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The general objective of this thesis is to address the problem of forest fires from a pre-
ventive perspective, mainly motivated by the increase of this phenomenon worldwide and
exacerbated by climate change. The current incidents indicate that preventive policy mea-
sures must be taken to reduce the risk of fire occurrence, managing the land in an effective
way to protect natural forests, agricultural areas, and human lives. However, the problem of
deciding where, when, and how to perform fuel treatments is a very complex problem and
still remains open.

To address this problem, in the first two chapters (Chapter 2 and 3), we will develop a Cell-
based Fire Growth Model, suitable for decision making that includes different sources of fire
uncertainty such as: (1) ignition point(s) selected via a user-defined probability distribution;
(2) a coeflicient of variation (cvgos) capturing the stochastic aspects of Rate of Spread(ROS);
and (3) a set of user-generated weather stream files (scenarios) that can be provided to the
simulator. Using the tools mentioned in the previous paragraph, in Chapter 4 a Decision
Support System (DSS) is developed that integrates fire simulation and fuel treatment decision
making to minimize wildfire losses. We introduce the Downstream-Protection-Value (DPV)
concept, an adaptable metric that ranks units of the landscape via their impact on fire
propagation by modeling a forest as a network and the fire as multiple tree graphs. Our
DPV metric stands out in all experiments, rapidly detecting fire ignition areas, preventing
fire occurrence and decreasing the expected area burned by more than half compared to state-
of-the-art alternatives. We test our methodology using public data of real forest patches from
Alberta and British Columbia provinces, Canada.

In Chapter 5, we provide a device to improve the performance of our simulator by adjusting
its internal input parameters in order to obtain better and more reliable fire scars, through a
robust methodology and easy-and-fast implementation based in Derivative-Free Optimization
Algorithms. Also, we discuss how this approach could be used to develop simulators that
learn from the data provided in real time from an ongoing fire; and also from historical fire
scars.

Finally in Chapter 6, we developed a methodology based on fire risk, to delimit the Wild-
land Urban Interface for Chile. To meet this objective, we first built a Bagged Decision
Tree (BDT) model to quantify the risk of fire occurrence from different variables, grouped
into: Human Activity, Geographic and Topographic, and Land Cover. Subsequently, using
the mathematical elements underlying the BDT models, we determine individual relation-

ships between the risk and the variables considered to address the problem of delineating a
WUI-map.
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El objetivo general de esta tesis es abordar el problema de los incendios forestales desde
una perspectiva preventiva, motivado principalmente por el aumento de este fenémeno en
todo el mundo y exacerbado por el cambio climatico. Los incidentes actuales indican que se
deben tomar medidas preventivas para reducir el riesgo de incendio, gestionando la tierra de
forma efectiva para proteger los bosques naturales, las areas agricolas y las vidas humanas.
Sin embargo, el problema de decidir dénde, cuando y cémo realizar los tratamientos de
combustible forestal es un problema muy complejo y atin permanece abierto.

Para abordar este problema, en los primeros dos capitulos (Capitulo 2 y 3), desarrollare-
mos un modelo propagacion espacial para simular los incendios forestales, adecuado para la
toma de decisiones que incluye diferentes fuentes de incertidumbre tal como: (1) punto(s) de
ignicion aleatorios; (2) un coeficiente de variacion (cvrps) que captura los aspectos estocas-
ticos de la tasa de propagacion (ROS); y (3) un conjunto de escenarios climaticos, los cuales
se pueden proporcionar al simulador para obtener distintas métricas de riesgo.

En el Capitulo 4, se desarrolla un Sistema de Apoyo a la toma de Decisiones (DSS)
que integra la simulacion de incendios y el tratamiento de combustibles para minimizar las
pérdidas por incendios forestales. Introducimos el concepto Downstream-Protection-Value
(DPV), una métrica adaptable que clasifica las unidades del paisaje a través de su impacto
en la propagacion del fuego al modelar un bosque como una red, y la propagaciéon del fuego
como miltiples grafos dirigidos. DPV se destaca en todos los experimentos con respecto
a las alternativas de vanguardia. Probamos nuestra metodologia utilizando datos publicos
forestales reales de las provincias de Alberta y British Columbia, Canada.

En el Capitulo 5, proporcionamos un dispositivo para mejorar el rendimiento de nuestro
simulador ajustando sus parametros de entrada internos para obtener cicatrices de incendio
mejores y mas confiables, a través de una metodologia robusta y una implementacion fécil
y rapida basada en Derivative-Free Optimization algorithms. Ademas, discutimos como este
enfoque podria usarse para desarrollar simuladores que aprendan de los datos proporcionados
en tiempo real de un incendio; y también de cicatrices histéricas de incendios.

Finalmente en el Capitulo 6, desarrollamos una metodologia basada en el riesgo de in-
cendio, para delimitar la Inferfaz urbano-rural para Chile. Para cumplir con este objetivo,
primero creamos un Bagged Decision Tree (BDT) model para cuantificar el riesgo de ocurren-
cia de incendios a partir de diferentes variables, agrupadas en: Actividad humana, geografica
y topografica, y cobertura del suelo. Posteriormente, utilizando los elementos mateméaticos
subyacentes a los modelos BDT, determinamos las relaciones individuales entre el riesgo y
las variables consideradas para abordar el problema de delinear un mapa WUI.
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Chapter 1

(zeneral Introduction

The relationship between increased fires and climate change intensifies the need for a paradigm
shift in our relationship with forest fires ( ) ). From the view that forest fires
are an inevitable and natural process, how do we mitigate social and ecological damage?
Should we focus our efforts on suppression? Or should we take preventive measures? or
both, in a combined effort? Looking at recent world events, everything indicates that mea-
sures must be taken beforehand. From the point of view of prevention policies, we could take

different measures, such as reducing the risk of fire — see for example ( , )
— as well as helping in the management of fuel in the Urban-Forest Interface (WUI) and/or
in large areas of forest ( ) ).

One way to mitigate the uncontrolled effect of fires and at the same time protect our
communities and natural resources is through forest fuel management. Activities such as
cutting and cleaning wood, prescribed burns, commercial harvesting and thinning can pro-
mote the reduction of the danger of fire ( , ; , ). In addition,
these actions could also benefit the diversity of species ( , ), improve the
health of the forest ecosystem and help in the extinction of fires, among many others benefits
( , ; , ; , ). However, land planners
continually face difficult questions as what, where, when and how to act ( , ).

In practice, for a given planning horizon, depending on the state of the forest, the planners
decide where to locate a treatment. The condition of the forest depends on the previous efforts
of the land managers (from the previous year for example) and possible modifications of the
vegetation cover due to the fires. Now, where and when the fires will occur and what will
be the severity, these are stochastic concatenated events. Therefore, the question we can
alm to answer is in expected terms: what are the best decisions so that the loss due to fires
is minimal? However, regardless of who or how we make the decisions, can we test their
effectiveness in the newly exposed framework?.

In this thesis, we address the problem of locating harvest decisions under fire risk, so that
these actions minimize the damage of possible future fires. The studies and tools incorpo-
rating fire risk into the selection of an spatially explicit optimal plan are still insufficiently
addressed, mainly because they: i) usually deal with very simple forest landscapes, or ii)



they are based on the simulation of a limited number of fires to adjust the fire risk during
the planning period, or iii) they use simplified fire spread simulators that do not allow run-
ning multiple simulations over large landscapes, among others. — see ( )

(2009); (2010); (2011)

Given this context, in Chapter 2 we develop a fire growth simulator suitable for this
purpose, using a modeling of fire behavior that includes the most important variables of a
landscape: topography, forest fuel and climate. In this study we rely on the Canadian Fire
Behavior Prediction (FBP) System. However, we are currently extending our tools to manage
forests in Chile and Spain.

Subsequently, in Chapter 3, we incorporate three sources of uncertainty to develop an
efficient and more realistic fire growth simulator. This extension is also aimed to provide us
with different fire risk metrics, based on the fire behavior from multiple simulations. In par-
ticular, we include stochasticity by: ignition point(s) selected via a user-defined probability
distribution; a perturbation level representing the stochastic aspects of the predicted Rate
of Spread (ROS) of fire, accounting its inherent approximation error as well as allowing the
user to obtain different (and average) fire scars including uncertainty in the fire dynamic;
and a set of user-generated weather stream files (scenarios) with specific probabilities can be
provided to our simulator.

In Chapter 4, we address the problem of evaluating the effectiveness of different metrics
to prioritize the location of harvest decisions. For this, we propose an integrated simulation
and optimization system that reports at the end of the process, the expected loss due to fires
in each period of our planning horizon. In addition, the system could evaluate any empirical
decision, for example, a “myopic” decision maker that does not take fire risk into account.
Our methodology proposes a friendly framework with projections to be applicable to real
situations. Comparisons for different levels of demand are made in order to show the mean
as well as the standard deviation for each criterion.

In Chapter 5, not far from the topics of the first three chapters, we propose a new method-
ology to improve the performance of forest fire simulators. In practical applications, it is
common that wildfire simulators do not correctly predict the evolution of the fire scar. This
is due to multiple factors including inaccuracy in the input data such as land cover clas-
sification, moisture, improperly represented local winds, among many others. We address
this problem using Derivative-Free Optimization (DFO) algorithms for adjusting the Rate of
Spread (ROS) factors. To achieve this, we solve an error minimization optimization prob-
lem that captures the difference between the simulated and observed fire, which involves the
evaluation of the simulator output in each iteration as part of a DFO framework, allowing
us to find the best possible factors for each fuel present on the landscape.

Finally in Chapter 6, we develop a methodology based on fire risk, to delimit the Wildland
Urban Interface for Chile. To meet this objective, we first built a Bagged Decision Tree
(BDT) model to quantify the risk of fire occurrence from different variables, grouped into:
Human Activity, Geographic and Topographic, and Land Cover. Subsequently, using the
mathematical elements underlying the BDT models, we determine thresholds to map the
WUI at national and subnational scales, based on historical fire occurrence data. We finish
this chapter, presenting a first WUI-map for Chile.
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Abstract

Cell2Fire is a new cell-based forest and wildland landscape fire growth simulator that is
open-source and exploits parallelism to support the modelling of fire growth cross large
spatial and temporal scales in a timely manner. The fire environment is characterized by
partitioning the landscape into a large number of cells each of which has specified fuel,
weather, fuel moisture and topography attributes. Fire spread within each cell is assumed
to be elliptical and governed by spread rates predicted by a fire spread model such as the
Canadian Forest Fire Behavior Prediction (FBP) System. The simulator includes powerful
statistical and graphical output and spatial analysis features to facilitate the display and
analysis of projected fire growth.

In this chapter, we validated Cell2Fire by using it to predict the growth of real and
realistic hypothetical fires, comparing our fire growth predictions with those produced by
the state-of-the-art Prometheus fire growth simulator. Cell2Fire is structured to facilitate its
use for predicting the growth of individual fires or embedding it in landscape management
simulation models. It can be used to produce probabilistic fire scar predictions by allowing
for uncertainty concerning the basic spread rate predictions and uncertain weather scenarios
that might drive their growth.

2.1 Introduction

The effects of global warming on temperature, precipitation levels, soil moisture and other
forest and wildland fire regime drivers have increased and are expected to continue to in-
crease both the number of and area burned by wildfires around the globe ( , ).
Wildfires have burned large areas and important infrastructure, thousands of homes and
forest resources have been destroyed and many lives have been lost in recent years. Recent
examples include catastrophic incidents in the United States, Canada, Chile, Portugal and
southwestern Australia in the years 2016-2018. That has also resulted in increases in ex-
penditures by forest and wildland fire management agencies (see, e.g., ,

). Despite concerted efforts, wildfire growth remains a complex and very difficult to
model process.

Two of the most important characteristics of a wildfire are its rate of spread (ROS) and
intensity which are influenced by fuel type, fuel moisture, wind velocity, and slope. The
Canadian Forest Fire Behavior Prediction (FBP) System includes empirical fire spread rate
models that can be used to predict the rate of spread and the intensity of wildfires based on
weather, fuel moisture, time of year and topographical variables for specified fuel types; e.g.,
for individual grid cells that contain homogeneous fuel types ( , ).

However, the FBP System alone cannot be used to predict how a fire will grow across

a heterogeneous landscape/grid over time. Spatial fire growth models like Prometheus, a
deterministic fire growth simulator, are designed to use FBP spread rates to do so (

, ). Prometheus is a vector-based fire growth simulation model that is based on
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an adaptation of Huygens’ principle of wave propagation, i.e., the propagation of the fire
front is modelled in a fashion similar to a wave, shifting and moving forward continuously in
time and space. It uses spatially explicit fire environment input data concerning topography
(slope, aspect and elevation) and FBP fuel types along with a weather stream and fire danger
rating codes and indices,

FARSITE ( ) is another widely used fire growth simulator. It is based on the
U.S. Forest Service’s BEHAVE fire behavior prediction system and is also a vector-based
Huygens’ type model. A review of twenty-three simulators that can be used to predict forest
fire growth can be found in ( ). The two models found to
best simulate historical fires were FARSITE in the United States and Prometheus in Canada.

Recent years have witnessed growing interest in the development of detailed cell-based de-
terministic/stochastic fire simulators and some of the modelling assumptions that have been
adopted include, for example the use of memoryless distributions (Markovian processes) to
model the fire spread dynamics ( , ), homogeneous forests (cells’” charac-
teristics are identical), reductions in the number of adjacent cells to which a fire can spread
(e.g., from 8 to 6 or 4), no spotting, and no stochasticity is included.

Our goal was to include many realistic aspects of fire behaviour in Cell2Fire — an open-
source (https://github.com/cell2fire/Cell2Fire) cell-based fire growth simulator, with
a view to achieving high computational performance via parallelism when simulating large-
scale fire instances to provide valuable insight to inform both fire and forest management.
We therefore use both real and realistic hypothetical fire instances to validate our simulator
and assess its computational performance.

FireSmart ( , ) forest and fuel management calls for landscape manage-
ment and fire growth simulation models that have well-structured interfaces that facilitate
the exchange of data between them to inform the iterative re-planning that takes place when
strategic plans are modified in response to what fires materialize and what areas actually
burn over long planning horizons.

( ) demonstrated the importance of integrating fire management with
strategic forest management planning models to develop and evaluate FireSmart forest man-
agement plans. Although stand-alone fire growth models can be used to evaluate specified
forest and fuel management plans, the fire growth simulators described above were designed
to simulate fire growth and cannot readily be incorporated strategic planning frameworks
that can be used to develop good or optimal strategic FireSmart landscape management
plans.

Cell2Fire is designed specifically for use in a fuel-management framework with the intent
of mitigating the detrimental impact of large fires efficiently. Cell2Fire can therefore be used
as a pure simulation tool to model the growth of specific fires over a short time frame and/or
embedded in a landscape management framework to evaluate fuel-management strategies or
linked with optimization software to develop “optimal” fuel management strategies over long
planning horizons.

The primary objective of our research was to develop an efficient and realistic fire growth


https://github.com/cell2fire/Cell2Fire

simulator that enables simulation of the dynamics of fire growth across a grid representation
of a real or hypothetical forest using cell attributes such as fuel type, elevation and weather,
given an ignition point or initial fire perimeter, to inform FireSmart forest management. Our
ultimate goal is to develop a tractable methodology that can be used to generate realistic
spatial fire scar scenarios that can be used to support fuel management and harvesting
planning.

The chapter is organized as follows: In section 2, the two main fire growth simulation
paradigms are described and a review of state-of-the-art simulators is included. Section
3 describes the Cell2Fire simulator structure, the main simulation steps, the fire growth
dynamics model and the computational implementation. The results of a case study based
on a real forest landscape in Canada and several test instances that were used to validate the
simulator output and compare its computational performance with state-of-the-art simulators
are discussed in section 4. Finally, section 5 contains our conclusions and thoughts concerning
future research needs.

2.2 Description of fire growth dynamics

The two methods that have most often been used to simulate fire spread rates and fire
growth across heterogeneous landscapes are the wave propagation approach and the cel-
lular automata approach. We therefore begin by providing a brief overview of those two
approaches.

2.2.1 Wayve-propagation model: Huygens

Huygens considered every point on a wavefront of light as a source of individual wavelets and
described the new wavefront as the surface tangential to the circumferences of the secondary
waves. The use of Huygens’ principle to simulate fire growth is based on the assumption that
the shape of a fire can be represented by a polygon, a plane figure composed of a sequence of
straight-line segments forming a closed path, whose vertices are a tangential envelope of the
elliptical “firelets”. Huygens’ principle was first applied to the simulation of fire spread by
( ). ( ) later developed a simple elliptical
model based on Huygens’ principle of wave propagation to simulate the spread of grass fires.
( ) then extended the Anderson et al (1982) model by deriving a set of partial
differential equations to model the growth of fires across a heterogeneous landscape.

Both the FARSITE ( : ) and Prometheus models use ( ) partial
differential equations to propagate each vertex on a fire’s perimeter. However, the models
differ in the fire danger rating system components and fuel models used to model fire spread
rates. FARSITE uses the US National Fire Danger Rating System and fire behavior pre-
diction fuel models developed by ( ) and extended by ( ) and

( ), whereas Prometheus uses the Canadian Forest Fire Danger Rating
System.



2.2.2 Cell-based fire growth models

Cellular automata models that employ a raster-grid of square or hexagonal cells, are widely
used to model wildfire spread. Fuel and terrain conditions are usually assumed to be ho-
mogeneous within each cell in order to simplify basic fire spread rate calculations. The fire
propagates through the grid-cells basis, typically from a cell’s center to the center of an adja-
cent cell. Each ignited cell behaves as an ignition source that is independent of any adjacent
burning cells. To spread the fire from one cell to another, a search mechanism such as an
adjacency or spread template is required.

( ) developed the first computer simulation model to spatially
simulate the growth of a small fire. Their model was based on a heterogeneous and discontin-
uous fuel-type grid but did not account for the effects of terrain and wind. This deterministic
model predicted how long it would take a fire to burn through one square area or cell within a
fuel grid when the location of the fire, the starting time, and the grid resolution were known.
Travel times were calculated using fixed rates of spread (based on the fuel type and the
spread index for the day) and fixed spread directions from the burning cell. Later,

( ) developed a method for using directional rates of spread to predict fire growth.
They also rewrote the original model for use on what was then a large computer to simulate
fires of up to 15,000 ha. in size.

( ) calculated average directional rates of spread using the equation:

a(l—e?)
—, 270° 90°
ROS(¢) = 1—e-cosd’ <@ <907,
a(l—e?), 90°< ¢ < 270°,

(2.1)

where a and b are major axes, the quotient ¢/a is the eccentricity e and ¢ is the focal angle.

( ) then further modified this model to accommodate variation hourly wind
conditions. ( ) adapted the ( ) model to create an eight-point
symmetric fire growth model called Wildfire, which incorporates FBP System spread rates.
The features and functionalities of the Wildfire model were assessed and considered during
the design of the Prometheus model ( : ).

( ) developed a stochastic model of fire spread using a lattice Markov
chain model, in which they associated probabilistic transition functions with each cell. Each
of these cells interacts with its four nearest neighbors and a cell transitions from unburned
to burning depending on the state of the neighboring cells. The use of a simplified cellular
automata model describing the dynamics of fire spread on a heterogeneous landscape ac-
counting for weather factors (wind speed and direction) as well as the type and density of
vegetation was used to successfully model the Spetses Island fire, Greece was after tuning
the main parameters of the simulator ( : ).

Recently, a fire growth simulator ( , ) was released with the goal of assisting
civil protection and fire management agencies. In order to provide short term forecasts of
how the fire will grow, they based their simulator on models of wind field progression. The
fire growth model uses the level set technique (see ( ) and the
( ) fire behavior model.) The goal of our study, in contrast, is to not to support large fire

7



management operations but rather to inform strategic harvest planning and fuel management.
We are interested in producing final fire scars that are reasonable. To do that, we need to
have a reasonable evolution of the fire, but approximations with respect to minute-by-minute
status are acceptable in the interest of computational efficiency because many scars may
need to be generated to explore methods for strategic timber harvest scheduling and forest
management planning or to validate the use of simpler methods for creating fire scar scenarios
such as, e.g., ( ).

2.2.3 Canadian Fuel Behavior Prediction System: FBP

The Canadian FBP System is a set of empirical models that can be used to predict fire
spread rate, fuel consumption and fire intensity in homogeneous fuel types as functions of
fuel type, fuel moisture and current weather expressed in terms of the Canadian Forest Fire
Weather Index System (FWI) codes and indices ( : ). It includes fuel
models that are used to classify forest types into 17 fuel types that collectively represent
most of the major forest cover types in Canada. Figure 2.1 is based on a figure in

( ) and shows the main inputs and outputs of the FBP System.
FBP System FFMC, IS, BUI, Slope, upslope Elevation Elapsed time,
Fuel Type Wind direction lat/lon, date point of ignition
FOLIAR TYPE AND
FUELS WEATHER TOPOGRAPHY MOISTURE DURATION OF
CONTENT PREDICTION

CANADIAN FOREST FIRE
BEHAVIOR PREDICTION

(FBP) SYSTEM
PRIMARY SECONDARY
OUTPUTS OUTPUTS
Rate of Spread Head, Flank, and Back
Fuel Consumption Fire Spread distances.
Head Fire intensity Elliptical Area and
Fire type Perimeter

Figure 2.1: A conceptual diagram of the Canadian Forest Fire Behaviour Predic-
tion (FBP) System.

2.3 Cell2Fire growth simulator

2.3.1 Description

Cell2Fire is an open-source cell-based fire growth simulator developed in Python and C++
for use on laptop or desktop computers as well as on High-Performance Computer (HPC)
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systems. It allows a user to simulate fire growth across a grid that represents a real forest
landscape using fire environment variables such as the fuel type, elevation (topographic/ter-
rain components) of each cell, fire ignition points and weather.

A forest landscape is mapped into a rectangular region comprised of n rows and m columns
partitioned into a series of identical area square cells to produce a grid where the cell size
depends on the desired spatial resolution that will of course, be influenced by the spatial
scale for which cell attribute data is available. Each cell represents a specific portion of the
landscape and has two information layers that pertain to its topographic and fuel character-
istics. Those layers define the characteristics of each independent cell, allowing the simulator
to treat them as individual objects that can interact with other cells on the forest landscape
to model fire growth.

Algorithmically, Cell2Fire simulates the growth of fire by tracking the state of all cells as
the model progresses through discrete equally-spaced time steps. The status of the fire and
all the cells on the landscape are updated at the end of every time step and smaller time
steps lead to better fire growth precision.

A cell can be in one of five states: “Awailable”, “Burning” , “Burned”, “Harvested”, or
“Non-Fuel” where the label “Available” indicates that the cell contains a flammable fuel type;
“Burning” represents that the cell contains an active fire, “Burned” indicates that the fire
has passed through the cell; “Non-Fuel” is a non-flammable fuel type such as rivers, lakes, or
rocky. The state “Harvest” is provided so that the simulator can be embedded in a strategic
harvest planning system. The harvest planning module would be responsible for labeling the
cells that are harvested and provide the appropriate post-harvest fuel type.

Once an ignition point has been specified, the fire is ignited. During each time step
the fire may spread along the axes emanating from the centre of each burning cell to its
neighboring cells. The predicted FBP system Head Rate of Spread (HROS), Flank Rate of
Spread (FROS) and Back Rate of Spread (BROS) are used to model elliptical fire growth
within each cell with the focus of the ellipse at or near the center of the cell (see this process
described in more detail in 2.3.7). The geometry of the ellipse is then used to predict the fire
spread rates along the axes emanating from the centre of each cell.

A signal /message is then initiated to any adjacent cells whose center is reached by the
fire. In the present implementation, it is assumed that each cell has at most 8 adjacent cells
(see Figure 2.2) because the grid is assumed to be rectangular. These are the only neighbors
considered because the simulation time step is assumed to be small enough to ensure that
the fire can not spread beyond adjacent cells in one time step. For the examples we tested
using a 100m by 100m cell size, simulation time steps below one minute resulted in almost
no change in final fire scar compared to one minute. Shorter simulation time steps result in
longer run times for the simulation.

Note that there is also an approximation because the fire enters a cell a from its neighbor
and the neighbor’s cell characteristics are used to model fire spread within that cell until
the fire reaches the center of the destination cell. At that point,the characteristics of the
destination cell take over.



When the fire spreads from the edge of a cell and reaches its center, the cell receives a
message. When the cell receives a message it calculates what its ROS based on its charac-
teristics and the current weather and if that ROS is greater than a user-specified parameter
(which was zero in the experiments reported here), its state is labeled as “Burning”. At this
point, the main Rate of Spread values are calculated by the FBP System module and fire
progress begins to be calculated along with its available axes. Predicted ROS values for each
axis are based on the assumption that fire spreads in the shape of an ellipse in each cell and
the geometry of the ellipse and its orientation are used to predict spread rates along the axes
emanating from the cell as described later in Section 2.3.7.

The fire’s progress is updated at each fire time period by examining the state of all
“Burning” cells. Once no adjacent cells are available or a burn-out criterion (See assumption
(Ab) in 2.3.2) has been satisfied the cell changes its status to “Burned” and is omitted from
the simulation in further steps.

NW N 65°
p NE
11 ; y
“12 13
25°
i
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- 3 ——2>—|—»
16 in s
SW Tg SE

Figure 2.2: Neighbors cells.

This process is repeated until a fire ending event state is reached, i.e., the total number
of fire burning periods or hours have passed or there are no more cells available to burn.

Three different sources of uncertainty can be included in our model to account for the most
important perturbations that can significantly affect the fire growth dynamics: (1) ignition
point(s) selected via a user-defined spatial probability distribution or else simply with equal
probability for each cell, (2) a perturbation level the stochastic aspects of the basic FBP
predicted Rates of Spread via its coefficient of variation, accounting for its inherent approx-
imation error, allowing the user to obtain different fire scars taking into account uncertainty
in the fire spread rates, and (3) a set of user-generated weather stream files (fire weather sce-
narios that can occur with specified probabilities can be provided to Cell2Fire, performing a
series of simulations with different weather scenarios thereby allowing the user to study the
behavior of the fire under different weather conditions for a specified forest/instance.

A series of relevant outputs are generated depending on the user needs: fire evolution
maps (scars) at different time-precision resolutions, burn grids that indicate the final status
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of each cell for statistical analysis as well as fire probability maps if there are probabilistic
inputs, and a simulation log that documents all the interactions between cells and statistics
of the final state of the forest.

Inputs
+ Weather scenario .
- Topography Cell2Fire Outputs
. . Pre-Processin
Land-Cover - « C++Core « Stafistics
+ OMP API Post-Processing + Fire Scars
+ Python wrapper ) |- Probability maps
Cell attributes + Nreplications » Propagation Trees
Spread Model + Interaction with + Network
Rate of Spread i » Fire evolution
« Fire Behavior planning module
Prediction System
- FBP Actions t States
+ User defined
spread model Planning Module
» Heuristic
+ User defined
+ Optimization

Figure 2.3: Simulation framework. (1) Raw data is pre-processed into Cell2Fire’s
format, (2) Cell2Fire calls an independent fire spread model (e.g., FBP), perform-
ing the simulations including harvesting plans provided by the user (if needed),
and (3) finally, outputs are generated and returned to the user.

