, - pPdist — Z vFP, . - pldtw, - pPdtw - min 1)
v,c

v,c

Table 1. Indices and sets

Set Index Description
sV v,v_i,v_j Graph vertices (fire ponds’ potential locations)
sC Compartments

Table 2. Parameters

Parameter Description
pX, Coordinate X of the vertex v
pY, Coordinate Yof the vertex v
pC, The construction cost of the artificial fire pond in the vertex v, euro
pDy iy ; Distance from the vertex v_i to the vertex v_j, km
pldtw, DTW index for the vertex v, m/m
pPdtw DTW incentive, euro
pMdist Min allowable distance between two fire ponds, km
. 1, if distance from the vertex v_i to the vertex v_j less than pMdist,, ;,, ;
pFdist, ;, ; ) L j
0, otherwise
pPdist Penalty for distance, euro/m
pRoadD, Distance from the vertex v to the closest existing road, km
1, if vertex v is located in compartment ¢
PMyc

0, otherwise

Table 3. Variables
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Variable

Description

vFP, .

1, if fire pond is built in vertex v located in compartment ¢
0, otherwise

Table 4. Variables properties

Variable

Lower bound Upper bound Index domain

vFP, .

binary 0 1 pM,. =1

v_i,v_j|pEA

Constraints:

Z VFP,, =1 2)

4

z VFPV_L',C + 2 2 UFPU_]"C <=1 (3)

c v_j| pFdisty iy j=1 ¢

2.2. LP mathematical model for fire ponds access routes layout optimisation

The model's objective function (4) is to minimize access routes to fire ponds construc-
tion costs. The equation (5) is a transshipment constraint where for each vertex, the sum
of incoming and outcoming flows is equal to 0. Herewith, to model accessibility and take
into account the corresponding costs, the following parameters are used: 1 for the vertex
representing the constructed fire pond, -1 for the graph exit vertex, 0 for all other vertices.
As a result of the mathematical model II solution, the network of access routes to fire
ponds was developed.

Model II computations were performed using the author's iterative heuristic algo-
rithm based on the Anderson & Nelson algorithm [17]. The model found a minimum cost
road network connecting one fire pond and graph exit vertex at each step of the algorithm.
The graph edges for which vFP, j, ; =1 was true were equated to 1 euro/km cost con-
struction, which was passed to the next step of the algorithm. The number of algorithm
steps is equal to the number of planned fire ponds of the model I. The order in which the
fire ponds were enumerated was according to the increasing distance from the fire ponds
to the existing road network.

Objective function:

VFPy iy ¢ pLenv_i,v_j -pCC vivj min @)
1

v_iv o

Table 5. Indices and sets

Set Index

Description

sV v, v_i,v_j

Graph vertices

Table 6. Indices and subsets

Subset

Index Subset of Description

ssP

p sV Graph vertices with fire ponds

ssQ

q sV Graph exit vertex
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Table 7. Parameters

Parameter Description
pCCy iy j The construction cost of the edge from the vertex v_i to the vertex v_j, euro/km
plen, i, ; Length of the edge from the vertex v_i to the vertex v_j, km
pEA 1, if the edge from the vertex v_i to the vertex v_j is a part of the feasible region
v 0, otherwise
1, if the vertex v is a part of the feasible region
PEN, .
0, otherwise
11 v € ssP
pFB, 0l v € sVand v¢ ssP and vé¢ ssQ
11 v € ssQ
Table 8. Variables
Variable Description
VFP. . 1, if the edge from the vertex v_i to the vertex v_j is a part of the solution
vy 0, otherwise
Table 9. Variables properties
Variable Type Lower bound Upper bound Index domain
VFP, iy j continuous 0 1 pCC, iy ;> 0and pEA, ;, ;=1
Constraints:
Z vF Pv]nw + pFB,, = Z vF P,,i,,,j (5)
vj vj

The calculations for each of the two models were performed on a MSI GT72VR 7RE
laptop using the AIMMS Community Edition License with solver CBC 2.9.

3. Results

DTW maps were obtained for each dataset, as well as optimal fire ponds allocation,
and road network layout (Figure 1).

The solution of the model I resulted in a list of vertices where fire ponds are proposed
to be built. The problem was solved twice: with and without DTW index.

As a result of the model II, the resulting graph of the road network was obtained,
including the existing road network and the edges chosen for the construction of fire
ponds access roads.
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Figure 1. Planned fire ponds: (a) Podporozhye, Russia; (b) Lohusuu, Estonia.

4. Discussion

The practical application of the developed methodology is to overlay the DTW-map
on a known map of fire hazard areas; for example [18], it is possible to obtain both poten-
tial locations for fire ponds and those forest areas where fire ponds are not required.

Ways to further improve the model are:

e Layout planning of more than one fire pond per compartment, taking into account
the normative area of stands provided with fire ponds, and the minimum distance
between fire ponds, depending on the fire hazard class of the compartment;

e  Creation of a fire pond with an attraction to wetter areas;

e  Layout planning of access roads to existing natural water sources for their use as fire
ponds.

5. Conclusions

The developed solution provides potential locations for the fire ponds and access
roads to them, taking into account the index DTW.
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