2.3.2 Modelling assumptions

Based on the previous description description of our model we can summarize the main
simplifying assumptions upon which Cell2Fire is based as follows:

(A1)

(A3)
(A4)

(A5)

The growth of the fire depends on the “Rate of Spread (ROS)” of the fire from a
burning cell towards its neighboring cells. We assume that a cell is ignited when the
fire reaches its center and conditions for burning are met (see A5). Each cell has at
most 8 neighbors.

The Rates of Spread along the 4 principal orthogonal axis (which are functions of the
weather, fuel moisture conditions and characteristics of each cell) are calculated using
the Canadian FBP System. Note that a the main axis of the ellipse that burns in
each cell is aligned in the direction that the wind is blowing (the HROS direction)
for that time step and the BROS is aligned in the opposite direction. The FROS
is perpendicular to the wind direction (the two flanks). Note that other fire spread
models could be used in lieu of the Canadian FBP system, a point we discuss in our
Conclusions section.

Each cell that burns serves as a new source of fire. Fire spread occurs at the cellular
level and cell size depends on the spatial resolution and corresponding data availability.
The effect of fire suppression action is not modelled. It is beyond the scope of this
study and will be addressed in a future research project.

There are two sets of conditions for modeling the termination of fire growth (a fire
ending event) in Cell2Fire: the cellular level and general fire evolution conditions. At a
cellular level, each cell becomes unavailable (burned) for future fire dynamics if (i) the
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ROS along the main available axes is less than some empirical threshold § > 0, (ii) the
cell does not have any adjacent cells that are available to burn, (iii) the residual fuel
available in a cell is not sufficient to support fire spread (implicit in the FBP system),
or (iv) a user-defined head fire intensity (HFI) threshold is provided and the HFT is
below that threshold.

Regarding the general fire dynamic, the total duration of the simulated wildfire event is
determined by (1) maximum number of hours of burning per day — a season-dependent,
constant ( ), or drawn from a probability distribution — and (2) the
total fuel remaining in the forest (available cells).

2.3.3 Cells

Cells that contain the information concerning the structure of the forest as well as the past
and current state of the simulation are the main processing units in Cell2Fire. The main
fields that define the state of a cell 7 € N are the following:

i) Fuel type: following the classification criteria of the FBP System ( ,

), each cell is assigned a specific fuel type (e.g., conifer, grass, non-fuel) represented

by an FBP code. This will be used for selecting the specific fire spread models and

coefficients defined by the FBP System in order to predict the rate of rate of spread
(ROS) in that cell.

ii) Slope: the slope % in terms of the vertical rise over the horizontal run and adjacent

cells, and the upslope direction (radians) have a significant impact on the predicted
ROS.

iii) Elevation: altitude in meters of the current cell with respect to the sea level.

iv) Location: latitude and longitude coordinates are provided with the instance.

~—

v) Status: cells are classified into five different states during the simulation time steps.
Cells that have not been harvested /burned and represent valid fuel types are labeled
as “Awvailable” cells. Cells that are actively burning are classified as “Burning” cells,
updating the fire progress along each of its 8 axes every time-step. When a burned-
out condition (see Section 3.2) is reached, burning cells are turned into “Burned” cells,
meaning that they can no longer contribute to the propagation of the fire across the
forest and can be omitted in further simulation steps. Finally, a cell can be labeled as
“Harvested” or “Non-Fuel” and therefore, not available for the fire spread.

In addition, each cell contains a series of secondary parameters that allow Cell2Fire to
track the evolution of the fire within the forest and change the state of the current simulation
run. The Fire dynamics group includes the fire ignition date and time of each cell, the fire’s
progress along each axis, and the effective ROS(t, ) values (per period and axis angle). The
average age of trees inside the cell, approximate volume of wood /products available, ID label,
perimeter, area, adjacent cells list, and distance to adjacent cells centers can be found in the
Demographic category.

Due to this independent structure, cells can be treated as individual units allowing an
efficient parallel computing approach for each iteration. We can therefore update their status

12



and generate the relevant fire messages to model the fire dynamics of each burning cell in
parallel using independent threads and update the global status of the forest at the end of
each fire time period and thereby obtain significant improvements in execution times (from
hours in serial mode to minutes in parallel mode) when dealing with large fires that have
many simultaneously active cells.

2.3.4 Fire propagation dynamics

As described above, the fire growth model is simple but powerful: every time a cell is ignited
by an adjacent cell it acts as a new source of potential ignition for neighboring cells in the
forest, updating the progress of the fire for each available axis (center-to-center directions).

Following an object-oriented programming paradigm in Python and C++, a series of
classes for the most relevant components of the problem were developed: Forest, Cells,
Weather, Ignitions, FBP System methods and Input/Output formatting. Then, the main
program instantiates the different objects and applies the pertinent methods required to sim-
ulate fire growth. Once the fire instance data has been read and the forest has been initialized
inside the simulator engine, the main simulation steps are as follows:

i) Relevant fire parameters are calculated by performing calls to the FBP System module
to determine the Rate of Spread (ROS) for each available fire spread axis of the burn-
ing cell: based on fuel characteristics, topography, and weather different ROS(t, 6) are
obtained where ¢ is the current fire time period and @ is the angle with respect to the
center of the adjacent cells (0°= East, increasing counter-clockwise) based on the pro-
cedure described in Section 2.3.7. Following a discrete time simulation approach, the
internal simulator clock advances one unit of time — a user-input precision parameter
— and the fire’s progress is updated for each axis.

ii) Fire spread between cells is modeled by using a sending/receiving message approach
(which enables parallelization) based on the computed ROS along each axis. If the fire
reaches the center of a cell during the simulated time step, a message is sent. Checking
environmental and cells characteristics, a the cell begins burning (or not). This is the
core of the simulator and thus, the critical performance bottleneck that comes into play
when simulating fire spread across large lanscapes. However, we designed it to maxi-
mizing the parallel performance of the code, obtaining a large percentage of naturally
parallelizable code, representing around 80% of its structure.

iii) The previous steps are repeated until some specified ending criterion is satisfied: e.g.,
the maximum number of weather periods, the maximum simulation time, and/or some
fire ending event condition. Statistics regarding the status of the forest as well as plots
and other outputs of the fire scar evolution are produced.

Figure 2.4 illustrates a forest with 9 cells in which a fire ignites in cell 4, after a harvesting
period (e.g., years) from which it can spread to other cells or forest stands for two more
fire spread time periods (minutes). If no messages are sent to neighboring cells based on
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the current environmental conditions (burned-out conditions) or the maximum simulation
time for the current fire has stopped growing, go to the time the next fire ignites (randomly
generated or user-provided) or stop the simulation. A general pseudo-code of the simulation
steps can be seen in Algorithm 2.

FPeriods
A
Fire ignites Fire spreads to Fire spreads to
Hu By in cell 4 cells 1 & 7 cells 5 & 8 Ha 1y
1 2 3 1 2 3 12 3 1 2 3 1 2 3
+
T
4 | 5| 6 — 45 6 — 45 6 — 4 | 5 | 6 —> 4 | 5 [ 6
|
v
7 8 9 7 8 9 7 8 9 7 8 9 7 8 9
‘ |
HPeriod Messages are sent  Messages are sent  Cell 2 did not burn, HPeriod
erod, to cells 1,5, & 7 tocells 25 & 8 no more messages. eriode

b Parallel processing » End of FPeriods
Update (Forest status) < Update (Forest status)

Figure 2.4: Simulation scheme: Send/Receive messages structure allows natural
parallelization. Messages are sent when the fire reaches the center of an available
adjacent cell.

We use the following notation to describe the main steps of the simulation Algorithm 2:

N denotes the set of cells in the forest and i € N represents cell i € N .
Adyj (i) denotes the set of available cells that re adjacent to cell i (at most 8).

BurningClells is the set of actively burning cells in the simulation process.

- i —; j indicates that cell 7 “sends a message” to cell j at time ¢

Algorithm 1 Cell2Fire Pseudo-code

1. procedure SiM(ForestData, FTypes, I gnitions, Weather, T Mazx, Options)
2 Step 0: Initialize Cell2Fire

3 Parse inputs, options, read data, initialize objects

4: FPeriod <+ 0,nsim < 0

5: Step 1: Ignition

6: ic < Choice(Ignitions)

7 BurningCells U {ic}

8
9

FPeriod < 1

Step 2: Fire Dynamics (Send-Receive)
10: Let i € BurningCells, if i —pperiod J, where j € Adj(i) :
11: BurningCells U {j}
12: F Period <— F Period + 1, Update Forest, Weather
13: Repeat, until F'Period < TMax
14: Step 3: Results and Outputs generation
15: Generate Grids, Statistics, Output plots

16: end procedure
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2.3.5 Main Inputs

As is the case with other state-of-the-art fire growth simulators, the Cell2Fire model requires
a number of inputs including a minimum set of data layers that define an instance/forest
to start the simulations. The relevant inputs needed to simulate the growth of a fire are as
follows:

i)

ii)

iii)

iv)

Forest raster data: ASCII grid forest files that specify the number of cells in the forest,
their geographical coordinates and information concerning each cell including as its fuel
type, elevation, slope (% and azimuth), degree of curing. Files can be in either .csv or
.asc format. If topographic data is not fully available, default input dummy values for
parameters such as elevation or slope can be provided by the user (null by default).

Fuel type dictionary: Fuel type codes and descriptions that match the Canadian FBP
System fuel types (Table 2.1) are included inside a .csv file. Future implementations
will allow the use of a custom dictionary file that includes fuel types not currently
included in the set of Canadian FBP fuel types.

grid value export value descriptive_name fuel type
1 1 Spruce-Lichen Woodland C-1
2 2 Boreal Spruce C-2
3 3 Mature Jack or Lodgepole Pine C-3

Table 2.1: FBP fuel type dictionary sample. The grid value field refers to the
encoding of the forest inside the ASCII files and the fuel type column contains
its translation into the FBP code.

Ignition points: An optional file that that specifies the cell(s) in which fires are to be
ignited during the simulation, paired with their corresponding ignition time periods.

Weather stream: Hourly weather records for one or more fire weather stations located
near the area of interest that include the date-time, precipitation, temperature, wind
speed /direction, relative humidity, scenario ID, as well as the daily fire danger rating
codes and indices (FFMC, DMC, DC, ISI, BUI, and FWI) of the Canadian Forest
Fire Danger Rating System ( , ), registered by the stations and
equations inside the FBP System module (Table 2.2). Data from the nearest weather
station is used for each cell.

Sample files are included with the distribution of Cell2Fire for the publicly available
Dogrib instance (http://www.firegrowthmodel.ca/prometheus/software_e.php) as well
as simple generated testing instances.

Besides the main input files, a set of options and user-provided parameters for exploiting
all the flexibility of the simulation engine including tuning options (see Section 2.3.7) are
available as secondary inputs when running Cell2Fire.
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Scenario datetime APCP [mm] TMP [C°] RH [%] WS [m/s] WD|°]

JCB 2001-10-16 13:00 0.0 17.7 20 21 225
JCB 2001-10-16 14:00 0.6 16.9 18 25 205
JCB 2001-10-16 15:00 1.2 16.1 20 27 190
JCB 2001-10-16 16:00 10.0 15.8 20 37 232
JCB 2001-10-16 17:00 5.3 13.9 25 43 225
JCB 2001-10-16 18:00 2.1 12.1 35 45 222
JCB 2001-10-16 19:00 0.9 10.6 41 46 241
JCB 2001-10-16 20:00 0.0 11.3 39 18 248

Table 2.2: Extract of an hourly weather stream file. Average precipitation
(APCP), temperature (TMP), relative humidity (RH), wind speed (WS) and wind
direction (WD).

2.3.6 Main Outputs

Once a simulation run has been completed, the following outputs are available:

i) Burn-Grids: Files in which 1s indicate burned cells and Os indicate those that are
available to burn. Useful for statistical comparisons with other simulators as well as to
generate burn probability maps.

ii) Plots: Initial forest state, fire scar evolution, and message sending/receiving can be
visualized by a series of plots (Figure 2.5) generated after the simulation run has been
completed.

20 1 20

154

Km

104

Figure 2.5: Initial forest state (left side) plot example for Dogrib instance. Each
color represents a cell with a specified fuel type, encoded according to the FBP
system. Fire scar evolution example (right side) including burning cells (orange)
and new fire messages directions.

iii) Statistics: Final status of the forest with relevant information regarding the messages,
fire ignition dates, fire evolution (distance per axis and ROS values), average number of
burned /available cells, the average percentage of the forest available for all the tested
scenarios (including multiple ignition points, weathers).
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2.3.7 Rate of Spread from cell to cell

We use the approach proposed by the Canadian FBP System ( ) where
an elliptical distribution scheme is applied. This method does not require the ignition point
or the point of propagation to coincide with either of the two foci of the ellipse, although
the authors indicate that “small differences between the point of ignition and the focus of the
ellipse do not change the results”, i.e., the elliptical propagation shape/size.

- An elliptical fire has a HROS (head), a BROS (backing) and a FROS (flank). Let a, b,
and e be the semi-major, semi-minor, and eccentricity of the ellipse, respectively.

- The FBP system predicts the HROS, the BROS and the length to breadth ratio (LB)
which is 2a/2b or a/b.

- During the first time interval ¢, the fire will spread from its ignition point to the center
of the ellipse and then from the center of the ellipse to the farthest edge of it.

- At time t, we have:

HROS + BROS <

a = 5 : (2.2)
2 x FROS
b= 2Ty (2.3)
2
to expand the ellipse generated by the propagation of fire at time ¢ on the two main
axes.
HROS + BROS
- Noting that LB = % we have FROS = QELB . Therefore, the eccentricity
is:
FROS x t)°
e= |1- ( Xt (2.4)
(HROS 4+ BROS) x t
2
Using these equations and the procedure described in ( ), we can estimate

the Rate of Spread from the center of a cell to the center of any adjacent cell as in equation

(1).

2.3.8 Computational details

We chose C++ for the parallel implementation because the objects we created in Python are
naturally mapped to C++ objects, obtaining at least 15-20x average speedups depending on
the forest characteristics. As previously discussed, our algorithm contains 3 sections during
each time step: (1) checking for new lightning fire ignitions (igniting), (2) updating the
intensity of already-burned cells and analyzing newly burned cells (sending messages), and
(3) marking newly burned cells as burning (receiving messages).

Analyzing Cell2Fire running times, the ignition stage is very quick, with most simulations
only igniting a single time at the first time step of the simulation. The sending-messages
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t = t(is) t' > t(i5) " =t(i)

Figure 2.6: Elliptical Rate of Spread distribution scheme using the ellipses defined
by the Canadian FBP System. At any time ¢, the backfire will be BROS xt behind
the point of ignition and the head fire will be HROS x t ahead of the point of
ignition of the fire, expanding the ellipse. Then, if the fire emitted by cell i reaches
the center of an adjacent cell j at time ¢(j), a new ellipse is generated at time
t' > t(j), calculating the corresponding rate of spreads, and so on.

stage updates the fire progress in every burning cell. Because we can have a large number
of cells burning at once and there are no direct dependencies on neighboring cells, this part
is easily parallelizable. Each cell, in addition to updating its current status, can also “send
a burning message” to an adjacent cell. In the receiving messages stage, we analyze the
“burn messages” sent to non-burning cells and mark them as burned if the conditions are
met. This part is also potentially parallelizable, but because the number of newly burned
cells at a single time-step is dwarfed by the number of currently burning cells, we found that
a speedup here is of lower priority.

Due to the easily parallelizable structure of our code, the most suitable approach for par-
allelizing its execution consists of a shared-memory approach using the well-known OpenMP
API ( : ). This is an advantage of Cell2Fire since the code will be also
optimized for its execution in daily-use computers, without needing a multi-node architecture
for exploiting its parallelism. Using it, we were able to obtain an average of 15%-20% extra
performance for the parallel region.

2.4 Results and Discussion

In this section, we compare the predicted burn scars produced Cell2Fire and Prometheus for
several instances created for this purpose as described in Section 2.4.2. We did not compare
either simulator with the realized fire scars in our study because it is difficult to determine
the extent to which the final shape of real fires that were fought was or was not influenced
by suppression action.
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2.4.1 Comparison Methodology

The comparison methodology we used consists of measuring the difference between fire scars
generated by Prometheus and Cell2Fire simulations using three metrics. The simplest and
most widely used full-reference quality metric is the mean squared error (MSE), which ob-
jectively quantifies the strength of the error signal. However, two distorted images with the
same MSE may have very different types of errors, some of which are much more visible
than others. Thus, as we are interested not only in the difference of the marks but also in
structural information, we use a measure of similarity suggested in ( ) and
denoted by SSIM (structural similarity index). Finally, we also include the Frobenius norm
of the difference between two scars X, Y, dporm = || X — Y||.

First, we compare the evolution of Cell2Fire and Prometheus fire scars on a period-to-
period basis (where a period represents one hour) in order to measure the differences in the
fire propagation. We denote by PromGrid! a 0-1 Matrix at time ¢, which represents the fire
scar obtained with Prometheus, where PromGridj; is equal to 1 if the cell (7, j) was burned
and 0 otherwise. Analogously, we define the fire scar obtained by Cell2Fire as Cell2Grid®.

Below, pxt, pyt, oxt, oyt and oxtyt represents the means, standard deviations, and cross-
covariance for scars X' and Y respectively, and C, Cs, and Cs, are internal parameters of
the metric ( ). The methodology is as follows:

1. Choose a ignition point for each instance and run Prometheus for 1" time periods. Thus,
we obtain PromGrid', t =1,...,T (0-1 Cell Matrices).

2. Choose the same ignition point as above and then run Cell2Fire for T time periods
from this point. Outputs: Cell2Gridt, t =1,...,T.

3. Set Xt = PromGridt and Y = Cell2Grid? and calculate for all ¢:
(a) Mean Squared Error:

1 n m
MSE (X' Y") = — 3 % |Xj; - Y],

i=1 j=1

to measure average of the squares of the pixel differences of the fire scars, and
(b) Structural similarity Measure:
uxtpyt + C1) (2o xtyt + Co)
(3 + 13+ Cr) (B + 13+ Ca)

to measure the change in structural information between the fire scars obtained
from the two simulators: Cell2Fire and Prometheus.

SSIM (X', V") =

4. Measures analysis: MSE and SSIM evolution for all time ¢, 6,0, for the final scar.

2.4.2 Instances

We used three sets of fire instances to compare the performance of Cell2Fire with Prometheus:
(1) Sub-instances set, (2) British Columbia province real landscapes with simulated wildfires
and (3) Case study: Dogrib fire landscape.
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Sub-instances

We used portions of the Dogrib landscape data (see Section 2.4.2), we generate two sub-
instances that we label Sub-1 and Sub-2 with a cell resolution of 100 x 100 meters. The
first one represents a sub-forest from the Dogrib landscape that is 20 x 20 cells (400 ha.)
and the second a 40 x 40 cell (1600 ha.) instance. Both consist of heterogeneous landscapes
that include different fuel types as well as non-flammable cells (such as mountains or rivers).
An ignition point was selected for each instance as a starting point for the fire simulation.
Three weather stream files: Weather-1, Weather-2, and Weather-3 of 6, 14 and 22 hours
respectively, were used as main inputs: the first one contains data for the 6 hours during
which the real Dogrib fire made a run (extreme weather conditions) while the second and
third contain additional meteorological measurements from the same day of the fire, before
and after that spread event, thus, being an extension of the Dogrib’s weather scenario.

After the ignition point was fixed for both instances, we proceeded to run the simulation
in Prometheus and the deterministic version of Cell2Fire, generated the hourly fire scars and
calculated the performance indicators (1-MSE and SSIM).

Fire Simulation Hour 7, Prometheus Fire Simulation Hour 7, Cell2Fire
20.0 - 20.0
17.5 17.5
15.0 15.0 A
12.5 12.5 1
10.0 10.0 A
75 7.5
5.0 1 5.0
2.5 2.5
0.0 0.0 A
0 5 10 15 20 0 5 10 15 20

Figure 2.7: Sub-Instance 2 Fire evolution visualization in Prometheus and
Cell2Fire including a heterogeneous landscape with non-flammable cells (moun-
tains, gray cells) and different fuel-types (green and yellow cells).

Based on the results shown in Table 2.3 and Figure 2.7 we can see that Cell2Fire produced
results that are similar with respect to the hourly fire growth and final fire scar to those
produced by Prometheus. When testing the 6 critical hours of the Dogrib fire, the level of
difference (MSE) is less than 5% for the first sub-instance and less than 6% for the sub-
instance 2. For the full day simulation, a slight increment of the differences is registered,
reaching average MSE levels values close to 6% and 7 % for Sub-2 and Dogrib instance
respectively.

On the other hand, it is possible to observe how the structural similarity measurement has
a decreasing pattern (see Table 2.3), a situation that is even more explicit when comparing

20



the 22 hour fire weather stream. This indicates that the fire growth predicted by Cell2Fire
differs from the one predicted by Prometheus due to: (1) as expected, the approximation
of the elliptical model into an adapted cellular-automata approach implies a different fire
dynamic, increasing the differences on every time step when comparing with the wavefront
model and (2) differences in the calculations/approximations of the effective ROS(t, 0) values.

The wave-propagation model based on the Huygens’ principle implemented in Prometheus
performs a series of approximations with respect to the burning area (ellipse) such that a cell
is classified as a Burned cell in the Burn Grid output (0-1 Matrix) only if more than 50% of
its area has been covered by fire (belongs to the interior of the approximated ellipse) while
in Cell2Fire a cell is always completely available or burned. In addition, an ignition point
represents a complete cell in Cell2Fire (an area) while it is just a vertex/point for Prometheus,
defining two different (but consistent) starting points for the fire spread evolution. This
approximation based on discrete cells improves as the cell size decreases.

Sub-1 Sub-2
Hour 1- MSE [%] SSIM [%] | 1 - MSE [%] SSIM [%]
1 99.75 93.59 99.98 95.44
2 96.75 77.40 99.94 95.01
3 97.75 74.03 95.56 85.53
4 97.50 78.70 95.38 84.41
5 96.75 79.61 96.50 82.25
6 96.00 73.96 94.03 75.01
AVG [%] 97.42 79.55 96.90 86.25

Table 2.3: Sub-Instances accuracy and structural similarity index measure values
per hour (6 hours evolution)

The two fire growth models are consistent and correlated in that they produce very similar
fire scars for the test instances as seen in Figure 2.7.

British Columbia wildfire set

The British Columbia instances set contains five different regions — ArrowHead (265,536
ha.), Revelstoke (391,314 ha.), Mica Creek (348,404 ha.), Glacier Natural Park (559,746 ha.),
and Central Kootenay (494,665 ha.) — of the province. For each area, two fires with ran-
dom ignition points and 24-hours stream weather conditions based on the historical weather
dataset from the Climate Information Section of the Agriculture and Forestry site of Alberta,
Canada, and data from the Yaha Tinda Auto station (coordinates: 51.6547 , -115.3617)
are compared. These instances are provided with BurnP3 http://www.firegrowthmodel.
ca/burnp3/software_e.php. We generated subsets of the large forests, simulated fires in
Prometheus using 24 hours weather scenarios — using historical data from the zone — and
then we compare the fire scars from Prometheus with the ones obtained with Cell2Fire.

The final fire scars and performance metrics — focusing in the affected area of the in-
stance for easier visualization — obtained for the 10 simulated wildfires in both Prometheus
(columns 1 and 3) and Cell2Fire (columns 2 and 4) can be seen in Figure 2.8. Results indi-
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cate the high similarity between the scars, obtaining good performance across the main three
metrics (Table 2.4) for all forests. This validates Cell2Fire for different fuel types, landscapes,
and weather scenarios, being able to approximate the results of a state-of-the-art simulator
like Prometheus.

Different ignition points and weather scenarios were tested on these landscapes, obtaining
similar results in terms of the main performance metrics. A similar pattern was observed
with respect to the hourly evolution of the scars.

MSE SSIM  0norm

Mean | 0.09 0.68  27.36
Std 0.04 0.09 8.88
Max | 0.18 0.85 42.64
Min 0.03 0.46 10.10

Table 2.4: British Columbia simulations summary statistics when comparing the
simulated final fire scars from Prometheus and Cell2Fire. 0,,0pm = ||X —Y|| where
X and Y are the binary BurnGrids matrices obtained from both simulators.

Dogrib fire instance

The Dogrib fire ( , ) started on September 25, 2001 the province of
Alberta. The fire was detected late in the afternoon on September 29 and assessed early the
next day at 70 ha. in size. Suppression action began early on October 1. The fire was 828
ha. and out of control on October 15. A wind event resulted in a major fire run on October
16. Local terrain funneled wind flow along the Red Deer River and through a gap in the
surrounding mountains. This pushed the fire east along the river valley. The fire jumped the
Red Deer River and a road and then resumed spreading in a northeast direction. The final
fire size was 10,216 ha. The October 16 fire run accounted for ninety percent of the total
area burned and resulted in high to very high burn severities. In Figure 2.9 we can see the
Dogrib fire perimeter and burn severity as detected by Landsat.
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Arrowhead Fire 1 | MSE: 0.076, SSIM: 0.677, Norm diff: 34.77

Prometheus Cell2Fire

5754514845 4239363330272421181512 9 6 3 0

CentralKootenay Fire 1 | MSE: 0.101, SSIM: 0.718, Norm diff: 28.97

Prometheus Cell2Fire

Glacier National Park Fire 1 | MSE: 0.097, SSIM: 0.745, Norm diff: 42.64

Prometheus Cell2Fire

MicaCreek Fire 1 | MSE: 0.033, SSIM: 0.85, Norm diff: 10.1

Prometheus Cell2Fire

Revelstoke Fire 1 | MSE: 0.184, SSIM: 0.461, Norm diff: 28.48

Prometheus Cell2Fire

Arrowhead Fire 2 | MSE: 0.09, SSIM: 0.724, Norm diff: 22.76
Cell2Fire

Prometheus

CentralKootenay Fire 2 | MSE: 0.078, SSIM: 0.706, Norm diff: 23.66

Prometheus Cell2Fire

Glacier National Park Fire 2 | MSE: 0.128, SSIM: 0.635, Norm diff: 34.93

Prometheus Cell2Fire

MicaCreek Fire 2 | MSE: 0.109, SSIM: 0.668, Norm diff: 23.54

Prometheus Cell2Fire

4

Revelstoke Fire 2 | MSE: 0.099, SSIM: 0.679, Norm diff: 23.87

Prometheus Cell2Fire

Figure 2.8: British Columbia wildfire instances. From the final scars and statis-
tics (left side Prometheus, right side Cell2Fire), it can be seen how accurate
is Cell2Fire w.r.t. simulated scars from Prometheus, reaching MSE = 0.0995,
SSTM = 0.6863, 0norm = 16.347.
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We chose to model this particular fire due to the large amount of documentation and real
data available — weather conditions recorded from The Yaha Tinda Automatic station, and
demographic/topographic data collected from the area — as well as the fact that it contained
a representative set of different fuel-types documented in the Canadian FBP system. We
divided the landscape into 79,611 100 x 100; [m?] cells, used the Dogrib fire’s ignition point
located at (51.652876°, -115.477908°) and started spreading the fire on October 16, 2001,
13:00 hrs. As discussed in the previous section, the ignition point is translated into an
ignition area (cell) in Cell2Fire containing its coordinates.

The comparison of the performance metrics after 22 hours of fire growth is shown in
Figure 2.10 . Here, it can be seen that Cell2Fire has a very similar evolution with respect
to the wave-front approach, obtaining good performance when compared with Prometheus,
not exceeding a 20% difference in both measurements. An average of 87.91% of structural
similarity and a global average of 91.82% of accuracy (1-M SFE) are obtained during the 22
hours of active fire growth. A clear pattern can be seen in the graph where both performance
metrics start very high and remain stable during the first 4 hours, then they show a signifi-
cant negative slope between hours 4 to 11, and finally reach a steady state for the rest of the
simulation. The explanation behind these results is clear: during the initial 4 hours of the
fire, similar fire growth occurs due to weather conditions that are not extreme, resulting in
diminished model differences (wave-front and cellular-automata), however, weather factors
between hours 4 to 11 contain the most extreme conditions (strong wind speed, high temper-
ature, low precipitation levels, etc.) magnifying the fire growth differences/approximations
between both approaches in terms of the number of burning cells per hour (fire scar). After
hour 11, differences between fire scars tend to be very stable due to the lack of new extreme
weather episodes, but keeping the structural differences — mainly in terms of the current
perimeter of the fire — in the fire scars obtained in the previous hours.

Figure 2.9: Dogrib fire perimeter registered on June 22, 2002 from Landsat.

In addition, some of the structural differences between the generated fire scars can be
explained in part by the extra modeling features included in Prometheus but not in Cell2Fire
such as Breaching where non-fuel grid cells or linear fuel breaks fail to stop an advancing fire
front, a feature that is not currently included in Cell2Fire.

Detailed results are presented in Table 2.5 where both (1 — M SE) and SSTM values can
be seen for the full 22 simulated hours. We conclude that Cell2Fire produces results that are
similar to those produced by Prometheus, obtaining similar final fire scars as seen in Figure
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Figure 2.10: Dogrib MSE and SSIM hourly evolution (22 hours).

2.11 where the simulated fires and the real satellite images are shown.

¥
(a)

_.(b) Y . ! : ,.(c)

Figure 2.11: a) Prometheus fire scar obtained for the region of Dogrib, Canada,
comparison with the b) real fire projected into grid format in 2002 and c) Cell2Fire

final output.

Hour | 1-MSE [%] | SSIM [%] Hour | 1-MSE [%] | SSIM [%]
1 99.98 99.83 12 88.37 83.38
2 99.85 99.42 13 88.01 82.84
3 99.74 99.05 14 88.03 82.83
4 99.47 98.28 15 88.06 82.81
5 98.29 96.27 16 88.06 82.77
6 96.54 93.94 17 88.04 82.74
7 94.33 90.86 18 87.98 82.62
8 93.08 89.30 19 87.96 82.58
9 92.26 88.32 20 87.94 82.54
10 89.50 84.81 21 87.95 82.51
11 88.74 83.87 22 87.97 82.49
AVG [%] | 95.62 93.08 AVG [%] | 88.03 82.74

Table 2.5: Dogrib accuracy and structural similarity index measure values per
hour (22 hours evolution).
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2.5 Conclusions

Cell2Fire provides numerous opportunities for researchers interested in incorporating fire
growth in their models for strategic harvest planning and fuel management. We are cur-
rently using it in ongoing projects. Because it is open-source and modular it lends itself to
customization as needed. The simulator is fast and scales well in parallel computing environ-
ments so it is well-suited for use with large forests and large studies that may require many
simulation runs.

Using the FBP fire spread model, we have compared the simulated fire scars with those
produced by the state-of-the-art simulator, Prometheus. Other fire spread models can be
employed instead, which extends the range of environments where Cell2Fire can be used and
also allows for comparison of fire spread models when used in a growth simulator. In addition
to supporting stochastic ignition and weather, the simulator also supports modeling of the
uncertainty in the rate of spread.

By adding a highly parallelizable, open-source fire growth simulator to the tool set avail-
able, we hope to provide transparent support for ongoing research.
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Abstract

Several authors have mentioned the need to include uncertainty in the modeling of the spread
of fire. The reasons are many: to capture the intrinsic nature of fire; there is limited accuracy
of the input parameters, such as the speed of propagation and climatic conditions that can
affect the predictions; decision makers need to consider the uncertainty of fire, for evaluation
of harvest management plans at operational, tactical and/or strategic level, among many
others. In this study, we incorporate three random components to a new cell-based forest fire
spread simulator recently developed, called Cell2Fire. This simulator incorporates fuel and
fire models from the Canadian Forest Fire Behavior Prediction (FBP) System such as fuel
moisture, fuel type, surface fire, and crown fire, and has been designed to naturally assess
the impact and expected losses due to fire propagation on heterogeneous landscapes. An
analysis of the main sources of uncertainty and their impact in the simulations is shown.

3.1 Introduction

Large and destructive megafires are becoming more frequent worldwide (
) ) ) ) ) ) ) )

, ), experts have attributed this to the climate change, which is causing
hotter and drier conditions as well as to a century of fire suppression policies that have left
forests with more vegetation to fuel the flames than in the past ( , :

, ). Several efforts have been made to understand this new phenomenon, but since
scientists cannot experiment with large and destructive wildfires, so they have fallen back on
examining statistical correlations and/or simulate the phenomenon to try to tease out the
key factors associated with megafires.

Traditionally fire regimes, fire danger, and fire behavior have been predicted using a series
of rules and empirical models, being the most used the fire weather index to estimate daily

fire danger ( , : , ) and fire behavior models to
predict how fire will spread once occurs ( , ; ) ), which
have led to more sophisticated computing tools of simulation such as FARSITE ( ,

), Prometheus ( , ) and others ( ) ;

, ). These models and subsequent modifications are the basis of most fire research
studies dealing with fire occurrence and fire behavior. They have shown their usefulness over
the years, but still, they present certain limitations that new approaches can overcome. (1)
Either are highly demanding in data in the case of fire behavior models, being difficult to apply
over large areas due to inventory costs, (2) not accounting for uncharacteristic variations on
interacting conditions or able to identify shifting points in climatic/environmental variables
that may significantly perturb the accuracy of the predictions, or (3) being deterministic
on the way fire interacts (occurs, spreads) with different ecosystems, adapting well to those
conditions to whom the models were developed for, but not accounting for uncharacteristic
variations on unseen environments. Even more, fire simulators and fire danger indexes highly
rely on rules applied to fine fuels and how they dry according to weather conditions, sensible
to changes on climate, but in the case of fire danger, these systems do not account for many
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other factors influencing the occurrence and their interactions.

Several authors have pointed the need to include uncertainty in the modeling of the prop-
agation of fire for different reasons; the intrinsic nature of fire behavior is better modeled
( , : , : , ) and/or to obtain a fire
risk measure ( , : , ). However, despite the existence
of several deterministic and stochastic fire simulators, fire-smart forest and fuel management
requires that both the decision support system and simulation models have a well-structured
interface,facilitating the exchange of data between them ( , ). The above men-
tioned simulators were not designed for purposes other than fire spread simulation and were
not incorporated in a land management framework. For this reason that Cell2Fire was de-
veloped, specifically for used in a fuel-management context with the intent of mitigating
the impact of large detrimental fires efficiently, including uncertainty. Thus, Cell2Fire could
work as a pure simulation tool and /or as a tool that can be used to evaluate fuel-management
strategies or linked with optimization software to develop “optimal” fuel management strate-
gies. A review of recent Forest and Wildland Fire Management Decision Support Systems
can be found in ( ).

The main objective of our research was to incorporate three sources of uncertainty to
develop an efficient and more realistic fire spread simulator, that will allow one to simulate
the dynamics of wildfire across a grid representation of a real or hypothetical forest, and in this
way, obtain different fire risk measures that could support the decision of fuel management
or suppression. In particular, we include stochasticity by: (i) ignition point(s) selected
via a user-defined probability distribution or a simple uniform approach for each period
of the planning horizon, (ii) a perturbation level representing the stochastic aspects of the
predicted Rate of Spread (ROS) of fire via a coefficient of variation, accounting its inherent
approximation error as well as allowing the user to obtain different (and average) fire scars
including uncertainty in the fire dynamic, and (iii) a set of user-generated weather stream
files (scenarios) with specific probabilities can be provided to Cell2Fire, performing a series
of simulations with different weather conditions such as wind direction/speed, precipitation,
etc. allowing the user to analyze the fire propagation under different scenarios for a certain
forest /instance. We emphasize that these uncertainty components can work separately or in
combination, thus providing greater flexibility for the fire manager.

3.2 Incorporating uncertainty into fire spread model

Cell2Fire ( , ) is a cell-based fire growth model on a raster-grid containing a
series of square cells (same area). Fuel and terrain conditions are assumed to be homogeneous
within each cell in order to simplify basic fire spread rate calculations. The fire propagation
is modeled from a cell’s center to the center of an adjacent cell. Each ignited cell behaves as
an ignition source and is independent of any adjacent burning cell. We refer to this approach
as: “Cellular Huygen’s Principle”. To spread the fire from one cell to another, a pre-defined
spread template is required such that a raster grid of cells and others data layers.

However, as in any modeling of some phenomenon of nature, the scientist faces an inher-
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ent problem such as the calibration of the input parameters and/or the intrinsic randomness
of some of them that can lead to erroneous and unrealistic results. ( )
pointed out that: “an inherent error in the input data to a prediction model negatively influ-
ences overall performances”. ( ) points out that incorporating stochastic analysis in
fire spread models would be more valuable in obtaining error bounds and probability-based
outcomes in the prediction models. ( ) agree that stochastic analysis has
advantages over the deterministic approach, while ( ) go as far as
stating that a realistic fire spread model, based on the rate of spread, have an intrinsic noise
component which could be used to model the uncertainty in ROS.

In order to address these aspects, several efforts have been proposed to include uncertainty
in fire growth models: (i) some focused on the intrinsic randomness in input parameters, for
example considering random location ignition point where an empirical distribution is based
on historical data and/or considering random weather scenarios; others (ii) modifying the
transition /spread probabilities, e.g. using a continuous-time Markov chain on a lattice or a
cellular approach; and (iii) through directly including a random noise in the Rate of Spread

(ROS).

With respect to the first approach i), an excellent tool was developed in Canada based on
Prometheus simulator and historical data: Burn-P3 (Probability, Prediction, and Planning)
( , ). It is a simulation model that evaluates the fire likelihood or burn
probability (BP) of a large fire-prone landscape. The model combines deterministic fire
growth based on the FBP System and spatial data for forest fuels and topography with
probabilistic fire ignitions and spread events derived from historical fire and weather data.
Model components include the location and frequency of ignitions, the rate at which fires
escape initial attack and become large, the number of days on which each fire achieves
significant spread, the fire weather conditions associated with these spread event days, and
the deterministic fire spread. Other tools with similar characteristic but not identical are
FlamMap developed by ( ) and Fire Spread Probability (FSPro), implemented in
the Wildland Fire Decision Support System (WFDSS, http://wfdss.usgs.gov) and used
as a strategic decision aid tool — looking at fire risk as it is determined by uncertainty in
the weather; see ( ).

For examples of ii), we refer to ( ), which develops a stochastic fire
spread model using a lattice Markov chain approach, in which they associated transition
functions with each cell. Each of these cells interacts with its four nearest neighbors and a
cell burns depending on the state of the neighboring cells. Other simplified cellular automata
models describing fire spread on a heterogeneous landscape including weather factors (wind
speed and direction) as well as the type and density of vegetation has been modeled by

( ) where the Spetses Island fire, Greece, was successfully modeled
using this approach after tuning the main parameters of the simulator.
( ) models the dynamics of fire spread as a stochastic event with an effective fire spread

probability which is a function of three probabilities that characterize: the proportion of
vegetation cells across the lattice, the probability of a burning cell becomes burnt, and the
probability of the fire spread from a burning cell to a neighboring vegetation cell.

Finally, in case iii), we mentioned to Dionysus, a simulator recently developed by
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( ). This is a project that tries to randomize Prometheus using the
observations of ( ), who claim that the empirical relation between
ROS and ISI (the initial spread index, see ( )) has a noise component
which could be used to model the uncertainty in ROS. Then, Dionysus can be consider as a
statistical method for modeling fire growth prediction uncertainty based on residual variation
in the ROS model whose results are to obtain a distribution of fire front predictions and/or
accurate probability contours.

In this study, we include aspects of the i) and iii). From i) we use the ignition locations
as a user-defined parameter, giving control over the pattern of ignitions on the landscape.
These points can be selected randomly or deterministically before the simulation begins. The
latter models the fall of lightning over the forest. When a lightning falls on a cell ¢ at time ¢,
there is a “ignition probability” that the fire will start or not. On the other hand, Cell2Fire
contain a stochastic weather module that draws a weather scenario from a set provided by
the user. In this point, the user must previously construct the scenarios using, for example,
historical data to produce representative-different variations of the weather, where the latter
has the same format as those of Prometheus simulator and Burn-P3. In addition, users can
assign a probability to each scenario in order to generate relevant statistical outputs while
providing more flexibility when analyzing the impact of potentially extreme but rare (with
low probability) events.

Draw a ROS

forest cell perturbation

v
Fire Growth

Metrics
Calculation

Cell2Fire

s=s+1

Draw a Draw a
ignition period weather

Figure 3.1: Framework of the inclusion of the different sources of uncertainty in
the new system.

In this version of our system, fires begin with randomly occurring lightning strikes, igniting
a cell. Also, an ignition point can be chosen deterministically as discussed in ( ).
Cell2Fire simulates the spread of fire by tracking the state of all cells as the model progresses
through discrete time steps on a raster grid. A cell can be in one of five states: “Available”,
“Burning” , “Burned”, “Harvested”, or “Non-Fuel” where the term “Available” indicates the cell
in question contains a flammable fuel type. Once the cell where the fire starts is selected, a
weather scenario is drawn. At each time step, fire may spread along specified axes emanating
from the center of the cell to adjacent cells based on the predicted Head Rate of Spread
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(HROS), Flank Rate of Spread (FROS), and Back Rate of Spread (BROS) from the fire
spread model and eventually perturbed by a random factor. A signal/message dynamic is
then initiated between adjacent cells (see Figure 3.1).

In the present implementation, it is assumed that each cell has at most 8 adjacent cells. In
this point, is important to notice that the concept of adjacent cells can be naturally extended
in Cell2F'ire in order to capture potentially more complex fire spread dynamics since the ROS
calculation and distribution along the relevant axes are performed in a continuous space (see
next section), allowing to easily include as many layers of adjacent cells (e.g. from 8 to 24 by
adding the second layer of 16 cells surrounding a cell) as needed. Continuing, a cell starts to
burn when the fire reaches its center, and then, each cell that burns serves as a new source of
fire (“Cellular Huygens principle”); noting that the effect of fire suppression action is beyond
the scope of this study and will be addressed in a future research project. The total duration
of the simulated wildfire event is determined by (1) maximum number of burning hours per
day — constant, season-dependent, or drawn from a probability distribution — as described
in ( ) and (2) the total fuel remaining inside the forest (available cells).

3.3 Uncertainty sources and implementation

In this section, we define and provide a detailed description of the main sources of uncertainty
included in our system (see Figure 3.1) and the importance of their inclusion. Then, we
discuss their impact on the simulation dynamic when applying them as isolated or combined
effects by showing examples of their usage.

Three different sources of uncertainty are included in our model to account for the most
important perturbations that can significantly affect the fire growth dynamics: (1) ignition
point(s) selected via a user-defined probability distribution or a simple uniform approach
for each period of the planning horizon, (2) a coefficient of variation (cvrps) capturing the
stochastic aspects of ROS predicted by the fire spread model, accounting its inherent approx-
imation error as well as allowing the user to obtain different (and average) fire scars based on
potential wildfires including uncertainty in the fire dynamic, and (3) a set of user-generated
weather stream files (scenarios) with specific probabilities that can be provided to Cell2Fire,
running simulations with different weather conditions such as wind direction/speed, precipi-
tation, etc.

In most cases, we show the effect of the disturbances through R replications of the simu-
lator, following the scheme in Figure 3.1.

3.3.1 Ignition points/area

In order to incorporate uncertainty when selecting the starting ignition point(s) of a fire, we
include three main approaches:

I) If no ignition points (or probability distribution) are provided by the user, a simple
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1)

I11)

random selection can be performed by using a random variable X ~ U(0, N x M)
where N is equal to the number of rows and M the number of columns representing
the forest grid. With this scheme, a fire simulation will start at the selected cell ¢ at
time ¢t = 0. Same random sampling will be performed at every time step ¢ in case of
simulating multiple fire periods for a planning horizon 7', sampling independent random
numbers X; ~ U0, N x M)Vt e T.

An ignition probability distribution can be provided by the user, indicating the prob-
ability of ignition associated with each cell in an auxiliary file following two main
formats:

i) Each line contains a pair (¢, P;(ignition)) where ¢ corresponds to the cell ID num-
ber (starting from the top-left corner) and P;(ignition) is equal to its ignition
probability (for 1 > P;(ignition) > 0).

ii) An N x M comma/space separated grid file containing the ignition probabilities
of each cell can be provided, representing a numerical heat-map where each entry
p(n,m) corresponds to P, ,, (ignition).

After processing the provided distribution(s), independent random numbers X, ;m) ~
U(0,1) are generated in a Monte-Carlo scheme for each cell with a positive ignition
probability, triggering the corresponding ignition events, and thus, starting the fire
spread dynamic. Future releases of Cell2Fire will include support to basic discreet/-
continuous distributions such that the user could simply provide the relevant set of cells
and the main parameters of the distribution.

A random sampling area can be generated from a list of ignition points provided by
the user. This is defined by a radius p that represents the number of adjacent layers
to include — using the provided cells as centers — defining a series of square-shaped
sampling neighborhoods B, (i) (see Figure 3.2) for each pair (i,t) of ignition points
and time periods. Notice that this approach can be naturally extended when providing
multiple ignition points for the same period ¢ by simply including a vector of ignition
points 7 such that the user provides (¥, t) instead of (i,t).

Formally, we define the adjacent layers as the number of “adjacents-to-adjacent cells” to
be included during the random sampling procedure surrounding the specified ignition
points. Thus, the first adjacent layer for a cell ¢ simply corresponds to its adjacent cells
set Adjy (i) := Adj(i), the second layer to Adj,(i) := Adj (i) U{l |l € Adj(j) Vj €
Adj, (i)}, and the k-th layer can be defined recursively as Adji (i) := U"{ Adj,.(i) U
{l| 1 € Adj(j) V5 € Adjr_1(i)}. Therefore, based on a list of ignition points (i, )
provided by the user for each period ¢ € T" and a radius p > 0 representing the number
of adjacent layers to be included in the random sampling procedure, an initial ignition
cell for period ¢ is drawn (following a uniform distribution or one specified by the user)
from the neighborhood centered in the provided ignition point ¢ B, (i) := Adj, U {i}.
An example for a homogeneous forest of 20 x 20 cells can be seen in Figure 3.3 where
different fire scar distributions are shown for several p values when sampling 10 ignition
points.

Thanks to this approach, the user can test the impact of defining different ignition
areas, potentially including his/her own probability distributions to represent specific
(and potentially more complex) phenomena. For example, the provided ignition point
could represent the most likely area for a lightning strike while the cells inside its
neighborhood B, (7) can be associated with a certain ignition probability as a function
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i=15,p="2

Adj;(15) := {8,9,10,14,16,20,21,22}

Adj,(15) == Adj;(15) U {1,2,3,4,5,7,11,13,17,19,23,25,26,27,28,29}
B, (15) := Adj,(15) U {15}

Figure 3.2: Random sampling area example. Here, cell 15 is provided as an initial
ignition point and a radius p = 2 is selected. First adjacent layer Adj,(15) is
shown in gray and the second layer Adjs(15) contains both the light and dark
gray cells. The p = 2 neighborhood of cell 15 B,(15)is then defined as the union
between Adjs(15) and the cell 15. If p = 3, the Adyj3(15) set will be the union
between Adj,(15) and the white cells.

of their distance to i, among several other possibilities.

In addition to the previous features, Cell2Fire includes a simple lightning-strike model for
representing the temporal stochasticity of the ignition phenomenon by selecting the initial
ignition period #;gnition from a probabilistic model, as an optional feature. Two main models
are implemented based on the Poisson distribution: (1) Homogeneous and (2) heterogeneous.
In the first one, the user provides an initial lightning-strike rate Ay [Fires/t| and Cell2Fire
determines if an ignition event occurs at period ¢, if true, an ignition is triggered (or not)
based on one of the previously described methods, otherwise, the simulation advances to the
next time step until an ignition occurs.

When using the heterogeneous version, a time-dependent rate A(¢) [Fires/t| is used, al-
lowing to modify the lightning-strike probability with respect to the time period ¢ as well as
include more complex phenomena (if needed) such as incorporating a peak lightning season
reflected in a larger rate A at time t*, that later decreases with respect to t. As an example,
a lightning-strike model could follow a Poisson distribution with rate A(¢) [Fires/t|. Here,
A(t) can be an increasing function on ¢, having a higher probability of ignition in a period ¢
if no ignitions occurred before. We could define:

A = Ao(l+a(t—1) (t>1,a € (0,1)) (3.1)
Moy = [ M= (20t~ 1) + ] ~ 2 - 2) (32)
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Figure 3.3: Random sampling area example when using p € {1,2,3,5} in a 20 x
20 C1 fuel homogeneous instance, centering the neighborhood in the cell 205
(B,(205)). Ten different random ignition points are generated for each p value.
Darker colors represent the intersection of more fire scars (more likely fire evolution
given random ignition area) while lighter colors represent less likely fire spread
dynamics.

Since we are dealing with a non-homogeneous Poisson process with N(¢) := a Poisson
counting process of the number of fires up to period ¢, we have that the probability of having
k ignitions until period ¢ is equal to:

P(N(t) = k) = (e_(k—% (3.3)



Thus, the probability of not having an ignition in period ¢ =1 is:

e*A(O,l) AO
P(N(1) = 0) = (SRR Y] 0|) OD _ oA (3.4)

Finally, the probability of not having an ignition in period ¢, if no ignition happened in
the previous period is:

P(N(t) =0/N(t—1)=0) =P(N(t) — N(t — 1) = 0) = e Ae-10 (3.5)

Using this approach, ignition probabilities could be related to previous events instead of
following the memoryless property present in a homogeneous process. Another example of
this approach consists of including a A(t) function with a peak in ¢*, the middle of a certain
horizon T, and then decrease it until the end of the season:

| Ao(éy —t), otherwise

Where ¢, is a parameter that can change through time (or not), allowing the user to test
different probability distributions: symmetric, higher probability in extreme periods, etc.

Using all the previous elements, Cell2Fire allows the user to test and incorporate, in a
simple and flexible way, different models of uncertainty for the fire ignition process.

3.3.2 ROS: approximation error

Following a simplification of the proposal in ( ), arandom term is included
that represents the inherent uncertainty when calculating the ROS that does not depend on
weather conditions. Here, we include randomness in Cell2Fire as follows: if the user-supplied
parameter cvgog (representing the ROS coefficient of variation) is greater than zero, random
numbers x are generated from a Normal(0,1) distribution, perturbing the values of the
main ROS components by a factor of (1 + cvgosxit), for i € {HROS, BROS, FROS},
t < T. Therefore, the user can incorporate the inherent stochasticity of the calculated Rate
of Spread, testing different levels of error/approximation via the provided cvgps parameter.

For example, we can see in Figure 3.4 how different fire scars are obtained when perturbing
the original ROS using a coefficient of variation equals to 0.5 on 10 simulations. From the
results, we can see that some fires are not able to spread from the ignition point to the rest of
the forest, obtaining a darker area in that particular cell. On the other hand, we can notice
fuzzy borders on the ellipse including less intense cells, representing other possible (and less
likely) fire scars. Clearly, increasing the cvgog leads to a greater fire evolution variance,
obtaining a wider variety of final fire scars.
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Figure 3.4: ROS perturbation example using cvgos = 0.5 for 10 simulations.
As expected, the fire scar is concentrated in the ignition point and then, some
variations are obtained as can be seen in the borders of the ellipse: depending on
the random perturbation, the total magnitude of the fire can be slightly different.
Notice that in this example, some fires are not able to propagate after the initial
ignition, giving more weight to the ignition point.

3.3.3 Weather scenarios

Users can provide sets €2 of weather stream files defining a series of “weather scenarios” w € €
for the simulations by varying several conditions such as wind speed/direction, temperature,
relative humidity, radiation, among other characteristics supported by the FBP system. Dif-
ferent scenarios w will be reflected in different rate of spread values (ROS,), leading to
different fire spread evolution depending on the conditions provided. In addition, a proba-
bility distribution ®g can be associated with the scenario set (2 by including the probability
of occurrence p, ~ ®q of each scenario w € ). — e.g., giving flexibility for modeling rare
events/black swans — allowing Cell2Fire to include this information and provide insightful
statistics of the most likely fire evolution as well as the distribution of the fire scar for each
simulated period t € T for a particular set of scenarios.

As an example, we can see in Figure 3.5 how different fire scars can be obtained when
performing a random weather scenario selection from a set ) containing all possible wind
directions (0 € [0, 360]), allowing the user to easily visualize the most likely fire scar given
the selected scenarios.
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Figure 3.5: Multiple random weather scenarios — with different wind direction
— output in a 20 x 20 homogeneous instance (fuel type C1). Darker zones rep-
resent more likely fire spread evolution/scars than lighter zones. If a probability
distribution ®¢, is provided, colors are proportional to each weather scenario w
probability p,,.

Therefore, fire managers will be able to assess and understand the impact of different
weather conditions on the wildfire dynamic in a heterogeneous landscape context, using
these insights as inputs for decision support systems.

3.3.4 Cell2Fire Pseudocode

Important is to highlight that all the previously discussed sources of uncertainty — ignition
points, ROS approximation error, and weather scenarios — can be easily combined in any
way for the ongoing research, giving even more flexibility to the user when studying the fire
evolution in a stochastic framework.

We use the following notation to describe the main steps of the simulation Algorithm 2:

N denotes the set of cells in the forest and 7 € N represents any cell.
- Adj (i) denotes the set of available adjacent cells of ¢ (at most 8).
- BurningCells is the set of burning/active cells in the simulation process.

- 1 —(ywup J indicates that cell ¢ “sends a message” to cell j at time ¢ for a weather
scenario w €  and possibly with a disturbance (1 + cvrosx) if cvgos > 0. It is
important to note that the message that travels from ¢ to j depend on the weather w
and the variation (1 + cvrogx) because the Rate of Spread is a direct function on the
spreading axis, i.e., ROS;;(t) = f(w, x:) for some function f.

- Stochastic € {0, 1} is a binary parameter equals to 0 if the simulator model is run in
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its deterministic form, and 1 for its stochastic version.

- Choice (A, Stochastic) represent a random draw using the Inverse Transform Method
for the corresponding random variable A. It is activated if Stochastic = 1.

Algorithm 2 Cell2Fire Pseudo-code

1:
2
3
4:
5:
6:
7
8
9

10:
11:
12:
13:
14:
15:
16:
17:

procedure SiM(ForestData, FTypes, I gnitions, Weather, T Max, Options)
Step 0: Initialize Cell2Fire

Parse inputs, options, read data, initialize objects
FPeriod < 0,nsim < 0, Stochastic € {0, 1}, Set radius p > 0 and cvgos > 0

Step 1: Ignition and Weather

ic < Choice(Ignitions, Stochastic)
w < Choice(Q2, Stochastic)

X < Choice(N(0,1), Stochastic)
BurningCells U {ic}

FPeriod <1

Step 2: Fire Dynamics (Send-Receive)

Let i € BurningCells, if 1 —(yw FpPerioa) J, where j € Adj(i) :
BurningCells U {j}

F Period <— F' Period + 1, Update Forest, Weather

Repeat, until F' Period < T'Max

Step 3: Results and Outputs generation

Generate Grids, Statistics, Output plots

18: end procedure

The main outputs of our system refer to fire risk assessment metrics. The most used is

called: Map of probability of burns. This is a value assigned to a cell, and is defined as the
percentage of times a cell is burned in simulation R replicas. However, for the evaluation to
be reliable, the user must be sure to properly model the variability in the system inputs and
specify a large-enough number of iterations.

*In the cell selection process, it is assumed that there is a selection of the ignition time;

not explicitly mentioned.
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3.4 On Practical Applications

In this section we address the inclusion of uncertainty through some practical applications
that a decision maker could use. By including uncertainty, Cell2Fire can capture and model
the real fire spread stochasticity, being able to analyze the most likely fire dynamics and
fire scar evolution under certain environmental conditions as well as detect the potential
risks of extreme scenarios (Black Swans) with low probability of occurrence but with signif-
icant impact in the decision making process. This methodology allows the decision maker
to test different forest management plans including the inherent stochasticity (and risk) of
the fire spread dynamic by defining a series of potential weather /ignition scenarios as well
as accounting for the approximation error when calculating the rate of spread, being able
to design strategies for decisions under uncertainty as well as incorporating relevant risk
measurements.

For our applications in this section, we use real landscapes. One is located in the region of
Alberta, Canada (Dogrib-instance) and the other in British Columbia (Arrowhead-instance).
The first is a patch that has a surface of 79,611 ha, divided into 100 x 100 [m?] cells. It
can be downloaded from http://www.firegrowthmodel.ca/prometheus/software_e.php.
The second, that we denoted as Arrowhead, has an area of 159,963 ha. The full British
Columbia instance is part of the Burn-P3 documentation and can be downloaded from http:
//www.firegrowthmodel.ca/burnp3/software_e.php.

The module of selection of weather scenarios, we feed it with historical data, obtained from
the Climate Information Section of the Agriculture and Forestry site of Alberta, Canada, and
data from the Yaha Tinda Auto station (coordinates: 51.6547°, -115.3617°). This is the sta-
tion closest to the coordinates of the forests used for simulation. First, we extracted the data
of the daily averages of the most important climatic indicators (Temperature, precipitation,
wind speed, and direction) of the last 5 calendar years (from 01/01/2014 to 12/31/2018).
From this data, we chose the 40 days with the worst weather conditions, which favor the
propagation of fire and proceeded to obtain 100 scenarios of 24 hours, including the indexes
of the Canadian Forest Fire Weather Index (FWI) System. Due to their dimensions (small),
fires are simulated during 12 hours in the Alberta province, while the full day hourly stream
scenarios are used in the British Columbia instances.

3.4.1 Application 1

As mentioned in Section 3.3, relevant visualization outputs are generated in order to easily
understand the effect of activating different uncertainty sources. For example, in Figure
3.6, we can see and compare the deterministic fire scar (left side) with potential fire scars
obtained when activating and combining different uncertainty sources. From this, we can
identify potential fire dynamics that represent a real threat to a significant area of the forest
that were not captured by a deterministic simulation, not being able to represent and evaluate
the real risk of having a fire with similar characteristics. Thanks to this information, fire
managers could take into account the variability of the fire evolution, being able to protect
other sections of the forest based on a risk analysis: e.g., by identifying how likely a cell can
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get burned, leading to larger fire scars.
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Figure 3.6: Burn Probability Map for Dogrib-instance, using R = 100 replications,
with cvgos = 1.0. and p = 2.

Following this idea, Cell2Fire generates probability maps and provides an analysis of the
evolution and distribution of the number of burned/available cells per time step via plots and
statistical sheets. In Figure 3.6, we can see a probability map and the hourly distribution of
the number of burned cells for the Dogrib instance, when simulating 100 different scenarios
including the main three sources of uncertainty discussed in the previous sections. From
them, we can observe the most likely fire scar (darker red with probability close to 1) given
the initial conditions provided, and identify potential risks such as the probability of having
a fire that is able to reach the top-right corner of the instance (with an average probability
of 0.4), as well as the hourly variability and distribution of the number of burned cells for
different scenarios. In this example we can observe an increasing pattern: a small variation
is obtained during the initial hours since the main source of uncertainty consists of the initial
ignition point (including two adjacent layers, p = 2), and then, the rest of the uncertainties
start to play a significant role as advance the simulation-time, significantly impacting the fire
spread evolution for certain scenarios increasing the variability in the distribution of burned
cells as seen in the box-plot (see Figure 3.6, right side).

The combination of these outputs represents and summarize a powerful and useful set of
statistical tools included in the simulator that can be applied when using Cell2Fire as part
of a decision support system, being able to analyze the effect and impact of each uncertainty
source (with different levels and combinations) on the landscape under study. A detailed
analysis of the statistical tools included in Cell2Fire — their interpretation, potential uses,
and outputs —will be included in a future research.

3.4.2 Application 2

We model a forest as a two-dimensional lattice with identical cell areas. The attributes and
spatial relation between these cells are modeled using an undirected planar graph G = (N, £)
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where the set A represent the forest cells (graph nodes) and & the edges between neighboring
cells, determined by the structure of the forest.

From the cellular structure of Cell2Fire, when a fire occurs, a messaging process is gener-
ated between the nodes of G during the simulation, obtaining a directed graph Gp = (Np, Ep)
where Np C N is the set containing all the cells burned during the replication and &p is
built from these signals, representing the fire propagation between adjacent cells.

In this dynamic between the cells, fire propagation lines are generated, clearly identified
as shown in Figure 3.7. On the left side, a fire is shown in the Arrowhead instance. On the
right side two graphs are shown: the one above shows the fire propagation lines (“Propagation
Tree”), and on the bottom one the Rate of Spread (ROS) of fire when the contagion occurs,
represented on a heatmap.

The propagation lines and the values of the ROSs could help firefighters away from those
dangerous areas or eventually protect areas where fire will arrive faster.

Propagation Tree

400 420
Prapagation Tree: hitting ROS
470 A
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iz 60
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Figure 3.7: This figure shows a fire in the Arrowhead region (left side) and its
representation via propagation lines and a heatmap for the hitting ROS (right
side), R = 1.
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3.4.3 Application 3

The concept of burn probability maps (BP-maps) is commonly used to assess the likelihood

of burning ( , , : ,

). Several software such as Burn P3, FSPro, and FlamMap ( , , :

, ) can calculate these values using sophisticated fire growth algorithms to

produce high-resolution spatial estimates. Fuel treatment applications using this approach
can be reviewed in ( ); ( ) ( )

Although the methodologies differ somewhat (in the aforementioned softwares), they all
incorporate the main components included in our study: random selection of ignition point,
selection of a climate scenario, recording burned cells and repeating the process a number of
times (see Figure 3.1). The main difference with our approach is that they do not consider a
disturbance in the ROS, therefore, in the event of randomly selecting the same ignition point
and the same climate scenario, their systems get the same fire scar.
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Figure 3.8: This figure shows Burn Probability Map for Arrowhead region, for
R = 100 replications and |2| = 100 weathers scenarios of 24 hours.

3.5 Conclusions

Cell2Fire can work as a deterministic simulator ( , ), or with stochastic com-
ponents as introduced in this chapter. In the present study, we have shown how to use and
exploit Cell2Fire when including uncertainty. As a kick start, we have considered random-
ness based on three sources: ignition points, through weather scenarios, and via a controlled
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random error in the rate of spread. These — combined or isolated — affect the shape of fire
front-line over time by changing the fire ROS.

Although Cell2Fire is quite robust, some sources of uncertainty are left out. Examples

of them: duration of fire, wind direction, wind speed from a probability distribution (as in

( )), temperature, and relative humidity among others. Further elements

such as the inclusion of the spotting phenomenon and its probabilities will be discussed in a

future research as well as the calibration and application of these new components to a real
case.

A stochastic fire spread simulator helps to predict the wildfire spread more accurately and
realistically and also as a support for the decision maker, helping her to select the best actions
in firefighting and/or Forest Management by providing a certain level of confidence of the
predictions ( , : , : , ). This allows for better
evaluation of the risk involved in the decision-making process. For example, Burnt Proba-
bility maps have enormous potential to support strategic fire and fuel management planning
decisions at a landscape level ( , : , ). Alongside this,
the analysis of “stochastic fire contours” — a precise estimate of the fire perimeter at a certain
time — could improve the determination of escape routes or support operational decisions
such as where to locate the firefighters/drones/helicopters (suppression forces) depending on
the observed fire scenario.
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Abstract

The destructive potential of wildfires has been exacerbated by climate change, causing their
frequencies and intensities to continuously increase globally. Generating fire-resistant terrains
via efficient and calculated fuel-treatment plans is critical to protecting relevant areas includ-
ing native forests, agricultural resources, biodiversity, and human populations. To address
this challenge, we propose a framework that integrates fire spread, optimization, and simu-
lation models. We introduce the concept of Downstream Protection Value (DPV), a flexible
metric that assays and ranks the impact of treating a unit of the landscape, by modeling a
forest as a network and the fire propagation as a tree graph. Using our open-source decision
support system, the decision maker can optimize custom performance metrics to minimize
wildfire losses, obtaining an effective treatment plan. Experiments with real forests show
that our model is able to consistently outperform traditional methods and accurately detect
high-risk and potential ignition areas, focusing the treatment on the most critical zones. Re-
sults indicate that our methodology is able to decrease the expected area burned and fire
propagation speed by more than half in comparison to alternative methods under ignition
and climatic uncertainty.

4.1 Introduction

The Amazon forest, the largest expanse of rain forest in the world has experienced over
74,000 fires this year. This represents an 84% increase in fires observed by the same time
with respect to the previous year ( , : , ). This explosion
of fire occurrences has decreased its ability to perform key tasks for the environment such
as carbon sequestration and the accommodation of a large number and variety of species
( , : , : , ). Sadly, this phenomenon is not
limited to a particular region, for example, The Congo forest, the second-largest rain forest in
the world located in Central Africa has experienced similar if not worse fire trends this year

( , ). In the United States, California experienced the largest recorded fire in its
history in 2018 where a single fire destroyed more structures than any other in modern history
( ) ). Research indicates that these fire events will increase due to the effects

of climate change on temperature, precipitation levels, and soil moisture, having increased
the number of fires and area they consume around the globe, generating larger events than
before ( , 2006; | 2016; , 2006).

The current incidents indicate that preemptive policy measures must be taken to reduce
the risk of fire occurrence ( : ), managing the land in an effective way (

, ) to protect natural forests, agricultural areas, and human lives. These
concepts are included in what is known as FireSmart Forest Management (FSFM). As dis-
cussed in ( ), this paradigm considers opportunities in three dimensions: i)
decrease of the fire behavior potential of the landscape, ii) reduction of the potential for fire
ignitions, and iii) increase in the fire suppression capability.

Several researchers have reported that the intensity and severity of wildfires can be reduced

46



through fuel management activities. Targeted fuel treatments and fuel-breaks are used to
alter the composition of wild land vegetation and forest in order to modify the behavior of
future fires. There are multiple fuel treatments activities to delay the spread of a fire such as
cutting and clearing wood, prescribed burns, and thinning ( , ). These
actions are mainly used to decrease the intensity and size of potential wildfires, but they
could also affect species diversity ( , ), improve the health of ecosystems,
and suppress fires, among many others (

) )

Trailblazing research by ( , ), indicates that it is possible to modify fire
behavior and progress across landscapes through strategic placement of treatments. In
( ), the authors discuss strategies to define treatments using burning probability
maps, the area burned or the flame length. Other researchers have focused their attention on
finding the optimal spatial allocation of prescribed burning activities ( , ;
, ) and the design of fire breaks to control of fire spreading ( ,
).

In ( ), authors report that the systematic segmentation
of fuel can influence fire size and fire growth. However, the empirical evaluation of the effi-
ciency of a fuel-break and fuel treatment is difficult, if not impossible. The climatic conditions,
as well as the state of a forest (e.g., land cover) at any given moment, are non-reproducible.
This unreliability in physical conditions is one of the advantages of deterministic fire simu-
lators such as FARSITE, Prometheus and Wildfire Analyst ( , : ,

; , ), which can reproduce fires with and without treatment activ-
ities. However, these simulators do not have a well-structured interface to facilitate data
exchange during multi-period interactions — e.g., to systematically evaluate fuel management
in operational or tactical planning — and do not consider temporal changes of vegetable fuels.
Additionally, evidence of the high stochasticity of this problem and inconsistency of forestry
tools are highlighted in ( ) where the authors show that, historically, the
majority of treatments rarely intersect with wildfire occurrences.

Y ? Y Y

Therefore, finding an effective treatment layout across a landscape — even for a single
time period — is not a simple task. Recent work in ( ) discuss challenges such as
timing, selection of an adequate fuel-treatment method, and the impact of high uncertainty
levels over multiple time periods (e.g., climate and ignition). To fully address the optimal
treatment problem, the development and systematic evaluation of effective fire risk metrics
in an integrated, robust, and flexible decision support system is required, a problem that
remains open.

In this chapter, we develop and introduce the theory and concept of downstream protection
value (DPV), a flexible metric that measures and ranks the impact of treating a unit of the
landscape to minimize wildfire losses. Our objective is to select the subset of cells, defined as
homogeneous sections of the forest with similar fuel type, age, and topographic conditions,
with the highest impact on interrupting the fire propagation by incorporating DPV into
an open-source, integrated Decision Support System (DSS), providing fire managers with
optimal landscape treatment plans under wildfire risk. To assess the performance of our new
methodology, we generate and apply the fuel treatment plans in two Canadian regions, using
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traditional fire risk metrics ( , ; , ; , ;

, ) and our DPV metric to select the treated cells. We discuss the sensitivity of
traditional metrics and DPV with respect to their learning capacity and performance under
multiple sources of uncertainty (e.g., climatic conditions). Their performance is measured
by estimating (i) expected wildfire losses, (2) average fire propagation speed, and (3) the fire
prevention rate.

4.2 Methods

4.2.1 Study area

In this work, we use public data of real forest patches from Alberta and British Columbia
provinces, Canada (Table 4.1). The Alberta instance is a sample data set of the Rocky
Mountain subregion for the 2001 Dogrib fire'. This patch has a surface of 79,611 ha, divided
into 100 x 100 [m?] cells. British Columbia instance is a very large section (1,854,838 ha)
and it is characterized by mountainous surfaces and discontinuous fuel levels. In order to
analyze the possible effects of topography on risk measures and accelerate our computational
capacity, we built 6 sub-instances from it. We denoted them as ArrowHead (AH - 159,963
ha.), Revelstoke (RT - 350,956 ha.), Mica Creek (MC - 304,781 ha.), Glacier Natural Park
(GNP - 464,664 ha.), Central Kootenay (CK - 399,401 ha.), and Neptune Peak (NP - 350,956
ha). We picked this naming convention following the names of the mountains within each
patch. The full British Columbia instance is part of the Burn-P3 documentation®?. Each
instance contains all data layers (fuel composition, topographic characteristics, and climatic
conditions) for each cell.

Instance Area [h] Elev. range [m| Mean elev. [m| Slope range [°] Mean slope [°]  Dominant Fuel — Total fuels

Dogrib 79,611 [1299, 2825] 1693 [0, 189] 21.04 Boreal Spruce 11
AH 159,963 [430, 2894| 1329 [0, 220] 42.96 Red/White Pine 11
RT 350,956 [429, 2997] 1494 [0, 251] 45.91 Red/White Pine 11
MC 304,781 [516, 2895] 1523 [0, 230] 48.41 Non-fuel 11
GNP 464,664 [300, 3000] 1701 [0, 149] 45.79 Non-fuel 11
CK 399,401 [300, 3000] 1811 [0, 144] 51.64 Non-fuel 11
NP 350956 [429, 2997] 1494 [0, 251] 45.91 Red,/White Pine 12

Table 4.1: Basic description of the instances considered in this study including
total area, topographic characteristics, and land-cover.

4.2.2 Uncertainty

The location of an ignition point can be configured deterministically (FI) or randomly (RI).
In a stochastic setting, ignition locations can be drawn from a given probability distribution,

http://www.firegrowthmodel.ca/prometheus/software_e.php
’http://wuw.firegrowthmodel . ca/burnp3/software_e.php
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otherwise, a uniform distribution is set by default. The number of ignitions is set to be one
per replication.

Weather scenarios include hourly observations of temperature, relative humidity, wind
speed, wind direction, as well as their associated Fire Weather Index (FWI) System (
: ) fuel moisture codes and fire behavior indexes from the FBP System
( : ). The selection of weather scenarios can be deterministic (FW) or
random (RW). In the first case, a pre-defined scenario is drawn. Otherwise, simulations are
performed using a set of weather scenarios ®, selected to represent multiple contexts in which
a fire can spread, capturing the variability of this phenomenon. However, it is necessary to
include only scenarios that boost the propagation of fire. As mentioned in ( )
( ); ( ) large fires are more useful to risk assessment.
Historical data are obtained from the Climate Information Section of the Agriculture and
Forestry site of Alberta, Canada, and data from the Yaha Tinda Auto station. This is the
closest station to the coordinates of the forests used for simulation. We extract data of
the daily averages of the climatic parameters of the last 5 calendar years (2014 to 2018).
From this data, we chose the 40 days with the worst weather conditions, which favor the
propagation of fire and proceeded to obtain |®| = 100 scenarios of 24 hours.

4.2.3 Fire modeling

In this study we use Cell2Fire, a new fire growth model, presented in ( ).
This fire simulator has a similar performance to Prometheus (the most prominent simulator
in Canada, see more details in ( )). Both consider the same aspects of a
landscape such as: slope, aspect, and elevation; fuel types from the FBP System (

, ); and weather to simulate fire growth. Cell2Fire is a cellular automata — fire
spreads from cell to cell — unlike Prometheus which is based on wave propagation equations
( , ). This is an advantage of Cell2Fire, because it can save and change
the status of the cells in simulation time. During a simulation, a cell can be in one of
five states: “Awailable”, “Burning”, “Burned”, “Harvested”, or “Non-Fuel” where the label
“Available” indicates that the cell contains a flammable fuel type; “Burning” represents cells
containing an active fire; “Burned” indicates that the fire has consumed the fuel available
and passed through the cell; and “Non-Fuel” is a non-flammable fuel type such as rivers,
lakes, or rocks. The “Harvested” state is provided so that the simulator can be embedded
in a strategic harvesting planning system, as we will see in section 4.2.5. The harvesting
planning module will be responsible for labeling the cells that are harvested and provide the
appropriate post-harvest fuel type.

4.2.4 Measuring Wildfire Risk

We experiment and compare our new metric with three established approaches: Burn Proba-
bility Maps, Betweenness Centrality, and Fire Protection Value (FPV). The concept of burn
probability maps (BPM) is commonly used to assess the risk of fire ( , , :

, ; , ; , ). Several software such as
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Burn-P3, FSPro, and FlamMap ( , , : , ) can cal-
culate these metrics using different methodologies. Fuel treatment applications using this
approach can be reviewed in ( ) ( ) ( ). An-
other metric applied in the context of fuel management is the betweenness centrality (BC)
value ( , ). It aims to identify and rank those areas that act as a link between sec-
tions of the forest. For example, in ( ), the authors use this metric for
the strategic placement of fuel treatments to mitigate the spread of fire. Other applications
of this method in this context can be seen in ( ). In ( ), the
authors developed the fire protection value (FPV). Using this metric, the decision maker can
identify sections of the forest where the fire tends to travel faster, focusing the treatment in
these critical locations. The main difference with our approach is that the model is static in
the sense that it relies on unique weather conditions failing to capture temporal interactions.

4.2.5 Downstream Protection Value

We model a forest as a two-dimensional lattice with identical cell areas. The attributes and
spatial relation between these cells are modeled using an undirected planar graph G = (N, £)
where the set A represent the forest cells (graph nodes) and £ the edges between neighboring
cells (see Figures 4.2 and 4.1). Nodes i € N are associated with relevant attributes ; such as
total volume available, selling price per cubic meter, treatment costs per area, fuel type, and
any other relevant data provided by the user (see ( )). Specific attributes can
be considered for edges such as distances between cell centers, slope, transportation costs,
among others.

When a fire occurs, a messaging process is generated between the nodes of G' during the
simulation, obtaining a directed graph Gp = (Np, Ep) where Np C N is the set containing all
the cells burned during the replication and £p is built from these signals, representing the fire
propagation between adjacent cells. Based on the network structure and the characteristics
of the fire-growth model, we introduce the following notations/concepts:

e Adj (i): denotes the set of available cells adjacent to i € N.

e ¢ (i): represents the time at which the fire reaches the center of cell ¢ and starts propa-
gating to its neighbors.

e We denote ¢« —; j if cell 7 is “sending a message” to cell 5 at time-step ¢, simulating
and updating the fire evolution along the minimum distance between the center of
both cells. Here, we assume that ¢t < ¢ (j), the time to reach the center of cell . When
t = t(j), the cell j changes its state to “burning” and we establish that “i sent a
message to j” (i —;) j). Following this notation, we can represent the fire traveling
time from the center of cell i to the center of cell j. Namely, t; ;) = t(j) — ¢ (), and
thus if ¢ —; 7 then ¢ (i) <t <t (j).

e For notation simplicity, we denote by ¢« — j when the fire propagating from cell 7 reaches
the center of cell j, i.e. i —(;) 7 occurs. Only the shortest paths are registered during
the execution of the simulator.

e A cell 7 becomes inactive when no more messages can be sent from 4. This occurs when
no adjacent cells are available, Adj(i) = {0}. (e.g., surrounded by non-flammable or
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(a) Forest Planar Graph G = (W, &) (b) Wildfire Propagation Tree 7; = (N}, &) (c) Propagation Tree: traveling times [min]
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Figure 4.1: (a) Planar graph, (b) simulated “Propagation Tree” from a heteroge-
neous instance, and (c) fire shortest traveling times. Red arrows indicate edges
where fire was propagated. The root ¢ of the tree 7; corresponds to the ignition

point of the fire.

w, ) = (b5, ROSG5)5 fag)

Figure 4.2: Example of a “Propagation Tree” graph generated from Cell2Fire.
Cells are represented by nodes and the edges indicate that fire was propagated
from one cell to another during the simulation. Weights w; ;) include information
w.r.t. the traveling times, average rate of spread (ROS), and usage frequency.

already burned cells).

We emphasize that the notation “—” is only defined for adjacent cells on graph G, so in

what follows, we extend its definition.
Definition 1 We say that “¢ reaches j”, and we denote it by ¢ — j if there are i1, t2, ..., 7, €
N such that:

{ —7t(i1) i1 t(ia) by = - =y —(j) J-
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Note that the fire traveling time from ¢ to j is given by:
(t (i) =t () + -+ () =t (ir) =1 () — £ (i)

Definition 2 We say that the graph T; = (N}, &) is the “Propagation Tree” of the cell
if:

e i € N is the root of the tree 7;, where N; = {j : ¢ — j} U {i}.

o & = {(k,j) : k,j € Nij,k <> j} where <> represents the existence of an edge between
cells k, j due to the propagation of a fire message during the simulated wildfire.

e BEach edge e = (k,j) € & is associated with a weight w ;) = (L), ROSwy): fikj)
including the traveling time between cells, average ROS during the new ignition, and
usage frequency.

The concept of “Propagation Tree”, although simple, is very powerful and useful. Given
any cell inside the forest, it summarizes the fire propagation dynamics during a simulation,
starting from this particular root cell. Intuitively, we would like to decrease the size of each
“Propagation Tree”, meaning that the number of cells burned after the wildfire season is
minimized. We can easily obtain useful insights and assess the risk of a cell during a fire
season by noting the size of its tree. The bigger T, the larger the number of cells burned
because of the presence of the root cell, acting as the shortest link between two different
areas.

Propagation Tree: hitting ROS [m/min] Propagation Tree: traveling times [min]
J 80.
: 80 4000
60 60 60 3000
40 2000
401 401
20 1000
80 100 120 140 160 80 100 120 140 160

Figure 4.3: Propagation Tree example from Dogrib instance. Useful informa-
tion regarding the ROS [m/min| and traveling times |[min| are registered at the
spreading times between cells.

Traveling times recorded inside the “Propagation Trees” provide the researcher with useful
information regarding the shortest propagation paths inside the forest. From the discussion
above, each edge (i, j) represents the shortest path of the fire from the ignition point to cell
i and from i to j. Furthermore, average propagation time and ROS can be calculated for a
tree 7;, providing practical insights for the decision maker when deciding the fuel treatment
plan by also incorporating relevant elements for operational fire suppression (e.g., average
propagation speed) that can be critical in the event of a future wildfire. From these outputs,
interesting conclusions can be extracted with respect to the role of different fuel types inside
the propagation dynamic, as well as climatic conditions that affect the effective ROS between
cells, among others (see Figure 4.3).
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We introduce the concept of “Global Propagation Tree”, the tree generated from the su-
perposition of individual trees (Figure 4.4). In the context of multiple replications — wildfire
simulations under different conditions — this graph allows us to calculate all the required
parameters for our optimization model such as ignition probabilities, expected area burned,
average rate of spread, and risk metrics.

Global Propagation Tree & Frequency (10 rep.)

10
100 - 3
75 6
50 - 4
9
25
in

100 150 200 250
Figure 4.4: Global Propagation Tree obtained from 10 replications starting from

the same ignition point including uncertainty in the weather scenario ¢ € ® in
Cell2Fire. Edges frequency usage is indicated with colors.

Definition 3 We define the graph GTr = (Ng, Er) as the “Global Propagation Tree” of
the landscape after R replications where we have:

e The set N := U,cpN, contains all the ignited /burned nodes among all replications R.

o &r = U,crE,, the set of all edges traversed by fire during the R replications.

e The weights w( ).z = (¢4),r ROS@ )k, fij),r) associated with any edge (i, j) € &g

where:
. B Lijee tagr traveling time bet de i to j
- (i,j),R_ZreRT e average traveling time between node 7 to j.
1 )ee, ROS( j) v

— ROSGj)r =D rer the average ROS when fire hits node j from

1.

|R|

= fajr = 2rer Lij)ee,, the number of times an edge (4,7) is traversed by fire
among the | R| replications.
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Mathematical Model

Following the idea of evaluating the level of protection given by treating a certain area,
we introduce the downstream protection value (DPV), a new fire risk model that aims to
measure the value of what is burned downstream, starting from a burning cell ¢. Thanks to
this metric, we can quantify the impact of treating cell 7 in terms of an optimization problem
defined by the decision maker, minimizing the expected losses when planning under wildfire
uncertainty.

Definition 4 Let i € N, and T; = (N}, &;) its propagation tree with root node i. Then, the
Downstream Protection Value, DPV (i) is defined as

DPV (i)=Y VaR,
JEN;

where VaR; is an appropriate value at risk.

From the previous definition, DPV is the summation of Value-at-Risk (VaR) factors. For
example, volume arises as a consistent and simple VaR variable. We can easily extend it
and include more information by weighting values by probabilities and other characteristics
of the nodes/edges. In addition, due to the additive property of the model, we notice its
natural extensions to work with larger units (cluster of cells) and to calculate the total risk
per cell from multiple replications R, using the global propagation tree G7x instead of 7. In
order to illustrate potential applications and limitations depending on the selected VaR, we
proceed to analyze and test different possibilities.

Suppose that we have three different “Propagation trees” (Figure 4.5) and we want to
calculate the DPV using just the volume as our VaR. For simplicity, we assume identical
cells (1 unit of volume). In this case, the DPV is exactly the same for cell 1 in all graphs,
but their structures, traveling times, and ROS are significantly different, therefore, this VaR
may not be appropriate for the situation.

We tested different extensions and modifications to our initial DPV: (1) Adding a decay
factor a(j) depending on the depth inside the tree, (2) weighting the VaR by average traveling
times £(j) or ROS, and (3) multiplying the original summation by the degree d(7) of the node.
In Table 4.2 and Figure 4.6, we can see how different values can be obtained depending on
the approach used. Weighting the volume by the total degree d(i) of the node allows the
DPV to better capture this information, increasing the risk value when cells tend to be more
connected inside the network, and thus, tend to spread fire to more sections of the generated
tree.

4.2.6 Optimal fuel-treatment plans

Formulating an explicit optimization model, we seek to solve the problem of finding the
adjacent cells that maximize the total summation of the fire risk value considered, subject
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Figure 4.5: DPV comparison for three different “Propagation Tree” graph struc-
tures.

DPV formula G; Gs Gjs

2 jen, Vi 6 6 6
Sen d@)V; 12 24 6

Table 4.2: DPV comparison example.

DPYV version Value
>V 6
JjEN;
di) 3. Vi 12
JEN;
d(i) a(j)V; 9
jeN;
(20,30) d@) 2 HIY; 24.4
d(i) ,- EZVV a(5)d(j)V; 13

Figure 4.6: DPV versions example. Several combinations of relevant variables
of the graph can be used for calculating the Value-at-Risk of the landscape. Its
components will depend on the objective and planning horizon of the study.

to specific constraints provided by the decision maker such as resources allocation (e.g.,
total budget), demand of forestry products, ecologic/demographic restrictions (e.g., protected
areas), among others. Adjacency constraints are included with the purpose of obtaining more
realistic and easily adaptable solutions by forestry experts in practice ( , ),
where the fuel treatment is carried out such that units are adjacent to each other. Formally,
we solve the following general optimization problem:
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Definition 5 Given an undirected graph G' = (N, £) and a weight function v : N' — R, we
seek to identify the subset of nodes S where ) . _¢ v; is maximized and the induced sub-graph
(s is connected. A feasible region € is defined by a set of operational constraints (e.g.,
maximum budget, max capacity). Thus, we formulate the Protection Value Problem (PVP)
as:
(PVP) maxgeny ) jeq Vi
s.t. S connected (4.1)
S e

where Ay, is the set of all subsets of nodes in A/, and v; is some fire risk metric (BP, BC,
FPV, DPV) for each cell i € N.

Therefore, for a given undirected and node-weighted graph G = (N, ), we want to find
the subset of nodes with maximal sum of DPV (or another relevant metric), inducing a
connected subgraph. This is a variant of the maximum-weight connected subgraph problem
(MWCSP) a known NP-hard combinatorial problem ( , ; )

), where extra constraints depending on the fire managers needs are included.

In this work, we solve this optimization problem using a greedy heuristic that selects which
cells to harvest, starting from the one at the top of the ranking and adding the adjacent cells
with the highest value until a stop condition (e.g., maximum number of treated cells) is
satisfied. A detailed discussion of alternative techniques to solve this problem, such as Mixed
Integer Programming (MIP) or meta-heuristics will be included in a future study.

4.3 Results and Discussion

4.3.1 Design of simulation experiments

The proposed Decision Support System (DSS) is divided into two main stages: simulation
and optimization phases. In the first one, a set of R replications are performed, simulating
multiple fires within the landscape(s) of interest in order to capture the uncertainty of the fire
ignition and fire growth models as well as the weather stochasticity. Fire occurrence/proba-
bility maps, relevant statistics (e.g. average number of burned cells, shortest paths), useful
visualizations, and the underlying graph structure of the fire are the main outputs of this
stage (see Section 4.2). In the second phase, fires are processed in order to calculate the
different risk metrics (or any variation proposed by the user) per cell. Then, an optimization
problem is solved (see PVP problem in Eq. 4.1 and Figure 7.1), generating the optimal
fuel treatment plan to minimize the impact of future fires given the conditions/constraints
provided by the decision-maker.

Following this scheme, we perform a series of experiments using the data described in
previous sections, assessing and comparing the performance of the proposed methods when
measuring the fire risk of different sections of the forest. Multiple sources of uncertainty are
included, aiming to generate robust fuel treatment plans to decrease the losses generated by
future wildfires.
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STAGE I

In this stage, the different outputs to calculate the fire risk values mentioned in section
4.2 are generated. For this, two modules are integrated: Fire Ignition Probability Map
and Fire Growth Model (Cell2Fire) — see Figure 7.1. In the first module, a cell is selected
for ignition. This probability map can be built simply by using a uniform distribution
in the number of landscape cells, a probability function provided by the user, or through
advanced methods of Machine Learning that capture the risk of occurrence based on variables
that take into account the spatial distribution of forest fuel, distance to roads, demography
and other anthropogenic characteristics that influence the risk of fire (see Chapter 6 in this
thesis). In the selected regions, ignitions are usually caused by lightning. Then, we consider
that the location is uniformly distributed. Once a cell is ignited, a weather scenario is
randomly selected. Fire is generated in the second module, whose duration depends on the
temporal information of the selected climate. Each fire spreads through the forest cells, and a
directed graph Gp is produced, modeling the fire on the graph associated with the forest. By
repeating this procedure R times, R graphs representing the R fires are generated, obtaining
a MultiDiGraph (GTr). Using this information, different risk maps are produced using the
metrics mentioned in section 4.2.

This offers an advantage over other approaches such as in ( ) or
( ), who use FBP System and FlamMap outputs, respectively. Unlike our
approach, where the ROS between two forest cells will depend on the evolution of the fire for a
given simulation and a specific climatic scenario, these outputs are isolated representations of
the potential fire behavior at each landscape grid cell and can be used to effectively compare
relative rates of spread across the landscape, without actually simulating fire spread ( ,
; , ). In opposition, we can use several approaches to obtain a representative
ROS between two cells, like the average of the ROS obtained from simulations where the fire
went through such cells or other alternatives, providing more flexibility to our system.

STAGE 11

The values obtained by the BP, BC, DPV from STAGE I or some of their variations are
calculated for each cell/stand of the forest using the previous stage outputs. Now, our main
hypothesis in this study is that managing the cells/stand with greater value (e.g. higher
ignition probability) will play a fundamental role in the spread of fire, and therefore, on the
protection of the forest in terms of expected losses from wildfires. Then, with the purpose
of obtaining more realistic and easily adaptable solutions by forestry experts in practice, the
fuel treatment of several cells/stands is carried out in such a way that units are adjacent
to each other (a continuous patch of the original forest). These restrictions are known as
“adjacency constraints” — see for example ( ).

Formulating an explicit optimization model, this module solves the PVP problem (Eq. 4.1)
of finding the adjacent cells/stands that maximize the total summation of the fire risk value
considered, subject to specific constraints provided by the decision-maker such as resources
allocation (e.g. budget), demand of forestry products, ecologic/demographic restrictions (e.g.
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protected areas), among others.
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Figure 4.7: Decision support system schematic. STAGE I: in this stage, different
outputs used to calculate the fire risk values are generated. For this calculation,
two modules are integrated: fire ignition probability map and the fire growth
model (Cell2Fire). A cell 7 is selected for ignition using a uniform distribution,
a probability function provided by the user. Once a cell is ignited, a weather
scenario is selected, and a wildfire is generated. Each fire spreads through the cells
following a provided fire spread model, and a propagation tree T; is obtained. After
R replications, a multidigraph G7% is obtained. Using this information, different
risk maps are produced using the discussed metrics. STAGE II: formulating an
explicit optimization model (PVP problem), this module solves the problem.

4.3.2 One-stage framework to evaluate the effectiveness of fuel treat-
ment

A total of 65,500 experiments, involving testing the different metrics with (i) heterogeneous
landscapes of varying sizes — 79,611 to 559,746 cells — and land cover compositions, (ii)
different numbers of replications R € {10, 50, 100, 1000}, (iii) a random or deterministic
selection of the weather scenarios and ignition point per replication, (iv) In the STAGE II,
we consider a period for evaluation: |T'| = 1 and (v) varying the total fraction ¢ f representing
the maximum area of the landscape to be treated given the decision maker’s resources are
conducted. Due to size limitations, fires are simulated for 12 hour windows in the Alberta
province, while full day scenarios are used in the British Columbia instances.

For any given wildfire, using our model decreases the average rate of spread and expected
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area burned by 53% and 57%, respectively, compared to its closest competitor (BC) thus
creating effective fire-resistant terrains. These improvements are observed across all instances
and weather scenarios, reaching differences above 60% of the total area protected with respect
to the second-best metric when treating 5%, 10%, and 15% of the landscape. The results are
useful for decision makers facing budget and operational limitations, where resources must
be spent in the most economical manner. The DPV performs best in all experiments, rapidly
extracting the core fire propagation patterns within the landscape. It identifies high risk
regions, focusing the treatment in those zones, with its effectiveness elevated as the number
of replications is increased. We measure this amelioration by noting the significant decrease
in the number of wildfires and the expected losses — with differences up to 67% of the total
area protected — when compared with the second-best metric (BC) across all treatment levels.
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Figure 4.8: Adding new simulations from potential wildfires significantly improves
the performance of the tested metrics under our framework, which is critical to
generate effective treatment plans. Focusing on the Arrowhead instance ¢t f = 0.25,
we observe that using the DPV model, we decrease the average area burned from
281.14+348.0 (DPV 10) to 58.4£139.1 ha. (DPV 100). Here, we notice that even
training the DPV model with 10 samples is almost as good as those of BC 100,
showing the potential of our method. Minor performance differences can be seen
between the BC 10 and DPV 10 models in the Revelstoke instance, indicating
that the complexity of the landscape, more fragmented than the Arrowhead area,
is relevant in determining the number of replications R to obtain robust results.
Increasing R, DPV is able to significantly improve its performance, decreasing the
number of burned hectares from 370.5 4+ 382.2 to 102.6 4 146.6, an improvement
of 72.3%, learning faster than any other metric when more data are provided.

In general, we observe that increasing the number of replications positively influences the
performance of all methods by decreasing (i) the volatility of the results and (ii) the total
expected area burned after the application of the fuel-treatment plan. These effects are
evident in the RW-RI scenarios, where uncertainty is a crucial part of simulated fires. DPV
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not only surpasses the front line alternatives but it has the fastest learning capacity with an
improvement up to 65% in the protected area when increasing R from 10 to 100.

However, this positive relation is not true for all metrics. This can be seen in the Ar-
rowhead instance (Figure 4.8, top-center), where including 100 replications does not improve
BP treatment plan’s effectiveness, yielding a global average for tf < 25% of 1066.7 4+ 1191.7
burned cells when training the metric with 100 replications (BP 100) versus 1099.6 4 1090.3
when including only 10 training samples (BP 10). We omit the results of the FPV model
since it is consistently outperformed by the DPV /BC both in the protection of the landscape
and in the computational performance.

We can illustrate the previous discussion by observing the “Global Propagation Trees” GT g
obtained from a section of the Dogrib instance for a different number of replications R (Figure
4.9). From the plots, the number of potential trajectories captured when including more
simulations is clear: G771y contains limited information for all nodes in the graph, leading
to classify several cells with null DPV (or alternative metric) since no observation include
them into the wildfire propagation dynamic. On the other hand, the G799 graph provides a
representative and exhaustive picture of the potential fire propagation risk in different sections
of the landscape, allowing the decision maker to easily identify which sections should be
treated, as well as gathering relevant information regarding the expected ROS and traveling
times of the fire within the forest.
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Figure 4.9: “Global Propagation Trees” for |R| € {10,100} replications of the
Dogrib RW-RI instance. More complex and general wildfire patterns are captured
when increasing the number of replications, allowing the metrics to exploit this
information when ranking the cells for the treatment plan.

Comparing the impact of the different sources of uncertainty included in the experiments
(Figure 4.10), we observe similar trends: the DPV is able to converge faster toward a full
protection of the landscape when fixing the ignition area (FI), preventing approximately 90%
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of the fires, and generating the most prepared landscapes for addressing fires under weather
and ignition (RW-RI) uncertainty across all tested instances.
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Figure 4.10: Treatment plan effectiveness depending on the simulated scenario for
Dogrib instance. Fixing the ignition point to a bounded area (left side) signifi-
cantly simplifies the problem, obtaining fast convergence toward no losses due to
wildfire with all metrics.

Our DSS can be implemented in several practical applications. As an example, fire man-
agers could capture the fire propagation patterns for a particular forest by replicating his-
torical wildfires and their climatic conditions, obtaining a fully-adapted and trained fire risk
model. Moreover, its data-driven approach allows decision makers to continuously update
the parameters of our optimization model, allowing them to add new information from the
landscape and incorporate it into the optimal fuel-treatment plan. Different subsets of the
forest could have different values for the decision maker. Factors such as native forest areas,
highly population-dense sectors, or regions naturally predisposed for hosting certain species
should be accounted for by the the decision maker. These can be easily incorporated in
our framework by modifying the VaR included in the DPV model as well as adding specific
constraints to the PV P model. Thus, certain sections of the forest could have different v;
weights when optimizing the plan. This difference is translated into multiple DPV heatmaps,
and thus, different treatment plans are obtained, showing the flexibility of the framework.

A series of valuable outputs are obtained from the execution of the proposed methodology,
allowing the decision maker to modify her relevant Values-at-Risk based on the information
gathered from the experiments. For example: (1) ROS heatmaps projected on the “Propa-
gation Trees” can be analyzed to determine which sections of the landscape tend to rapidly
spread the fire under certain weather scenarios. Thus, helping the decision maker to identify
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highly flammable and risky land covers within the forest as well as the most frequent fire
propagation lines. (2) Shortest traveling times between all nodes inside the “Global Propa-
gation Tree” could provide critical information when planning the suppression activities and
resources allocation. Knowing the frequency and propagation patterns of the most likely
potential fires within the landscape could be used to generate efficient prevention plans and
to estimate the number of units of different suppression resources (e.g. helicopters, drones,
firefighters) needed to act under several scenarios, in order to suppress a detected ignition.
(3) Custom metrics based on the DPV model can be easily tested and adapted by the user.
After developing a series of experiments for a landscape, the decision maker could customize
the metric by adjusting or even proposing a completely new VaR, exploiting knowledge gath-
ered from multiple replications and the performance achieved by the proposed metrics during
the experiments. This way, more general and complex metrics — even including elements such
as lightning strikes probabilities — can be easily tested in our open-source DSS, giving the
user full flexibility and expanding the potential of the system.

The proposed model can take advantage of historical data to develop more efficient fuel-
treatment plans with our DSS, obtaining landscapes that are better prepared for dealing
with wildfires in comparison to state-of-the-art metrics. Overall, DPV emerges as the most
effective option for minimizing large wildfires with significant room for improvement thanks
to its flexible and expandable model. Fuel-treatment plans generated from our model are
able to detect high-risk areas, focusing the treatment on the most critical sections of the
forest. Therefore, the treatment plans generated result in optimized forest structures that
minimize wildfire impact.

4.3.3 Multi-stage framework using a rolling horizon approach

We naturally extend our methodology to a multi-stage setting where we solve a series of
iterative problems ¢t € T with T the set containing all the periods up to the planning horizon.
Using |T| = 4, we simulate the problem faced by a decision maker when deciding which
portions of the landscape to treat in between fire seasons. For simplicity of the analysis, we
assume that only one fire occurs per season. However, our DSS allows the user to include
as many fires as wanted using a fixed number or following a historical distribution/density
function. In addition, tf levels are calculated with respect to the remaining forest hectares
after applying the fuel-treatment plan and passing the fire season, for every time-step t.

In this section, for our numerical results, we extract a patch of 10,000 hectares for testing
the proposed methods (see Table 6.1) from Dogrib instance. This instance is referred as:
Sub100.

Solving the multi-stage problem with |T'| = 4 in the Sub100 instance, we observe (Figure
4.12) that the DPV model outperforms the alternative metrics for different ¢ f levels. From
the experiments, differences in performance tend to be even greater than in the single stage
problem. This can be explained by the fact that treatment plans based on DPV are able
to systematically modify the landscape, and transform it into a fire-resilient terrain since
it consistently minimizes the expected losses due to wildfires, capturing the most frequent
propagation patterns, their impact on the forest ecosystem, and translating this information
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into a robust classification ranking for prioritizing the treatment of the cells. A future research
study will be focused in the systematic evaluation of this challenging setting.
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Figure 4.12: Multi-stage Sub100 instance algorithms performance comparison for
multiple ¢ f levels. DPV arises as the most effective and robust approach in the
experiments developed.

This scheme can be naturally extended to any planning horizon 7', even with the possibility
of using different VaRs depending on the period ¢, providing great flexibility to the decision
maker. Important is to notice that in this first study, we are using the information captured
by the “Propagation Trees” obtained during the training stage to calculate the relevant VaR
of the DPV. After every fire season, the original graph is updated with the new state of
the forest and the decisions performed in the previous harvesting plan. Therefore, we do not
perform new simulations between periods for updating the VaR inside the graph. Although
the second approach could be more effective since the new graph is calculated with respect to
simulated trajectories accounting for the new state of the landscape, it requires a significant
amount of time to be evaluated since |T'| x |R| simulations would be performed. This version
and alternative/complementary approaches are being studied and will be covered in future

studies.

4.4 Conclusions

The proposed methodology has been evaluated using realistic instances and exhaustive ex-
perimental settings. Results indicate that it significantly improves the performance obtained
by traditional/alternative approaches when measuring the wildfire risk of different sections of
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a landscape, allowing the decision planner to develop more effective fuel-management plans.
It allows the decision maker to explicitly account and incorporate the wildfire risk as part
of the decision making process. Using our proposed DSS, landscape managers will be able
to include their relevant VaRs as part of the DPV calculations, obtaining quantitative in-
formation regarding the importance of each cell/stand inside the landscape to minimize the
impact and losses associated with wildfires. Solving an optimization problem — including
extra constraints and objectives as needed — we provide a flexible and robust methodol-
ogy and an open-source DSS for performing a systematic, effective, and efficient tactical
fuel-management.

The learning ability of the proposed DSS when increasing the size of the training set, as
well as its flexibility and natural expansion/customization, make it a powerful system not
only useful for landscape managers but also to a broader research community involved in
topics such as animal conservation (e.g including connectivity corridors inside the landscape)
under wildfire risk, modeling plague dynamics, and forestry industry in general, among other
possibilities. Our work is the first open-source DSS for systematic fuel-treatment under
wildfire risk, fully-integrated with a state-of-the-art fire growth simulator.

Several future research challenges remain open. In the current version, an individual VaR
(DPV) is calculated so each cell is associated with a value. However, different configurations
of harvested cells could lead to better/worse performance, even when the individual or total
sum of DPVs is identical. Future research could explore the value of the interaction between
cells in a simple but effective way: given their individual VaR, location in the graph, de-
gree, and other characteristics; calculate the total DPV weighted by a factor capturing the
interaction between the cells. An evaluation approach based on simulation could be applied,
testing different combinations/shapes of cells and registering the most effective ones in order
to understand the underlying patterns that make them more effective. However, the problem
is highly combinatorial, exploding with the size of the instance, and thus, being extremely
demanding from a computational perspective.

The current multi-stage approach is myopic, in the sense that decisions are taken based
on the actual state, without including expectations about future periods of the planning
horizon. This is repeated for each decision period. An alternative is to model the full
tactical /strategical problem as a multi-stage stochastic problem. However, it triggers several
challenges such as model size/complexity or scenario definition (content, number, associated
probabilities). Therefore, it remains an open challenge.

Once we take decisions that affect the forest /landscape such as harvesting certain cells, the
VaR of the full forest is modified. How can we update it without running new simulations is
an interesting research question. In the current version, we eliminate the values of the already
harvested cells and recalculate the remaining VaRs, however, that value was calculated after
simulating fires with the original configuration of the forest, and thus, are not completely
representative of the new situation. In order to tackle this limitation, we are currently
exploring the use of supervised learning techniques for training a model as part of a future
research study as follows: (1) Generate a large training dataset containing fire simulations of
different classes of forests (homogeneous, heterogeneous, certain fuel types/weathers, etc.),
(2) the relevant VaR is calculated using the exposed method, (3) using the instance data as
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inputs, we train a deep learning model to estimate the VaR value of the instance — acting
as a label for the sample, (4) once the model attains a good performance, we use it as a
proxy for calculating the VaR of an instance “on-the-fly”, updating the original values every
new period. The idea is to increase the size of the dataset with every new fire simulated,
improving the performance of the model through time.

Similarly, the action space will be extended in future research from a pure/binary har-
vesting setting to a flexible version including multiple management actions such as pruning,
thinning, or application of different treatments (e.g. use of fire retardants) with the aim of
developing an even more realistic decision model.
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Abstract

In practical applications, it is common that wildfire simulators do not correctly predict the
evolution of the fire scar. Usually, this is caused due to multiple factors including inaccu-
racy in the input data such as land cover classification, moisture, improperly represented
local winds, cumulative errors in the fire growth simulation model, high level of disconti-
nuity /heterogeneity within the landscape, among many others. Therefore in practice, it is
necessary to adjust the propagation of the fire to obtain better results, either to support sup-
pression activities or to improve the performance of the simulator considering new default
parameters for future events, best representing the current fire spread growth phenomenon.
In this chapter, we address this problem through a new methodology using Derivative-Free
Optimization (DFO) algorithms for adjusting the Rate of Spread (ROS) factors in a fire
simulation growth model called Cell2Fire. To achieve this, we solve an error minimization
optimization problem that captures the difference between the simulated and observed fire,
which involves the evaluation of the simulator output in each iteration as part of a DFO
framework, allowing us to find the best possible factors for each fuel present on the land-
scape. Numerical results for different objective functions are shown and discussed, including
a performance comparison of alternative DFO algorithms.

5.1 Introduction

Considerable efforts have been made in recent decades to simulate fire through a hetero-
geneous forest landscape due to the increase of such events as a result of global warming
and human carelessness ( , ; , : , ). To date,
a wide set of fire growth simulators are available, which utilize a range of different model-
ing approaches and underlying fire behavior prediction systems to simulate the fire spread
dynamics based on demographic, topographic, and environmental conditions. An excellent
review of these can be found in ( ).

One of these computational tools is Prometheus, a deterministic fire growth simulator
released in May 2009 ( , ). Using spatial fire behavior input data on
topography (slope, aspect, and elevation) and the Canadian Forest Fire Behavior Prediction
(FBP) System fuel types along with an hourly weather stream, it simulates fire growth based
on the Huygens’ principle of wave propagation. Another simulator with similar character-
istics is FARSITE ( : ) based on the American BEHAVE System. As indicated
in ( ), these two models obtain the best simulations of
historical fires: FARSITE in the United States and Prometheus in Canada.

Although Prometheus and FARSITE have excellent performance in general, they are not
suitable for fire-smart forest management that requires that both the harvest and simula-
tion models have a well-structured and natural interface for easily exchanging data at each
iteration of the process, in order to incorporate decision-making modules. This becomes
even more relevant in a multistage framework in which multiple events, whether harvest
decisions and/or fires may occur each year for a given planning horizon. For this reason, a

68



new cellular-based fire growth simulator has been recently developed called Cell2Fire (

, ). Developed in C4++, it was designed to run both on daily-user machines and
High-Performance Computer (HPC) systems. In its current version, it incorporates fuel and
fire models from the Canadian Forest Fire Behavior Prediction (FBP) System, allowing the
user to simulate the fire dynamics across a grid that represents a real forest landscape.

However, the performance of any simulator and/or computer programs depends to a large
extent on its input parameters, calculated as a function of the data provided by the user or
following theoretical bases that support their values. This way, some performance problems
may be a result of inaccurate data on fuel moistures, fuel descriptions, weather, or improperly
represented local winds, among other sources of errors ( , ). Asis indicated in

( ), the ability to build a realistic fire scar with Cell2Fire depends on the Rate of
Spread (ROS), which causes the fire to advance faster or slower through the cells of the
forest. A similar approach is followed by simulators such as FARSITE and Prometheus
( , ; , ). Modeling the landscape as a continuous surface, they
base their propagation model through the forest on the assumption that under homogeneous
conditions, the burned area has an elliptical shape whose deformation mainly depends on
the wind speed and its axes are constructed from the main rate of spread values: Head
ROS (HROS), Back ROS (BROS) and Flank ROS (FROS). In the case of FARSITE, these
parameters are provided by BEHAVE, and obtained from the Canadian FBP System for
Prometheus and Cell2Fire.

The noise of the data and different approximation inaccuracies directly affect the propa-
gation model by perturbing the calculation of the different ROS values mentioned above, and
thus, this can lead to an over/underestimation of the ROS magnitude, in disagreement with
the observed fire. For these reasons, systems like FARSITE, BEHAVE, WildFire Analyst,
and others ( , : , : , ), have intro-
duced a module of adjustment factors directly on the ROS, allowing the user to use expert
judgment or local data to tune the simulation parameters to observed or actual fire spread
patterns. These factors are fuel model specific, multiplied by the rate of spread to achieve
the specified adjustment ( , ; , ). The latter is done manually in
FARSITE, without any guarantee that the new factors configuration will improve the predic-
tion. Moreover, the complexity of searching for factors increases along with the heterogeneity
of the forest, directly depending on the number of fuels inside it. A recent article (

, ) addresses this problem in FARSITE, introducing an automatic calculation using
an Ensemble Kalman Filter that exploits the uncertainty information on the simulated fire
perimeter, fuel adjustment factors, and measured fire perimeters. On the other hand,

( ) proposes a method to determine the optimal adjustment factors by fuel model
from the fire observed in real-time in order to minimize the arrival time error with respect
to the simulated fire.

The main objective of this study is to show how a novel methodology based on Derivative-
Free Optimization can serve to improve the performance of fire simulators in both real-time
and future events simulations through an automatic adjustment of the Rate of Spread factors,
obtaining more accurate fire scars. For this, we use Prometheus simulator as a proxy because
it provides us the evolution of fire scars hour-by-hour with the purpose of imitating the
behavior of a fire in real-time. Using this information, we minimize an objective function
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that represents the error in the fire spread evolution, having the ROS factors as the decision
variables of the optimization model. Also, in order to show the adjustment approach for
future events, we analyze a case study in Canada where a landscape located in the Alberta
Region suffered a large fire on September 25, 2001.

The chapter is organized as follows: In section 2, the main fire spread simulation logic of
Cell2Fire is described and a brief description of Derivative-Free Optimization algorithms is
given. Section 3 introduces the Derivative-Free optimization framework and the methodol-
ogy approach to adjust the ROS factors in Cell2Fire, analyzing the fire spread and growth
dynamics of each fuel type included in the FBP system, as well as describing the main algo-
rithms implemented. In section 4, optimization results are discussed for a case study based
on a real forest in Canada and a comparison of the performance with different sets of param-
eters is included for several (non)-homogeneous test instances. Finally, section 5 contains the
conclusions and future work of the project.

5.2 Methods

5.2.1 Cell2Fire Simulator

Cell2Fire is a fire growth cell-based simulator developed in C++. It allows the user to
simulate the fire dynamics inside a grid instance that can represent a real forest based on
variables such as fuel type of each cell, weather, elevation (topographic/terrain components),
ignition points, and all the aspects considered by the FBP System — see more detail in (

, 2019).

In algorithmic terms, Cell2Fire simulates the growth of fire by tracking the state of all
cells as the model progresses through discrete time steps on a raster grid where a cell can
be in one state “Awvailable”, “Burning”, “Burned”, “Harvested”, or “Non-Fuel”. Fires begin
with randomly occurring lightning strikes that will ignite a cell or an ignition point can be
chosen deterministically to reproduce, for example, a historical event. At each time step,
the fire may spread to neighboring cells based on calculations of the Head Rate of Spread
(HROS), Flank Rate of Spread (FROS, identical to both sides) and Back Rate of Spread
(BROS) obtained from the Canadian FBP System. Subsequently, a messaging signal process
is initiated between the neighboring cells. In the current implementation, each cell has (at
most) 8 neighbors. Fire progresses through each available axis of the current burning cell
towards the center of the adjacent cells, starting a new fire when it reaches another cell’s
center. Thus, a higher rate of spread (ROS) entails that there is a greater chance of fire
spreading to a neighboring cell.

As mentioned in ( ), Cell2Fire is based on an adaptation of the elliptical
model proposed in ( , ) using the main Rate of Spread components
of the FBP System (HROS, FROS, and BROS). It considers the center of a cell as a focus
of an ellipse and an adjustment of the ROS to the generated ellipse is performed as shown
in Figure 5.1. The implemented ROS distribution scheme is as follows:
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ii.

1il.

Parameterize the ellipse from one of its foci, using polar coordinates (r, ¢) where 7 is
the length of the radius vector and ¢ represents its angle with respect to the horizontal
line (0°East).

Set the main parameters of the ellipse (axes and eccentricity) at time t:

HROS + BROS <1

a = 5 : (5.1)
2x F
= X—ROS X t, (5.2)
2
H B
where FROS = ROS +B ROS and LB = %, the length-to-breadth ratio. Therefore,
the eccentricity is calculated by:
FROS x t)°
e= ( X8 (5.3)
(HROS + BROS) x t
2

to expand the ellipse generated by the fire propagation at time ¢ on the two main axes.

Calculate the Rate of Spread r as a function of the angle ¢:

a(l—e?)
(1 —e-cosg)
i
K 7
................... i ,.............‘./1" Vi ; V2

Figure 5.1: Elliptic approach for WD = 0°. ROS (r) is calculated for each angle
Q.

Therefore, the full dynamic of the fire is determined by these three magnitudes: HROS,
BROS, and FROS plus a fourth related to the eccentricity of the ellipse. Despite its practical
usage, this elliptical model may have its limitations for practical situations as pointed out by
Richards (1993): local wind fluctuations may decrease the LB value and then overestimate
the heading spread of a fire at the expense of flanking spread. For this reason, I'inney (1998)
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considers pertinent to introduce some type of compensation through the use of spread rate
adjustment factors. The above justifies the introduction of four ROS adjustment factors:
T1, X2, T3, 4. These variables internally multiply the rate of spreads: HROS (x1), FROS
(x2), and BROS (x3) obtained by Canadian FBP module; and a additional factor ECC' (x4)

respective to adjust the ellipse eccentricity.

5.2.2 Derivative-Free Optimization

Derivative-free optimization (DFO) is an area of nonlinear optimization that deals with
problems where the derivatives of the objective function (and potentially, constraints) are
not available. Due to a growing number of applications in science and engineering, the
development of DFO algorithms has increased and given greater attention in recent decades.
Some applications using DFO algorithms can be found in ( )

( ); (2010); (2010).

There are different situations where this methodology is appropriate: i) the functions
defining the problem are provided through a computer simulation that cannot be easily sub-
jected to automatic differentiation (see Figure 5.2); ii) the optimization problem involves
conducting a laboratory experiment, with no explicit mathematical expressions; iii) the ob-
jective function is noisy and the gradient estimation may be completely useless; iv) when the
evaluation of the functions require a significant amount of computational power, it may be
prohibitive to perform the necessary number of function evaluations — normally no less than
the number of variables plus one — to provide a single gradient estimation.

1 ( Process simulation \ (zl

€2 22

reRP | : : : t | zeRE
<z <zt T % | z = f(x)

zb / \ j z}g

Figure 5.2: A “Black-Box System” assumes that the black box can be queried
through a simulation or experimental measurements that provide a system out-
put for specific system input values € R”. A principal challenge in practical
optimization is how to optimize an objective function z = f(x) that depends on
this process in the absence of an algebraic model.

The diversity of applications includes problems in engineering, mathematics, physics,
chemistry, economics, finance, medicine, transportation, computer science, business, and

operations research (see e.g. ( ) ( )). Some examples of
them are: Tuning of algorithmic parameters ( , ; , ); En-
gineering design ( , ,b); Molecular geometry ( , ); Medical
image registration ( : ); and dynamic pricing ( ) ).
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In our research, we will follow the ideas of “Parameter Fit” presented in

( ) and ( ). As we pointed out in the Introduction, most nu-
merical codes (for simulation, optimization, estimation, etc) depend on a number of internal
parameters. Researchers implementing numerical algorithms know how critical the choices
of these parameters are and how much they influence the performance of solvers. Typically,
these parameters are set to values that either have some mathematical justification or sat-
isfactory empirical results. One way to automate the choice of the parameters — in order
to find possibly optimal values — is to consider an optimization problem whose variables
are the parameters and whose objective function measures the performance of the solver for
a given set of parameters, measured by CPU time or by some other indicator such as the
number of iterations taken by the solver (see ( )). However, in our study,
we are not interested in the CPU time or the number of iterations that Cell2Fire makes
to get a more accurate fire scar. Since Cell2Fire simulated scars depend dynamically — in
simulation time — on the fuel type (ROS obtained from the FBP System), our parameters
to adjust/re-scale the fire spread model will be such that they change the magnitude of the
ROS among the main propagation axes. This way, our main performance measurement will
be the adjustment error with respect to a real/historical fire scar observed, a real-time fire
scar provided to predict the most likely evolution of an on-going fire, or a scar simulated by
an already calibrated software.

In Figure 5.3, we show a diagram of the internal dynamics of Cell2Fire as a function of the
ROS factors Z = (1, x2, 3, x4). Note that for 7 = (1,1, 1, 1), Cell2Fire behaves normally (by
default). Let Cell2Fire(Z) be the “simulator function”. Since we want to compare simulated
and observed fire scars for different ROS factors, the Cell2Fire(Z) function maps the & vector
to burn-grids S;(Z), for all time steps ¢ = 1,...,T, where T is the total simulation time and
Si(#) a 0-1 matrix with the same dimensions as the landscape where components sfi’j) =1
when a cell — located at coordinates (i, j) — was burned before time ¢ and 0 otherwise (see
Figure 5.4). Thus, >, ; s;5(Z) < > i si2(Z) if t; < ty. This function represents the core of
the DFO framework and will be explained in detail in the next section.

Finally, we mention that, since the magnitude of the ROS depends on the characteristics
of the type of forest fuel being burned at time ¢ ( , : ,
), the adjustment factors may have a dependence by type of fuel (
, ; , ). In order to address this problem, we naturally extend the initial
framework by introducing a vector T, = (Tw1, Tu2, Tw3, Twa) for each w € Q, where  denotes
the set of all fuel types existing within the landscape (see Section 5.3.2 for more details).

5.3 Rate of Spread adjustment factors

In this section, we describe the theoretical background of the DFO algorithms, their practical
advantages/limitations, as well as how we can exploit their characteristics for modeling our
fitting problem as a simple error-minimization problem. Theoretical and computational
implementation details are discussed for the selected fitting strategies.

Based on the discussion from Section 5.2, the main tunable parameters present in Cell2Fire
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Figure 5.3: Cell2Fire(Z) Function. S;(Z) is defined as a function that depends
on the variables x1, x9, x5 which modify the magnitude of the parameters HROS,
FROS, and BROS obtained by the FBP System, and a fourth variable x4 that
adjusts the eccentricity of the ellipse, called ECC factor. Its outputs Si(%),
So(©),...,S7(Z) are simulated fire scars for ¢ = 1,¢t = 2,...,t = T hours using
the parameters & € R*.

consist of the adjustment factors for the main ROS components (Head, Back, and Flank ROS)
that define the shape and magnitude of the fitted-ellipses, associated with each burning cell.
As mentioned in ( ), this step is critical to reproduce valid and realistic fire
scars as well as represent the fire spread dynamic evolution with minimum error. Inappro-
priate ROS factors values can lead to poor results in both the evolution and final fire scar
obtained, specially depending on the structure and characteristics of the forest: (1) different
fuel types obtain different accuracy performance — associated with different ROS estima-
tions, (2) heterogeneous landscapes tend to increase the structural differences between the
wave-propagation and the cellular-automata models, and (3) extreme weather conditions
significantly affect the behavior of the propagation dynamic due to the differences in the
conditions under which fire models algorithms were developed ( , ).

Two main optimization approaches are tested in order to find the best ROS adjust-
ment factors ¥ and improve the performance of Cell2Fire with respect to an observed fire
through the formulation of an optimization problem that minimizes the fire scar evolution
error over time. The first one seeks to find four general factors, which we will denote by
T = (w1, 22,23, 24) € RY, independent of the type of fuel inside the landscape. Thus, each
factor is an “average factor” that re-scales all ROS independent of the fuel type in order to
improve the estimate of the observed scar. This method will be faster in computational terms,
but less precise than a fuel-dependent model. The extension is covered in our second model,
where we try to address the problem of factors adjustment empirically proposed in
( ), however, we go a little further: we seek not only to adjust the corresponding factor
to the HROS, but we also introduce factors for the BROS, FROS, and for the eccentricity of
the elliptical model. This way, this is a fuel model specific approach where the factors depend
on the type of fuel. Let Q be the set of all fuel types, then #, = (z1,, ..., T4,) denotes the
ROS factors associated with a specific fuel type w € ). Therefore, the new decision vector
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) . oL 40
in this model is ¥ = (Z,)eq € ]R+| )

5.3.1 Global approach

The simplest tuning approach consists of finding the ¥* vector that minimizes the global fire
scar evolution error for a heterogeneous landscape. In this case, a unique Z(ii) € R% vector
containing the relevant re-scaling parameters is optimized by solving the ROS Adjustment
Factor (RAF) problem, using a set of desired weights [i € ]R‘f‘ depending on the relevance
of each period t accuracy for the research purpose: e.g. get the best accuracy during the
first hours after the fire ignition or obtain the most likely final fire scar (see Figure 5.4 and
Definition 6). This is equivalent to equally modify the shape and magnitude of the fire ellipses
generated by each burning cell inside Cell2Fire.

Based on the previous discussion, we introduce the following notation and definitions:

- Let the subscript ¢t € T" be the simulation time measured in hours and 7' the discrete set
containing the hours to simulate (simulation horizon). Our methodology allows other
time intervals depending on the evolution of the observed fire. For simplicity, we use
one hour in this study as the main time-step unit.

- A vector x € R* is denoted by Z or z, representing the four ROS adjustment factors.
- Let S; : R* — {0,1}™" be a function whose outputs are the burn-grids obtained from

the Cell2Fire(Z) “simulator function”, dependent on the parameters & = (1, x2, T3, 14),
where 1, x9, x3, and x4 are the re-scaling factors that multiply the main rate of spread
values for the ellipse-fitting procedure of Cell2Fire: HROS, FROS, and BROS, and an

additional parameter for ECC factor, respectively (see section 5.3).

- The Si(Z) function maps the four main ROS factors into a series of Burn-Grids, each
one associated with a certain period ¢ containing the simulated fire scar up to that hour.
For a certain period ¢ and a forest containing m x n cells, each Burn-Grid consists of
a m X n binary matrix where entries containing 1s represent burned cells while the
ones with Os represent available cells. Therefore, the output of S; (1,1, 1,1) is equal to
the binary matrix obtained without any adjustment on the ROS values, i.e. using the
direct output from the FBP system.

- Let II; be the Burn-Grid binary matrix generated by Prometheus after ¢ hours of
simulation or a historical wildfire scar. Similar to S;(Z), this matrix represents the
burned cells (with value 1) up to time ¢.

- Objective Function: we seek to minimize the hourly fire scar evolution error, ideally
using observed fire data (when available). In our study, we use Prometheus’ outputs
as a proxy.

Using the above notations and observations, we define the following optimization problem
which seeks to find the optimal ROS adjustment factors @* = (z7, 25, %, ).

Definition 6 Let ep(Z, fI) be the black-box error function for a simulation horizon T, S;(¥)

the simulator function at time-step ¢ and a ROS adjustment factor vector 7, Il; the ex-
pected binary matrix at period ¢, ||.]| a matrix norm function (e.g. Frobenius norm), and

75



i = (p1, ..., o) the vector of weights associated with each time-step. We define the ROS
adjustment factor (RAF) problem for fitting the values of the ¥ vector as:

TeR4

T
(RAF) : mineq (/1) := Y e | () — 114 .
t=1

Cell2Fire(Z)
Fire Dynamic

g \
3 E FBP System 2 \
Z” g & —=  HROS @) - HROS | — é 5 ‘
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Figure 5.4: Derivative-Free Optimization framework: This figure represents the
scheme of how the (RAF) problem is built. On the left side, Cell2Fire generates
the fire scars Si(Z),..., S7(Z) which are dependent of the ROS adjustment factor
vector # and time ¢t € T. On the right side, the observed/simulated fire scars
I,..., Iy are provided. From this, the Black-Box function e7(Z, fi) is formulated
as the weighted sum of the errors made using parameters ¥ at each time ¢. Finally,
the (RAF) problem aims to find those parameters that minimize the total error.
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Observations:

- The term ||.S; (Z) — I1;|| measures the error between Cell2Fire and the provided fire scars
at time t hours using the ¥ ROS parameters. Important is to emphasize at this point
that in case of having the evolution of the observed fire scar, it would not be necessary
to use simulated ones (e.g. from Prometheus), which would improve the accuracy of
the adjustment for practical cases.

- gr : R* — R, is a function that measures the error between the simulated and ob-
served fire scar evolution. In order to obtain it, Cell2Fire must be executed for the
corresponding parameters & € R*.

- Different weight vectors ji can be selected for different fitting objectives, e.g. minimize
global hourly error or give specific emphasis on final scar differences, adding flexibility
for analyzing different types of decisions — operational, tactical, and strategical.

- The RAF problem is an optimization problem that cannot be solved with conventional
methods because we do not have any information about the derivatives or the algebraic
structure of the function er (Z, ).

Despite the explicit computational advantage of this scheme with respect to the individual
optimization of each fuel type factor, one of the main limitations of this approach consists of
the fact that the optimal £* vector is instance-dependent and thus, it is not likely useful for
different forest compositions and fuel type distributions.

5.3.2 Fuel Model Specific (FMS) Approach

In this section, we denote the ROS adjustment factors vector by @ = (214, ..., T4 )weq Where
() denote the set of all fuel types, i.e. we suppose that the number of variables in the RAF
problem increase to 4 - |€2]. We proceed to find the optimal vector Z* such that the combined
fuel types dynamic is adjusted by these parameters, minimizing the error in the fire evolution

of a specific heterogeneous landscape instance. Then, Z* is the solution of

(RAFpys) @ min er (7, @) Z,ut ||S: (Z) — 11| -

zer}?!

Thanks to this approach, we obtain the most accurate parameters for each fuel type,
minimizing the simulation error of the internal fire spread model.

This approach requires more computational resources than the global approach presented
in section 5.3.1 in order to obtain the optimal #*(u) vectors since we are increasing the
number of adjustable parameters by a factor of |2| — 1. However, it arises as one of the most
precise approaches for very heterogeneous forest during our experiments, as we will discuss
when applying it to our case study (see Section 6.4).
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5.3.3 DFO algorithms

In order to solve the (RAF) problem, we apply a series of powerful and easy-to-implement
DFO algorithms following the techniques and recommendations from ( ) and

( ). Based on the characteristics of our problem and the expected per-
formance of the different algorithms (convergence to the global optimum is not guaranteed),
we implement, test, and compare the following algorithms in order to find the optimal &
parameters:

- Nelder-Mead: an algorithm introduced in ( ), it starts with
a set of points that form a simplex — a generalization of the notion of a triangle or
tetrahedron to arbitrary dimensions. On each iteration, the objective function values
at the corner points of the simplex determine the worst corner point. The algorithm
attempts to replace the worst point by introducing a new vertex in a way that results in
a new simplex. Candidate replacement points are obtained by transforming the worst
vertex through a number of operations around the centroid of the current simplex:
reflection, expansion, inside, and outside contractions.

- COBYLA ( ) ): was developed to solve non-linearly constrained optimiza-
tion problems. This algorithm follows an approach similar to the DFO method (

, ; , ), but it uses a linear model approximation for the
objective function and constraints, interpolating at the vertices that form a simplex and
where a trust-region bound restricts the variables perturbation. Thus, a new vector of
variables is calculated which may replace one of the current vertices, either to improve
the shape of the simplex or because it is the best vector that has been found so far
according to a merit function that gives attention to the greatest constraint violation.
The trust-region radius is never increased, and it is reduced when the approximations
of a well-conditioned simplex fail to yield improvement to the variables until the radius
reaches a prescribed tolerance value that controls the final accuracy.

- NEWUOA:': is an unconstrained optimization method using a quadratic interpolation
approximation. Like the DFO method, it seeks to calculate the least value of an objec-
tive function by applying the trust-region iteration for adjusting the variables. Now, as
we mentioned above, all n-dimensional quadratic models have (n 4+ 1) (n 4 2) /2 param-
eters. This means that, unless other conditions are imposed, we require this number of
interpolation points to build them. However, in NEWUOA this is an input parameter
denoted by m. In ( ), the author proposed to use a quadratic model relying
on fewer than (n+ 1)(n + 2)/2 interpolation points. The remaining degrees of freedom
in the interpolation are determined by minimizing the change to the Hessian of the
surrogate model between two consecutive iterations. The latter is an advantage since
a DFO algorithm aims to use fewer evaluations of the objective function.

- BOBYQA: is an iterative algorithm for finding a minimum of an n-dimensional func-
tion subject to box-constraint. BOBYQA is a extension of NEWUOA, based on a
quadratic interpolation approximation — see ( ).

The development of derivative-free algorithms dates back to the works of
( ) and ( ) with their simplex-based algorithms. An excellent review
and numerical comparisons of state-of-the-art algorithms can be found in
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5.4 Results and Discussion

In this section, we analyze and discuss the main results obtained following the two adjustment
schemes described in Section 6.3. First, we report and compare the performance of Cell2Fire
with and without tuning the ¥ vector when dealing with our case study instance, but using
the fire scars obtained from Prometheus hourly simulations for finding #* both in a full
information (after a wildfire) and partial information (real-time on-going wildfire) approaches.
Subsequently, we will review how the adjustment behaves compared to the real historical fire
scar. In this case, we do not have the evolution of the fire, so we only adjust the parameters
using the final scar.

Finally, a detailed analysis and discussion of the simulation results obtained for Dogrib’s
2002 fire in Canada when applying the described tuning approaches with different weight
vectors ji is performed and a benchmark of the DFO algorithms applied is shown.

All experiments have been conducted in a daily-use laptop with a 4th generation I7 CPU
(1.9 GHz, 2 cores), 8 GB of RAM, and Ubuntu 14.0 OS.

5.4.1 ROS adjustment factors via Prometheus proxy

In these experiments, the RAF problem is solved with full information of the wildfire of in-
terest in order to adjust the & vector. This way, the full evolution of the wildfire is provided
with the aim of adjusting the simulator parameters with historical data. Notice that the op-
timization framework can be easily extended to include multiple historical fires by modifying
the objective function in order to obtain a representative set of optimal parameters ©* for
a certain region/area, training and evaluating the model performance with both a training
and testing set of fires to avoid over-fitting, following a machine learning model scheme.

Global approach results: Dogrib-North

Starting with #y = (1,1,1,1), we use the fire scars generated with Prometheus simulator
using the Dogrib instance with the same weather conditions as in the real fire but using
a constant wind direction (North) for visualization purposes, recording the hourly fire scars
obtained 7 hours after its ignition (full information). We set yu; = 1/7,i = 1, ..., 7 to represent
the average error between the observed scars and the ones simulated by Cell2Fire. We solve
the RAF problem using the algorithms presented in section 5.3.3, focusing the discussion
on the results obtained using the BOBYQA algorithm. Later, we will perform a detailed
comparison with the other algorithms mentioned in the previous section.

Because Cell2Fire and Prometheus both rely on the FBP System ( ) ), the
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initial error value ep_7 (7, i) is very low (approx. 36.86 using the euclidean norm). This
represents the average difference in the number of cells after 7 hours of fire evolution. Since
the total burned area is 3,777 cells (or hectares), then, the percentage difference is 0.97%.
Subsequently, after 107 evaluations of the objective function, a minimum error value of 29.10
(0.77%) is reached. In this case, the best algorithm (BOBYQA) converged after 9 minutes.

The optimal values are very close to the starting point xy, which was to be expected since
both Cell2Fire and Prometheus obtain the ROS values from the FBP System. The best
parameters ©* are: HFactor = 1.41, FFactor = 1.16, BFactor = 1.85, EFactor = 1.16.
Similar results in both computational time and accuracy are obtained for multiple wind
directions (8 main axes plus the original weather of the case study).

FMS approach results: Dogrib-North

In this section, we address the RAFg)ys problem with the Fuel Model Specific (FMS) ap-
proach. Following the discussion of section 6.3, each fuel model w € () of the Dogrib instance
corresponds to a ROS factor 4-tuple. This way, since the Dogrib forest contains 8 different
fuel types, the RAFr);s problem has 32 variables, in comparison to the 4 variables of the
global approach. The optimal factors are shown in Table 6.1 and Figure 5.5 shows the fire
scar generated by Prometheus (a), Cell2Fire without adjustment (b), the global (c), and the
FMS (d) tuning approaches. Graphically, figures (a), (c), and (d) are very similar, however,
without adjustment (b) the fire in the last hour of simulation lacks intensity (strength). This
occurs just as the fire crosses the river and is later found in a zone of fuel type C-1. To
this respect, important is to mention that Prometheus includes both breaching and spotting
phenomena when simulating wildfires while Cell2Fire does not include them in its first ver-
sion. Therefore, the FMS approach determines that an increase in the magnitude of the C-1
H Factor from 1 to 1.495 is a better approximation (strategy) to decrease the error between
both fire scars.

Fuel | HFactor (z]) | FFactor (z}) | BFactor (z}) | EFactor (z7)
C-1 1.495 0.786 0.995 1.424
C-2 1.281 1.064 1.047 1.238
C-3 1.287 1.324 1.000 1.722
C-4 1.002 1.000 0.998 1.002
C-5 0.998 1.003 1.001 1.001
D-1 0.998 1.010 0.992 0.998
O-1a 1.219 1.055 0.995 1.125
M-1 1.445 1.449 1.004 1.560

Table 5.1: Optimized ROS adjustment factors (HROS, FROS, BROS, and ECC)
for each fuel type available in the Dogrib instance using Prometheus proxy and

BOBYQA algorithm.

In contrast, we observe that parameters associated with certain fuels like C-4, C-5, and
D-1 do not suffer significant modifications — they are almost identical to the default pa-
rameters £ = (1,1,1,1). This pattern is due to the fact that Cell2Fire is able to capture
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similar propagation patterns as the ones modeled by the wave-front propagation approach of
Prometheus, as mentioned in ( ).

Lastly, we observe that the performance in terms of accuracy is superior to the global
approach — as expected — since each fuel has its own adjustment factors adding more
degrees of freedom to the spread model. The minimum value reached using BOBYQA as the
main algorithm for this approach is 25.55, i.e. an error of 0.67%. However, in this case, the
number of evaluations of the objective function is 392, which increases the computation time
by a factor of 4.
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Figure 5.5: Dogrib fire scar evolution comparison using a constant wind (North)
generated by Prometheus (a), Cell2Fire without adjustment (b), Cell2Fire using
global tuning (c), and Cell2Fire using a FMS approach (d).

5.4.2 Real-Time adjustment

In this second set of experiments, only partial information is provided when solving the
RAF problem. Assuming the presence of an on-going fire, we aim to train and evaluate
the performance of the framework in an iterative process where the optimal parameters are
updated with new information (fire scars), collected every time-step t. This way, we (1) train
the model with the information available up to time ¢ obtaining Z}, (2) simulate the fire scar
for ¢t + 1 using Z}, (3) compare its performance with the observed data at ¢ + 1, and (4)
obtain the 7}, using ¥} as the starting point for the optimization procedure. This process
is repeated until a convergence criterion is achieved or no more data is provided.
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This setting is significantly relevant in practical applications. As an example, firefighters
and decision-makers need to establish their strategy in order to contain an on-going fire.
Having an automatic system that learns from the currently available data will improve and
support the simulator outputs, becoming a fundamental input for their action plan as more
accurate predictions are achieved.

Global approach results

As in the previous section, we start from the default parameters 7y = (1,1,1,1), but in this
case, we use the 7 hours fire scars generated with Prometheus simulator for the Dogrib North
instance to update the optimal parameters every time-step ¢ — in an iterative process — using
the current optimal parameters as a starting point when solving the RAF problem. This
way, we initially update the parameters &y providing the first-hour fire scar II;. Once the
optimal vector Z7 is obtained, we proceed to the next hour (¢t = 2) providing II, and starting
the optimization procedure using 7, and so on. Therefore, for adjusting the parameters at
time t, we use the optimal vector #;,_; as the starting point when solving the optimization
problem, including the last observed scar II;.

At time ¢, we set puy, = 1/t,i = 1,...,t to represent the average error between the observed
scars by time ¢ and the ones simulated by Cell2Fire. Again, we focus our analysis using the
BOBYQA algorithm.

Hour HFactor FFactor BFactor EFactor Initial Error Final Error

1 0.94 1.03 0.99 0.62 8.18 3.87
2 0.90 0.89 0.99 1.01 13.45 7.74
3 0.99 0.99 0.13 1.12 16.03 12.24
4 1.20 1.00 0.12 1.25 19.08 13.60
D 1.20 1.00 0.12 1.26 23.62 23.60
6 1.46 1.04 0.19 1.39 28.21 25.90
7 1.66 1.02 0.35 1.49 27.69 26.77
AVG 1.19 1.00 0.41 1.16 19.47 16.25

Table 5.2: Global approach results for the real-time adjustment experiment. All
factors evolution and a comparison between the initial and final objective value
(error) per hour are included.

From the results presented in Table 5.2, we observe that the most significant adjustment
occurs in the BFactor, in special after the second hour of the ignition time. The perturbation
along the larger axis of the ellipse is boosted by the increasing pattern on the HFactor
parameter, allowing the fire growth model to reach and surpass the river at the north of the
ignition area. This is consistent with the results obtained in the experiments discussed in the
previous sections. In addition, we observe how both the initial and final error values reduce
their gap (maximum of 52.69% at hour 1, minimum of 0.08% at hour 5) when increasing
the number of simulated hours, indicating that the performance of the ¥ vectors starts to
converge. The total run-time needed for solving the whole set of scars was 41.6 [min| — an
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average of 6 minutes per time-step tuning — requiring an average of 74 evaluations of the
objective function per ¢ € T' to reach convergence (BOBYQA).

In order to account for potential estimation errors in the input data of the model, several
replications with multiple weather scenarios and other potential uncertainty sources (e.g.
ignition point) should be performed. This way, confidence intervals could be calculated for
each parameter of the optimization problem, allowing the researcher to capture and assess
the risk of different potential outcomes.

FMS approach results

Following the procedure described above, we solve the real-time RAFr,;s problem, updating
the optimal values of the previous time step vector Z;_; once a new scar is available. The
average and standard deviation of the optimal factors obtained during the simulation of the
7 hours are shown in Table 5.3 and both Prometheus and Cell2Fire final scars can be seen in
Figure 5.6, showing the high-precision of the adjustment method. Graphically, both figures
are very similar, reaching an objective value of 23.37, a Mean Squared Error (MSE) of 0.7%
and a very high Structural Similarity Index (SSIM) of 97.4%.

Looking at Table 5.3, we observe again that the most significant changes occur on C-1
(AVG HFactor = 1.77 £ 0.87, AVG FFactor = 1.56 + 0.55) and Ol-a (AVG H Factor =
0.6940.47) fuel types, being consistent with the results of the previous sections and showing
how the model is able to balance the effect of a higher HFactor on one fuel by decreasing
it on another (C-1 vs Ol-a). In addition, an average running time of 17 minutes and 340
evaluations per hour simulated are needed by BOBYQA to reach convergence.

HFactor FFactor BFactor EFactor
Fuel Type

AVG STD AVG STD AVG STD AVG STD
C-1 1.77  0.87 156 055 1.05 0.02 0.90 0.16
C-2 098 035 081 006 121 024 1.40 0.28
C-3 1.37 029 115 029 098 0.02 1.20 0.22
C-4 1.00 0.01 1.02 0.02 1.01 0.03 1.01 0.01
C-7 1.00 0.01 1.00  0.01 098 0.04 1.00 0.01
D-1 1.03 0.06 1.00 0.05 1.00 0.01 1.05 0.15
O-1la 0.69 047 099 0.09 099 0.01 1.29 0.68
M-1 1.02 0.04 1.00 0.01 1.00 0.01 1.03 0.06

Table 5.3: Summary results for real-time Dogrib’s adjustment. Average and stan-
dard deviation for all factors and fuel types obtained from the 7 hours simulation
are shown.

Previous results are complemented by Figure 5.7, where the initial and final per-hour
errors can be seen. Notice that since the RAFr ¢ problem has multiple local minima, we
can observe situations like in the fourth-hour optimization, where the optimal vector 7
reaches a better (lower) objective value than #%. In addition, we observe how the method
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Dogrib North Fire (Hour 7)
Cell2Fire real-time tuned
Prometheus Scar MSE: 0.007, SSIM: 0.974, Norm diff: 23.37
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Figure 5.6: Comparison of Dogrib North’s final scars obtained from Prometheus
and Cell2Fire real-time FMS adjusted.

reaches a steady-state in the last 3 hours, being able to stabilize the final error achieved as
well as decreasing the initial error towards this value, indicating that the succession of '}

vectors start to converge.
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Figure 5.7: Hourly error evolution using the optimal vector Z;_; as the starting
point for the time-step ¢ during the real-time tuning FMS approach. Both initial
and final errors show a convergence pattern by the end of hour 7.

5.4.3 Case Study: Dogrib Fire

The Dogrib fire (Tymstra et al., 2010b) started on September 25, 2001, in the Rocky Mountain
front ranges of southwest Alberta. The fire was detected late in the afternoon on September
29 and assessed early the next day at 70 ha. in size. Firefighting started early on October 1.
The fire was 828 ha. and out of control on October 15. A wind event resulted in a major fire
run on October 16. Local terrain funneled wind flow along the Red Deer River and through
a gap in the surrounding mountains. This pushed the fire east along the river valley. The
fire jumped the Red Deer River and a road and then resumed a northeast spread direction.

84



The final fire size was 10,216 ha. The October 16 fire run accounted for 90% of the total area
burned and resulted in high to very high burn severities.

We chose to model this particular fire due to the large documentation and real data
availability — weather conditions recorded from The Yaha Tinda Automatic station, and
demographic/topographic data collected from the area — as well as containing a representa-
tive set of different fuel-types documented in the Canadian FBP system. Divided into 79,611
100 x 100 [m?] cells, we replicate the original fire’s ignition point located at (51.652876°, -
115.477908°) starting the fire spreading dynamic on October 16, 2001, 13:00 hrs. For this, the
ignition point is translated into an ignition area (cell) in Cell2Fire containing its coordinates.

Global approach results

Starting with Zy = (1,1,1,1) — default parameters — we use the real final fire scar from
the Dogrib instance obtained 7 hours after its ignition. Therefore, we set {ui}le = 0 and
pry = 1. We solve the RAF problem using BOBYQA as the main algorithm and compare its
performance with COBYLA, NEWUOA, and NELDER-MEAD in section 5.4.4. From the
experiments performed, convergence is achieved after 96 evaluations (467.78 [s] = 7.79 [min])
decreasing the objective value from 96.98 to 81.94 (15.5% improvement), obtaining an MSE
= 7.9% and an SSIM = 0.818. Notice that since we are optimizing a non-convex function,
the solution can converge to multiple local optimum values, and thus, it is recommended
to perform a series of re-optimizations starting from the best 7 (incumbent) obtained or
simply starting from different initial points & to explore more potential solutions. This is the
inherent exploration versus exploitation trade-off, a challenge that is out of the scope of this
article and will be covered in future research.

FMS approach results

Below, we show the results obtained from the application of the BOBYQA algorithm in our
FMS scheme. Again, we use the starting point 75 = (1,1,1,1) and we obtained relevant
results in both computation time and final precision with respect to the observed fire. The
algorithm converges after 37.58 minutes and the objective function reaches a minimum value
equal to 77.53 — an improvement of 5% with respect to the global approach. The optimal
values obtained for the ROS adjustment factor are shown in Table 6.4 and a comparison
between the real and simulated scars can be seen in Figure 5.8.

Analyzing the results in Table 6.4, it is interesting to notice that certain fuels are signifi-
cantly affected by the optimal adjustable parameters of ¥*. For example, both the HFactor
and EFactor of the O-1a fuel type are significantly modified (1 to 2.066 and 1 to 10.82, re-
spectively) in order to capture its spread pattern based on the real fire scar. Similarly, C-1,
C-2, and C-3 fuels are also impacted, mainly in their HFactor, indicating that the default pa-
rameters obtained from the FBP system — given the instance data provided — are not able
to capture the strength of the fire in the main wind direction, and thus, the optimal vector
ZT* tries to adjust the shape of the ellipses, expanding them into the north-east direction.
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Fuel | HFactor (z]) | FFactor (z}) | BFactor (z3) | EFactor (z7)
C-1 1.623 1.243 1.023 2.479
C-2 2.462 0.955 1.388 2.425
C-3 2.289 0.996 1.188 1.93
C-4 1.158 1.138 0.287 4.91
C-5 1.018 1.068 1.05 3.17
D-1 0.263 2.569 0.825 1.625
O-1a 2.066 1.675 0.269 10.82
M-1 0.987 0.962 0.95 1.004

Table 5.4: Optimized ROS adjustment factors (HROS, FROS, BROS, and ECC)
for each fuel type available in the Dogrib instance from the Canadian FBP system.
The tuning has been performed using the real fire scar of the Dogrib instance.

Dogrib Real Fire (Hour 7)
Cell2Fire FMS tuned
MSE: 0.076, SSIM: 0.832, Norm diff: 77.53

Real Scar

Figure 5.8: Dogrib real fire scar (left) and Cell2Fire simulated scar using the z*
obtained from the RAFrys problem. A Mean Squared Error value of 0.076 and
a Structural Similarity Index value of 0.832 are achieved. The current fire spread
and growth model is able to capture the expanding pattern of the real fire in the
main direction (north east). However, more detailed information (such as the
effect of local wind conditions) is needed in order to capture the back-propagation
pattern of the original wildfire.

From the results, we are able to identify significant differences — as expected — when using
Prometheus or real fire scars. As mentioned, both Prometheus and Cell2Fire use the FBP
System as their main fire spread model to determine the relevant ROS values, and differences
between both approaches are mainly associated with their fire growth models logics: wave-
propagation and cellular automata. However, the initial error with respect to a real fire
scar is significantly higher and requires a deeper level of adjustment (more computational
time) to find sets of parameters & that are able to better capture the real fire propagation
dynamics. However, we also remember the fact that historical scars tend to include the
effect of suppression activities that are not modeled or included in any of the mentioned
simulators, and thus, it plays against the accuracy of the propagation model. In order to
account for this bias, suppression efforts should be explicitly modeled by (1) including it as
part of the simulation tool or (2) by modifying the data structure of the instance to reflect the
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position /effect of different activities such as the use of retardant or the location of firewalls,
among others.

5.4.4 Benchmarking DFO Algorithms

In this section, we show and discuss the performance of the implemented DFO algorithms,
namely BOBYQA, NEWUOA, NELDER-MEAD, and COBYLA. These algorithms have
been widely used in different applications — a review can be found in

( ) and ( ). However, to our knowledge, few comparisons
in real problems have been reported and even less in ROS adjustment factors in the field of
forest fire simulation.

Our methodology consists of solving the RAF problem for the two approaches, Global
and FMS, and record the number of evaluations (NEV AL) of the objective function until a
specified tolerance (error) is reached, which we will denote by xtol abs. Then, ztol abs is a
stopping criterion of the algorithm. Az is usually a measure of how much = changes by from
one iteration to the next, or the diameter of a search region. This way, the algorithm stops
when |Azx| < ztol _abs or a maximum running time (1 hour Global, 3 hours FMS) is reached.
This last notation comes from the NLOPT package — see ( , ) — a free/open-source
library for nonlinear optimization, providing a common interface for a number of different
free optimization routines available online as well as original implementations of various other

algorithms, in particular: BOBYQA, NEWUOA, COBYLA, and NELDER-MEAD.

As pointed out in ( ) ( ), in the Derivative-Free
Optimization context, CPU time is irrelevant since we have the number of evaluations as
a perfect machine-independent criterion. However, with the propose of supporting decision
making in fire fighting, which is usually carried out in real-time, we want this methodology
to respond to us as quickly as possible. Therefore, we use two performance indicators: i)
the number of Black-Box evaluations (NEV AL) and ii) run-time (RUNTIM E) measured
in minutes [min|. In all cases, we execute the algorithms taken as starting point 25 = 1g+ in
the Global approach or 2 = lgae in the FMS approach with ztol abs = 1le™ 16,

Dogrib-North results

In Table 6.3, we observe the performance results of each DFO algorithm selected in our study
for the Dogrib-North instance, using their default configuration — internal parameters — pro-
vided by the NLOPT package and our Global tuning approach. In general, the algorithms
that stand out most are BOBYQA and NEWUOA in both NEV AL and RUNTIME met-
rics. Although the one with the best/lowest objective value is NELDER-MEAD, it is the
algorithm with the largest run-time (more than one hour) and number of evaluations before
achieving convergence, being a critical bottleneck for situations where fast and high-quality
responses are required.

From the results, the NEWUOA algorithm arises as the most suitable method for this par-
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Algorithm NEVAL | RUNTIME |min| | MinValue
BOBYQA 107 18.03 29.10
NEWUOA 125 16.33 26.41

NELDER-MEAD 343 67.60 25.59
COBYLA 224 40.60 29.13

Table 5.5: A summary of the performance of each algorithm is presented in this
table for Dogrib-North instance using Prometheus proxy. Best (minimum) results
are highlighted.

ticular instance. Several experiments with multiple randomly generated weather conditions
were performed, obtaining similar results to the ones already indicated. However, in prac-
tice, further improvements can be found by testing multiple configurations of the algorithms,
modifying parameters like their tolerance, convergence rate, bounds of the constraints/trust
region, among others. This experimentation remains open as part of future research projects.

Dogrib real fire results

Similarly, we show in Table 5.6 the performance results of each DFO algorithm selected in
our study for the Dogrib real fire, using the Global approach. Again, the algorithms that
stand out are both BOBYQA and NEWUOA in terms of the number of evaluations and the
total run-time needed to achieve convergence towards a better objective function. As in the
previous section, NELDER-MEAD is the algorithm that achieves the best objective value in
the instance, mainly due to its default configuration in the NLOPT package, including a larger
exploration phase than exploitation, in contrast to BOBYQA and NEWUOA which tend to
be more focused on exploitation than exploration. However, both the run-time and the
number of evaluations needed by NELDER-MEAD are again very high for time-constrained
situations.

Algorithm NEVAL | RUNTIME |min| | MinValue
BOBYQA 96 7.78 81.94
NEWUOA 104 12.23 85.56

NELDER-MEAD 332 45.33 80.54
COBYLA 217 25.56 86.58

Table 5.6: A summary of the performance of each algorithm is presented in this
table. Best (minimum) results are highlighted.

Note that the final errors reached by the algorithms — the minimum value of the RAF
objective function — are similar in magnitude for both instances. However, the error in the
real Dogrib fire instance is quite higher than in Dogrib-North. As we already mentioned, this
is explained because the fire evolution data is obtained with Prometheus which simulates a
fire in its natural form, unlike Dogrib fire’s scar which includes the effects of suppression.
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5.5 Conclusions

The adjustment of parameters is a transversal problem in all the disciplines that usually
involve the development of software or computer code. In this chapter, we have presented
a methodology for adjusting the parameters of fire spread models, critical for the accuracy
of fire simulators using Derivative-Free Optimization methods that respond to this problem
in an efficient way. The DFO-algorithms allowed us to find optimal parameters in the sense
that they minimize the evolution error of the hourly fire scars obtained by Cell2Fire and
Prometheus. We note at this point that, if real data is available, it would not be necessary
to use simulated scars because historical fire data could give us a better fit to the underlying
characteristics of the forest under study. However, this is not entirely clear and may produce
misleading results because a real scar could be influenced by firefighting actions and thus,
the adjusted parameters would contain this latter information (bias) and not just the natural
evolution of the fire. In this case, we do not recommend using the real scar for tuning
purposes, unless the researchers explicitly include the suppression actions effects, either via
extra parameters in the simulation model or by modifying the instance data structure (e.g.
introducing new fuel types to model the effect of these activities).

As mentioned, Cell2Fire is a cell-based fire spread simulator that models the fire spread
phenomenon via an adaptation of the elliptical model proposed in ( , )
using the main four ROS components of the FBP System. Nowadays, Prometheus, FARSITE
and other simulators widely used are wave-propagation based, and thus, the fire dynamic is
modeled in a different approach. Therefore, this methodology can serve as a bridge between
the wave propagation approach and the proposed cellular approach in ( ).

The proposed tuning framework is able to capture both the local and global factors that
affect the fire spread dynamics in a heterogeneous landscape: (1) local effects due to dis-
continuities of fuel types in the forest are translated to the cell-based model by re-scaling
and modifying the shape of the individual ellipses generated for each fuel type and (2) the
general structure (spatial disposition, topography, etc.) of the forest is captured by a gen-
eral re-scaling vector, modifying the strength and magnitude of the fire evolution depending
on the characteristics of the heterogeneous landscape. It worth mention that the proposed
framework is general enough such that it could be easily adapted to similar simulation tools
in different contexts.

Finally, it is important to note that though we have formulated the (RAF') problem using
four parameters relative to the rate of spread, we could have used others. In future works, we
will focus our research in this direction. It is possible that some parameters such as the slope
effect, curing degree, and resilience time are not well adjusted and therefore we could include
them as decision variables in the (RAF') problem as well as include new fuels, among other
possibilities, in order to improve and extend Cell2Fire to new applications. As a future step,
the project will address the development and adaptation of Fuel Prediction Behavior systems
for the U.S., Spanish, and Chilean forests based on national field data (work in progress).
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Abstract

Include the fire risk in building WUI-maps is key to protecting our human communities. This
importance has become greater due mainly to the climatic change that has exacerbated these
incidents, both in occurrence as well as in magnitude and damage to public and private prop-
erty. However, quantifying the fire risk relationship with the different human, topographic
and climatic drivers is not an easy task. In this study we address both problems. For them,
we first built a Bagged Decision Tree (BDT) model to quantify the risk of fire occurrence
from different variables, grouped into: Human Activity, Geographic and Topographic, and
Land Cover. Subsequently, using the mathematical elements underlying the BDT models, we
determine individual relationships between the risk and the variables considered to address
the problem of delineating a WUI-map. Our approach is applied in Chile, but could be
replicated in any region of the world.

6.1 Introduction

The Wildland-Urban Interface (WUI) is the spatial manifestation of the coupling of human
communities and ecosystems, where interactions can take many forms ( ,
). One of the result of this interaction is the increased fire risk ( , ), for
this reason in many parts of the globe, the WUI accounts for large percentages of fire control
expenditures because it is where most human fatalities and structure losses occur (

, ; , ). Wildfires at the WUI constitute a socio-environmental and
security problem, as well as an economic. There is a need to define where to concentrate
management actions of our landscapes, to obtain the maximum social return ( ,

). Knowing which areas of the WUI are most fire-prone, would help to protect people
and surrounding ecosystems, through fire risk mitigation and prevention, e.g., managing the
flammability and continuity of landscape fuels ( , ) or diminishing human-
started wildfire ( , ). Therefore, a fire-risk based definition of the spatial
distribution of the WUI , it is of the utmost importance to prioritize areas and actions for
properly distributing prevention action and management investments in rural and urban
areas near wildlands ( , : , ).

Fire risk can be understood as the chance that a fire might start and then respond to
multi-scale spatial and temporal interactions among vegetation, or fuel type, with topogra-
phy and the human footprint and behavior ( ) ). Since we have to consider that
there are many changes by human communities, as population grows, that have side effects
in fire-prone ecosystems; the risk may expand due to land abandonment, shifting vegetation
dynamics, or other types of land-use change ( , ; , ). Shift-
ing demographics and human population growth ,can lead to changing development patterns
either via urban sprawl, the intensification of the road network or by rural-urban migration
( , : , ) could alter the distribution of human-
caused ignitions ( , ). Also considering that the climate change
has the potential to dramatically increase human and natural communities’ vulnerability to
wildfire.
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As explained above, it should be a priority delineating the WUI worldwide, would allow
us to elaborate informed maps to assist the community and plan the use of the land, as
well as the adoption of homeowner mitigation practices to minimize fire risk ( ,

: , : , ). However, most of the efforts in the
development of WUI-maps have focused on delineate the values at stake (human lives and
integrity, communities, infrastructure) without explicitly including the fire risk (

, ). WUI commonly used for mapping three types of data ( , ;

, ), residential or population density and their development, ii) vegetation cover and
type, and iii) minimum distance between them ( , ). The WUI
is then delineated using an arbitrary threshold, that quantifies the degree of spatial overlap
between these variables and the distance among them. This is a clear and quick method for
mapping purposes, but a significant challenge still remains, is identify appropriate thresholds
for different socio-ecological contexts as the local scale and also the national ( ,

), that imply the maximum social return diminishing fire risk where higher potential
damage can cause.

Accounting for a full range of effects and interactions among environmental and anthro-
pogenic drivers is difficult using traditional statistical modeling approaches ( ,
; , ). Artificial Intelligence (AI) algorithms provide a compelling alterna-
tive to evaluate risk based on multiple drivers because they can capture complex relationships
among predictors and response variables ( , ). We used these tools to model
fire risk in the landscape and subsequently define thresholds to map the WUI at national and
subnational scales. In this chapter, we address the problem of including fire risk to define
the WUI in Chile. For them, we propose a methodology based on machine learning meth-
ods, which provides us with the mathematical elements to determine the critical thresholds
based on historical fire occurrence data. Our methodology is robust and replicable, and could
possibly be used elsewhere in the world.

6.2 Material and Methods

6.2.1 Study area

The study area includes eight administrative regions (~212.000 km2), which constitute 28%
of Chilean national territory. It covers from 32° to 43.8°S, accounting for 86% of the country’s
human population and 98.5% of its historical national fire occurrence ( ) )
(see Figure 6.1). The northern part of the study area has a semi-arid and Mediterranean-
type climate with mean annual rainfall ranging from 100 to 500 mm, with precipitation
concentrated during the austral winter and a long dry season with peak temperatures over
30° ( : ). The southern part (~38°S) is dominated by a temperate
climatic regime with a mean annual rainfall along the central valley between 1200-2000 mm
with higher values toward the Andean range. Farther south, precipitation can reach a yearly
mean between 1500 mm and over 3500 mm.

In the last five decades, central and southern Chile have experienced highly dynamic
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land use and land cover change (LULCC) with different temporal/geographic variability
and patterns ( , : , ). In central Chile (33°-34°S) and
in southern Chile (40°-42°S) the main pattern has been the conversion of native forest to
shrublands, with 45% of total change to date. From El Maule (35°) to Los Rios regions
(40°S), the expansion of dense exotic tree plantations for pulp and paper production was the
main contributor of native forest loss, creating highly homogeneous ( , )
and flammable landscape ( , ). According to these climatic, land cover,
and LULCC latitudinal variations, we divided the area into five sub-national zones (SNZ),
which vary between 1.3°and 2.9°degrees along this latitudinal gradient (see Figure 6.1).

6.2.2 Wildfire data

We use a subset of the public database of wildfires, provided by Chilean Forest Service
(CONAF, www.conaf.cl/conaf/seccion-stadisticas-historicas.html) that gives us
the spatial coordinates of ignition points for every fire within 0.01 ha mapping units. From
these data, we created a temporal subset, that includes all fires from January 2013 to De-
cember 2015. We used this temporal window, because CONAF is registering the coordinates
of the nearest ignition point from 2013, and most accurate land cover map for the country
was developed in 2014 ( , ). The final database included 19,413 fires, covering
a total area burned of 245,815 ha spanning all land cover classes, where 70% of fires were
less than 1 ha, 23% from 1 to 10 ha, 6% from 10 to 200 ha, and only 1% over 200 ha but
accounting for 71% of burned area.

6.2.3 Wildfire risk drivers

We selected potential variables to use for our risk model based on factors found to be impor-
tant in driving fire occurrence both in Chile as well as other regions ( , ;
, ; , ). We considered three different groups of drivers:
i) human activity, ii) geographical and topographical, and iii) land cover ( ,
; , ; : ; ; ). For
each group, we prepared a set of spatially explicit variables (Table 6.1), which were assigned
to each ignition point (Figure 6.1, right panel). We calculated the drivers for each ignition
point in two different ways (1) extracting the value of the pixel in the precise ignition point
coordinates and (2) by zonal statistics of 500 m diameter buffer around the ignition point (see
details in Table 6.1). For land cover drivers we re-categorized the ( : ) map in
nine classes: croplands, native forest, forest plantation, pasturelands, shrublands, wetlands,
water bodies, impervious surfaces, and bare lands.
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Figure 6.1: Study area. Left panel: land cover map for 2014 from “Zhao et al.
(2016). Centre panel: Housing density (housing units/km2) in national block
census (INE 2018) with main roads (MOP 2018). Right panel: fire ignition oc-
currence locations from the CONAF (2018) database and subnational zones from
SNZ1 to SNZ5.
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Drivers Variable Description Units Data source
Calculated as the mean dis-
Human Road densit tance to the nearest road meters MOP (2018)
Activity Y in a 500 m radius buffer
around the ignition point
Road distance The distance of ignition meters MOP (2018)
point to the nearest road
City distance Distance of ignition meters INE (2018)
point to the nearest city
Population densit Number of houses Population /km2 INE (2018)
opuiation CensIY | givided by census block area p
Housing density Houses density housing units/km2 INE (2018)
Geographic e Mean elevation in a 500 m D1l
and Topographic Elevation radius buffer m.a.s.l. SRTM
The mean slope in 500 m
Slope cadius buffer Percentage SRTM
Longitude Longitude of the decimal degrees CONAF (2018)
ignition point
Latitude Latitude of ignition point decimal degrees CONAF (2018)
Land cover? Crops Proportion of crops in the Percentage (
landscape
Native forest Proportlpn of native forest Percentage (
in ~80 ha
Forest Proportion of forest Percentage (
plantation plantation in ~ 80 ha g
. 3 Proportion of impervious
Impervious land in ~80 ha Percentage (
Proportion of shrublands )
Shrublands Jand in ~80 ha Percentage (
Barelands Propor.tlon of barelands Percentage (
in ~80 ha
Pasturelands Proportion of pasturelands Percentage (
in ~80 ha
Land cover Land cover in ignition point Categorical (

! Meters above sea level;

3 Artificial structures.

2 Proportion of the landscape cover by it in a 500 m radius buffer;

Table 6.1: These are all the variables to build our machine learning models in
this study to evaluate the probability of fire occurrence (fire risk). SRTM data
was downloaded from Earth Resources Observation and Science Center (EROS,
https://www.usgs.gov/centers/eros/data-tools).

6.2.4 Modelling approach

Background

Artificial Intelligence (AI) methods, particularly those of Machine Learning (ML), are useful

in finding complex interactions between the study variables directly from the data (

, 2008).
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parametric models that explain the phenomenon in question. Moreover, some authors have
pointed out that traditional statistical methods are not suitable for problems that come
from ecology or related fields due to their low predictive power ( , ;

, ). We can find several applications in the field of modeling fire risk assessment
( , ; , ). Their results show that the decision tree
models reach a higher predictive ability than the commonly used Multiple Linear Regression
model. However, most of the studies in this field use traditional Logistic Regression Models

( : ; , )-

Additional data

The main objective in conceptual and computational terms, was to understand which factors
were related to fire ignitions. The database contains the ignition points, but to understand
what drivers lead to “non-fire ignition”, 20,000 random points were generated over the study
area. We eliminated those points at less than 2 km from any ignition point to avoid overlap
and bias, thus obtaining a total of 14,360 points. Following this procedure, we built a full
database including 33,773 points (19,413 + 14,360) where each data is marked using a binary
codification with value “1” if there was a fire or “0” otherwise.

Bagged Decision Tree

We implemented Bagged Decision Tree (BDT) method ( ) ). BDT is used in
classification and regression models ( , ). It is a type of ensemble
method!, meaning that different classification models (called “weak learners”) — that we

will denote by 7, — are combined to obtain a more robust prediction. In BDT, each weak
learner is built by drawing random training sets from the given sample. This re-sampling is
usually done following a bootstrapping technique, where numerous versions of the training
set are created using sampling with replacement and each of those versions is used to build
a different learning model.

In mathematical terms, let Dy := {(7*,y"), i = 1,..., N1} be the training set, where 7 is
the vector of variables (whose components are the variables described in Table 6.1) labeled
by 3* € {0,1}, where 3* = 1 if it is an ignition point and y* = 0 if it is not. The bootstrap
aggregating method consists of generating subsets D* C D; of size M < N; by randomly
drawing — with replacement — samples from the original training set (see Figure 6.2 for an
example of decision tree). Then, each decision tree Ty is built from D*, for k =1, ..., K (see
Figure 6.3). Later, classifiers T are used in parallel, each one offering an opinion 7;(Z) as to
which class the example should be labeled with, in order to predict most likely class for an
unobserved vector . A “master classifier” T collects this information and then chooses the
label y that has received more votes as follows:

In the words of ( ): “Ensemble methods are learning algorithms that construct a set of
classifiers and then classify new data points by taking a (weighted) vote of their predictions”

97



=
&)
Il
<
3
<

K
1, §>05 - 1 o
= ' where = — Y T (4). 1
{ ere § 1= - 2 k (T) (6.1)

0 otherwise,

DenHom<0.56993 DenHom>=0.56993

Cdist<18.1399 & Cdist>=18.1399 Cdist<6.03904 Cdist>=6.03904

DenHom<7.41

DenHom>=7.41

DenHom<0.076555 DenHom>=0.078555

Cdist<66.2294 Cdist>=66.229

Figure 6.2: Example of decision tree for two variables: City distance (C'dist) and
Population density (DenHom).

We notice that higher values of 7; indicate that a greater number of 7, gave their vote
to classify ¥ as an occurrence of type “one point” instead of a “zero point”, and vice versa.
Based on this, we define the fire risk for a point Z and denoted it by R(Z) using the value
of g;. In addition, this risk measure increases (or decreases) when there are more positive
(negative) points occurring in similar places. In other words, points that share the same
geographical area have the same attributes, and therefore — in the process of building the Dy,
— they will be more likely to be selected to train the decision trees 7 during the execution of
the bootstrapping technique. This way, for any new point Z, there will be more voters with
similar responses, increasing/decreasing the value of R(Z) := ¢ depending on the type and
density of different events surrounding it.

Voting schemes can be seen as approximations under a Bayesian framework. In fact,
informally denoting P (7;) = 1/K as the uniform selection of decision trees (K is the number
of decision trees in the BDT method; see Figure 6.3); Y the random variable which represents
the choice of the occurrence label; and replacing Ty (Z) in the Eq. 6.1 with the class posterior
probabilities P (Y | , Ty) — relative frequency of classes, before the tree leaf — the Eq. 6.1
(right side) can be rewritten as follows:

K
P(Y | %) =) P(Y |ZT) P(Th) (6.2)
k=1 T (2) 1/K
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Equation 6.2 helps us to understand the intuition behind the previously defined fire risk
(Eq. 6.1) as a probability that is conditional on the attributes (variables) of the point,
obtained as a weighted summation of the class posterior and decision trees selection proba-
bilities. Therefore, in what follows, we use the concepts of risk and probability of occurrence
without any distinction.

Training set Test set

weak learners

Figure 6.3: BDT scheme: reading from top to bottom, first K subsets of data are
created from training sample D; chosen randomly with replacement (bootstrap
technique). Then, each subset data D* is used to train their decision trees Tg;
and in this way, a set of different models is obtained. Finally, decision trees are
combined into a “stronger ensemble” 7. The output response of T is calculated
by the Eq. 6.1 (right side). Using the data set Dy and Eq. 6.3 the accuracy level
of T is calculated.

National and subnational models

We built national and subnational models for fire risk evaluation, the national model considers
all fires in the study area while the subnational models were defined following five bioclimatic
zones for local fire risk evaluation which in sum contain more than 99% of fires considered in
national model (see Figure 6.1).

For the national fire risk model, the full database was considered for the training and
testing sets. In the case of the SNZ’s models, we only considered the subsets of the original
database that corresponded with each region (Figure 6.1). In the national model, we retained
75% of the ignition data for training and 25% for testing. In the case of SNZ’s models
were trained with 85% of the data and tested on the remaining 15% — we chose this data
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set distribution for SNZ’s models to retain more data for training. The final datasets was
balanced between non-ignitions (0s) and ignitions (1s) observations in order to have similar

observations of each category ( , ).
7 Latitudinal Number Percentage Native forest Fores.t Crops | Pastures | Shrubland
one of fires plantation

range of fires (%) (%) (%) (%) (%) (%)
SNZ1 | -32.0°, -34.9° 4,343 22.2 6.7 4.9 13.4 11.3 49.1
SNZ2 | -34.9°, -36.2° 1,858 9.5 12.5 15.5 20.1 10.0 28.9
SNZ3 | 36.2°, -38.2° 10,290 52.6 18.7 31.8 5.5 20.8 17.1
SNZ4 | 38.2°, -41.0° 2,305 11.8 27.4 15.1 8.2 36.6 8.4
SNZ5 | -41.0°, -42.5° 617 3.2 37.9 0.8 0.5 35.1 18.4

Table 6.2: Description of subnational zones for fire risk modeling. Land cover was
calculated based on the zones’ total area and not only within the vicinity of fires.

Validation accuracy

After training the model, a validation accuracy score estimates the performance of the model
on an independent data set Dy := {(7",9"),1 =1,..., No} (see Figure 6.3). This procedure
is known as holdout validation ( : ). It is worth mentioning that the full data set is
such that D = D, UD,, D; NDy = (.

Let T be the ensemble model built following the procedure described in the previous
section, using the training set D;. Then, the accuracy of the method is defined by:

1, z =0,

0, otherwise; (6-3)

No
Accuracy (T) = 100 x Ni2 ; 6 (y' = T(2)), where § (2) := {

which represents the percentage of successes obtained by the model on the validation data
set D,.

Variable importance measure

We used “Predictor Importance (PI)” ( : ), a measure that assigns a score to
each variable based on its contribution to the model learning process. With PI, candidate
predictor variables can be compared according to their impact in predicting the response,
or even their causal effect ( , ). Because we used a random process to build
the model ensemble from a bootstrap technique, it was possible that choice of different seeds
for the generation of random numbers could lead to different relative importance values. To
assure the more robust information, we generated 100 models with multiple random seeds
and report the distribution of these measures — via boxplots — for each variable. Our results
are discussed in Section 6.3 (see Figure 6.4).

At the beginning of our study, PI measure also helped us to dismiss variables with low
predictive power and thus obtain a simpler BDT model to reduce computational cost and to

100



obtain a model that is less likely to overfitting (
relative importance value greater than 2% were retained.

, ). Only variables with a

National and subnational thresholds definition

We used Partial Dependence Plots (PDPs) ( : ), to analyze relationships be-
tween features and predicted responses. In particular, this consists of a line plot of occurrence
probability, estimated by the BDT model against a single predictor variable. For example, if
we separate the attribute vector 7 in a subset of attributes s and Zc, where the latter vec-
tor represents the complement over Z, we get ¥ = (Zs, Z¢) and the expectation of predicted
answers regarding T¢ is naturally given by:

Tzs(%s) = Bz, [T (Ts, 70)| = N Z T(Zs, 7)) (6.4)

where N = |D| and @ = (7%, %) is the i-th observation. The last sum in Eq. 6.4 represents
an approximation, assuming that each observation is equally likely. The PDP is defined as
the graph of the function Tz,, which we will denote by G [Tz,]. A PDP can show whether the
relationship between the fire risk and a specific variable is linear, monotonic or more complex
(see Figure 6.5 of the next section). We assumed that inflexion point or abrupt changes in the
slope of the curve showed us thresholds for specific variables where a management action could
potentially attain the best social return for decreasing fire risk. In general, these functions
can be very irregular since they depend directly on the observations, making it difficult to
accurately determine these threshold points. For this reason, we adjusted different algebraic
curves using nonlinear least squares ( , ). With these curves, we obtained more
robust and reliable thresholds.

We found three kinds of relationships between individual variables and fire risk; i) mono-
tonically decreasing effect curve (MD) (Figure 6.5a,b), ii) monotonically increasing effect
curve (MI) (Figure 6.5¢,e) and iii) plateau effect curve (P1) (Figure 6.5d,f). These patterns
of interaction determined the kind of thresholds proposed: MD must have had a continuous
decreasing trend, however could have a maximum value but decrease from that point. MI
had to show a positive relationship with the individual variable increase; and Pl had an initial

increasing trend in fire risk that remained relatively constant until a new critical value at
which fire risk fell.

For MD we estimated an upper threshold of variables over which risk was defined. For MI,
we estimated a bottom threshold above which variables with this type of curve were at were
defined as high risk. For the Pl case, the threshold represented an interval between which
the highest risk was concentrated.
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6.3 Results

6.3.1 National scale fire risk model

The best model included variables that reached ~90% of global accuracy at national scale;
this result was obtained using Eq. 6.3, the main variables related to fire risk were: elevation
and latitude (geographic variables), road density and road distance (human activity), and
forest plantation and native forest (land cover variables) (Figure 6.4). The national model
shows that the relative importance of the variables is dominated by human activity accounting
for 40% of relative importance. Latitude was the most important variable potentially related
to fire occurrence, highly concentrated between 35°S and 38.5°S (Table 6.2).

6.3.2 Subnational scale fire risk model

Bagged Decision Trees reached high accuracy in each SNZ (range: 83-90%, Table 6.4). The
best models were for SNZ1 and SNZ3, with accuracy as high as the national model: 90%
and 88% respectively. At sub-national level, accuracy decreases compared to the national
model, because there is less data available for training. Fire risk models showed latitudinal
variation in relative importance of variables (Figure 6.4; Table 6.4). Land cover variables had
higher differences in relative importance between subnational zones (CV = 55.5%), followed
by geographical (CV = 48.1%), and human activity variables (CV = 34.4%). Land cover
group variable importance varied between SNZs from almost no differences in adjacent SNZ’s
(e.g. SZN1 and SZN2) and doubled the importance between others (SNZ3 and SZN4). In
SZN4 land cover variables reached 50.5% of the importance in the model with highest values
in proportion of shrublands, native forest and forest plantation (Table 6.3). The minimum
relative importance for tree plantation was related to its lower percentage of cover in the
landscape in SNZ5 (Table 6.3). However, the proportion of land cover in the landscape
was not always correlated with the importance for prediction (Table 6.3). Human activity
variables had the mean highest value of importance for SNZ1, SNZ2, and SNZ3 where the
main cities and human population in the country are most concentrated. For this group, the
most important factor was distance to cities, where SNZ5 showed the maximum value in an
area with low human and roads density, revealing the impact of human influence in fire risk.

6.3.3 Wildland urban interface fire risk thresholds

We found three kinds of relationships between individual variables and fire risk; i) monoton-
ically decreasing effect curve (MD) (Figure 6.5a,b), ii) monotonically increasing effect curve
(MI) (Figure 6.5c,e) and iii) plateau effect curve (Pl) (Figure 6.5d,f). These patterns of
interaction determined the kind of thresholds proposed: MD must have had a continuous
decreasing trend, however could have a maximum value but decrease from that point. MI
had to show a positive relationship with the individual variable increase; and Pl had an initial
increasing trend in fire risk that remained relatively constant until a new critical value at
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variables relative importance for national model.

which fire risk fell.

National fire risk thresholds

At the national scale for the human activity variables group, we found a positive effect on
fire risk for the three most important variables, with the main individual effects on increasing
ignition probability. Distance to cities and roads had a local effect in increasing or maintaining
fire risk, especially for the first 1200 m and 1500 m respectively (Figure 6.5a, b). However,
they had different effects. Fire risk had a continuously decreasing trend (MD) from roads
(Figure 6.5a), while distance from cities maintained a high constant probability over that
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Variable/Zone National | SNZ1 SNZ2 SNZ3 SNZ4 SNZ5

Land cover mean sd | mean sd | mean sd | mean sd | mean Sd | mean sd
Shrublands 24 02 |50 07]38 05| 20 01 |11.3 07| 40 0.3
Pasturelands 33 04 |50 071]28 03] 1.9 0.1 6.2 05 | 34 0.3
Native forest 51 06 |18 02|35 05| 52 0.6 98 0.7 | 3.8 0.5
Impervious 3.1 03 |45 08|47 07| 1.7 02 3.1 03 |10.5 1.9

Ignition land cover | 3.1 04 |42 07134 05| 25 0.3 56 0.5 | 1.7 0.2
Forest plantation | 6.9 1.0 |15 03|50 06| 63 08 | 84 04 | 1.3 0.1

Croplands 36 06 (98 11|74 10| 20 0.1 49 04 | 76 14
Barelands 30 05 |46 07]44 08| 29 05 1.2 02 | 85 1.8
sum 30.6 - 364 — | 35.0 -~ 245 ~ 50.5 - 41.0 -
mean 3.80 - 4.60 — | 440 -~ 3.10 - 6.30 - 5.10 -

Human activity
Road distance 90 13 |9.0 14|92 13| 99 1.5 6.0 06 |29 03
Road density 91 14 |89 1296 14103 15| 69 06 | 31 03

Population density | 7.4 1.1 |83 12|82 12| 26 0.2 71 05 | 95 1.3

Housing density 72 09 |83 12|82 11| 26 0.3 6.8 06 | 9.7 1.2
City distance 70 07 (52 06|76 10| 96 1.1 77 03 |14.3 2.0

sum 39.7 - 39.6 — | 428 - 35.1 - 34.5 - 39.5 -
mean 7.90 - 790 - | 860 — 7.0 - 6.90 - 790 -
Geographical and
Topographical
Slope 7.0 1.1 84 13|72 1.0 90 14 3.9 02 3.0 0.3
Elevation 90 1.2 |87 12|81 11]17.2 19| 52 03 | 29 0.3
Longitude 42 0.3 6.8 09169 10| 142 14| 6.0 03 |13.7 1.8
Latitude 9.5 - 0.6 -
sum 29.8 - 240 - | 222 - 40.5 - 151 - 195 -
mean 7.40 - 80 - | 74 - 135 - 5.0 - 6.50 -~

Table 6.3: Variables relative importance for national and subnational models.
The highest values are highlighted in bold-text. We observe that theses values
varies according to subnational zones. This is explained due to changes in land
use throughout the national territory.

range with the probability reaching under 0.6 at 8 km (Figure 6.5b). For housing density
we found an exponential trend of ignition probability from zero to 5.6 housing units/km2,
increasing fire risk more than 10% in that range. From that housing density, we found a lower
increasing rate of 3.5% of fire risk until 35 housing units/km2 where it stabilized, maintaining
a high risk (Figure 6.5¢).

We found differing relationships between individual land cover variables and fire risk (Fig-
ure 6.5, Table 6.4). Forest plantation had the main individual effect, with risk increasingly
sharply with more cover. When forest plantation cover increased from 0 to 20%, the fire risk
probability hit 0.65, but the highest rate of increase in fire risk was when cover increased
from 0 to 4.5%, which thereby defined the thresholds at which fire risk probability stabilized
(Figure 6.5¢). Conversely, native forest cover proportion has a rapidly increasing effect, with
a maximum fire risk at 18% cover that remained high up to 50%, after which there was a
steep decreasing trend (Figure 6.5d). Croplands also showed an increasing effect but with a
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stabilization threshold at 20% which fell after 60% (Figure 6.5f).
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Figure 6.5: One-dimensional effect of human activities on fire risk at the national
scale, a) distance to cities (km), b) distance to roads (km), c¢) housing density
(housing units/km2), d) native forest proportion (%), e) forest plantation propor-
tion and f) croplands proportion (%). The light blue band represents the standard
deviation of the fire risk after training 100 models with multiple random seeds.
The dark line represents the average risk.

Subnational fire risk thresholds

We found the same types of relationships between variables and fire risk in the subnational
models as we did in the national scale model, MD, MI, and PIl; however, in some SNZs,
the effect of individual variables was negligible and did not exceed 0.5 of fire risk (Table
6.4). Human activity variables, in general, showed higher individual effects on increasing
fire risk for all SNZs except in SNZ1 and SNZ4 where the maximum value was reached by
Croplands and Forest plantations respectively. For every SNZ, distance to cities had a strong
and consistently increasing effect on fire occurrence probability from at least 0.8 km to a
maximum of 1.71 km, in SNZ3. The stabilization of fire risk in terms of housing density
varied from 3.3 to 5.7 housing units/km2, and this variable did not show a significant effect

on southern SNZs (Table 6.4).

For land cover variables, native forest reached a minimum increasing effect until 11% of
cover in SNZ1, then subsequently decreased. In SNZ2 the risk increased until complete cover
of native forest, but the highest risk was between 19% and 29% cover (Table 6.4). For all
zones, we found positive and monotonically increasing fire risk relative to forest plantation
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cover, with the main increase in SNZ3, with a 16% increase in fire occurrence probability with
10% of tree plantation cover that continued to increase until 67% cover, with a total gain of
23% in fire risk. Croplands for different SNZs had all three types of relationships between
individual variables and fire risk, therefore, different kinds of thresholds were proposed (Table
6.4).

Subnational AAccuracy .City R oad Ijzszlltrzlyg Fores.t Native Croplands
Zone ssessment | distance | distance (housing units plantation | forest (%)
(%) (Km) | (Km) ) (%) (%)

SN7Z1 90 1.3 1 1.74 497 5.0 1 11-13 20-60
SNZ2 83 1.1 131 3.3 1 2.2 1 19-29 | 40-60
SNZ3 88 1.7 ] 14 ] 5.7 9.8 1 13-28 94 |
SNZ4 83 1.1] 0.9 (*) 5.4 17.3 | 40 1t
SNZ5 86 0.8 4 (*) (*) (*) (*) (*)

National 89 12} 15 56 1 457 1850 | 20-60

Table 6.4: Defined threshold for national and subnational models. The upper
threshold is represented by |, 1 indicates a bottom threshold and (*) denote a
non-relevant threshold with under 0.5 fire risk for the variable.

6.3.4 First WUI-map for Chile

We conclude this section showing a WUI-map in Figure 6.6, delineated from the thresholds
obtained at national level. In particular, for its construction, the areas that satisfy the
following relationships (all at once) are identified: i) areas that are below (<) 1.5 km of
road distance; ii) areas that are below (<) 1.2 km away from the cities; iii) areas where the
proportion of native forest less (<) than 18%; iv) arecas where the density of houses is greater
(>) than 5.6 houses/km?2; and the v) proportion of plantations is greater (>) than 4.5%.

6.4 Discussion

6.4.1 National fire risk model

The strong human influence identified in the national model is consistent with the fact that
more than 95% of fires in Chile are human-caused ( ; ). The dominance of
human-caused fires is common in other regions with Mediterranean-type climates (

, ); and human influence on fire occurrence is increasing globally with population
growth and urban expansion into wildland vegetation ( , ). Consistent with
other studies, the national model identified most ignitions start near the place where people
live, work, travel, recreate or do other activities in areas with human-dominated fire regimes
( : ) and is consistent with other studies in Chile ( , ). Even
elevation could be considered as human activity proxy because the main roads and major
cities are in the coastal and central valley of Chile (lower altitude) (Figure 6.1). In addition,
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Figure 6.6: Wildland-Urban Interface (WUI) areas in Chile delineated through
the thresholds defined at national level. The relative proportion of fires by region
and the proportion of fires inside and outside the proposed WUI are shown on the
right side.

A

we identified (and quantify) a non-linear relationship between population density and fire risk
which has also been shown globally (Syphard et al.; 2019), and these also strongly interacted
with land cover. At a national scale, more than half of fires occurrence concentrates between
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-36.2°S and -38.2°S (SNZ3), but the higher population and roads density is further north
this area (SNZ1). This nonlinear relation between subnational zones is consistent with the
nonlinear individual effect of human activities variables observed in Figure 6.5. This result
supports our approach in terms of artificial intelligence based analysis to take into account
variable interaction of different nature.

We did not differentiate if fire ignition was intentional or accidental, which could poten-
tially change the spatial pattern of risk ( , ). However, by including
all ignition sources together, we nevertheless were able to identify the overall spatial pattern
of human-caused ignitions.

Human activities variable is the primary driver of fire risk for Chile. In SNZ1, SNZ2 and
SNZ3, where most of the fires concentrate (Table 6.2), cities and road area mainly in the
coastal range and in the central valley at low elevation. These areas also focus other economics
activities as industrial forest plantation, agriculture, and productive pastures, while in the
pre-Andean and Andean range is the significant proportion of native forest with least LULCC

dynamic ( , , ). The area where most of the fires occur in Chile is
also where the higher substitution of native forest for tree plantation was concentrated in
the past decades ( , : , ) and now a homogeneous forest
plantation dominate the landscapes (( , ), Figure 6.1). The proportion of tree

plantation, croplands and native forest in the landscape were the most important landscape
variables for our fire risk model, and they’re almost double in importance to proportion of
pasture or shrublands cover. Tree plantation industry also spread over vast agricultural fields,
especially in the central valley and coastal range ( , ). A ten-fold increase
of the nationwide exotic tree plantation area from 300.000 ha in 1974 to three million in 2018
has occurred. All these changes make that currently, central and southern Chile concentrate
the extensive anthropogenic land uses ( , ).

This unbalanced geographic distribution of fires justifies the multi-scale models approach
to explore fire risk in each subnational zone without the weight effect of latitude in model
fitting. The use of only national-scale model could cause a misinterpretation of variable
importance at local scale and with a strong effect on fire geographic concentration.

6.4.2 Subnational fire risk model

The subnational models illustrated how drivers of fire risk can interact differently across bio-
climatic zones ( , ). That is, different combinations and interactions among
climate, land cover, and human land use produced unique local effects in different regions.
Although we did not explore the influence of climate variables explicitly, our sub nationals
areas represented a climatic latitudinal north to south gradient from arid-semiarid to humid

ombrotypes, which indirectly accounted for climatic variation ( , ).
Although climatic variability is more related to total burned area than with ignition prob-
ability generally ( : ), and in Chile ( : ), the

variability of importance in landscape variables here revealed an interaction between ignition
and land cover and landscape composition. The importance of land cover in our model sug-
gests that, in addition to influencing fire spread, it also affects ignition probability (
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, ), which could be a function of flammability juxtaposed with the distribution of
human presence. Even patterns of lightning ignitions have been shown to be sensitive to
fuels, climate, and topography ( , ). This may be because
some land covers produce more flammable material, likes small branches and dry leaves, or
are associated with different fuel conditions governing flammability ( ,

). The unique effects of different spatial contexts on different fire patterns may help to
better delineate the most vulnerable portions of the WUI.

6.4.3 WUI fire risk thresholds

A precise definition of WUI or the management of its components may have a strong effect
on hazard mitigation ( , ). The WUI is commonly mapped by the es-
tablishment of certain thresholds of housing density, vegetation cover, and distance between
prone ecosystem and people, whose intersection generates value-at-risk areas for human de-
velopment ( , : , ). This threshold is usually
predefined as an adaptation of standard definition — e.g. ( , ) — and inde-
pendently from fire risk, resulting in an inconsistent description through literature (Johnston
2016). Our approach to delineating thresholds based on fire risk advances the potential for a
WUI definition that includes the combination of fire ignition and spread with vulnerability
to fire ( : ).

Our machine learning modeling approach enabled us to identify thresholds for common
variables that influence fire risk at the WUI. In particular, these proposed thresholds indicated
the value of each variable where the fire risk, defined by Eq. 6.2; increased, stabilized,
or decreased (see Figure 6.5). Although these thresholds are currently independent of the
value at risk to be protected, they could be applied to define the WUI in different scenarios
depending on prevention, management, or landscape planning strategy. For example, the
national model determined that the main increase in fire probability occurred between zero
and 5.5 housing units/km2 and then stabilized (see Figure 6.5¢). Then, a land planner who
considers the risk of fire and faces the problem where to build (or relocate homes), could
discriminate his decision through this threshold.

National and subnational fire risk thresholds

We found a positive effect on fire probability occurrence when tree plantation, agricultural,
pastureland and shrublands increase, and a decreasing probability with a rising native forest
cover proportion. One of the most common metrics used to define the WUT is the distance to
large patches of vegetation. However, our results suggest that that distance is not necessarily
applicable for all kind of vegetation because we found different directions and magnitudes
of effect depending on the type of land cover ( , ). This is
consistent with the fact that different vegetation types tend to be associated with differences
in fire regimes ( ) ) and that the patterns of fire vary across different resource
gradients ( , ). Different land cover types may reflect those gradients differently.
For instance, tree plantations are associated with hazardous fuel conditions highly associated
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with wildfire activity ( ; ;

, 2019; , 2018).

From 20% of the land cover by planting trees, the risk of fire does not present significant
changes in the slope of the curve (see Figure 6.5¢). This result is consistent with the effect of
large patches on risk. For agricultural fields and shrublands these effects is not continually
increasing with cover. The opposite case is native forest that with cover increment, fire prob-
ability decrease, which was also observed by ( ). This result should not
be seen as that native forest do not burn; however the effect of big size continuous patches
of fast-growing, high-density trees planted for commercial purposes generate environmental
condition that promotes fire ignition and spread ( , ). These pat-
terns are consistent across subnational zones for tree plantation, but for native forest we can
see a low fraction cover effect on increasing fire probability (see Figure 6.5d), suggesting that
fragmented, isolated or degraded patches of native forest, could be prone to fire than large
continuous patches, especially in the drier areas of the north.

At a national scale, we observed a high fire risk probability up to a threshold of 1.2 km,
which is half of the 2.4 km threshold used by ( ). The difference is that
they proposed a distance to where a firebrand can travel from a wildfire and threaten human-
populated areas ( , ), but our threshold may better differentiate the
areas where fire risk is highest . Also at the national scale we found a stabilizing threshold at
5.6 housing unit/km2, which is similar to the 6.17 housing unit/km2 proposed by

( ) as the value-at-risk threshold. At a broad scale, structure loss has been
positively associated with areas mapped at the WUI, with most other structure loss occurring
at densities too low to make it into the definition of WUI ( , ). However,
at the subnational level this threshold could be variable depending on population density
areas. ( ) also found varying housing densities where structure loss was
highest depending on the region. This pattern reveals the need for local definition of values
at risk considering local density population and how it interacts with other factors such as
land cover.

Until now, there has been little effort at defining an empirical definition of the WUI
based on different fire risk thresholds ( , ), and little progress
in exploring multi-dimensional definitions of thresholds based on the spatially explicit in-
teraction among drivers. There have been recommendations for thresholds to be flexible or
probabilistic to for planning purposes ( , ).

The results of this work revealed a potentially dangerous combination of human infras-
tructure and forest plantation cover. In light of other evidence of fire spread in this type of
land cover ( , ), particularly under extreme conditions like those
seen in 2017 ( , ; , ), these areas may be partic-
ularly vulnerable in the future, especially if population increases in areas with continuous
forest plantation cover. This combined effect on fire risk needs further exploration to obtain
the n-dimensional optimal territorial thresholds.
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6.5 Conclusions

We present the first methodological approach that can be used to delineate the WUI based on
a fire risk assessment. To achieve this, we developed a geographical framework to model the
most prominent drivers of fire risk and their interactions. Through this, we defined spatial
explicit thresholds for mapping the WUL

Overall, fire risk was higher near human infrastructure (cities, roads, and houses), at both
the national and sub-national scales, which supports the general influence of human activities
on the fire regime. However, there was also significant local variation in fire risk depending
on land cover, the latter being consistent, with geographical variability through a latitudinal
gradient in the national territory.

Our approach was tested using south-central Chile as a study model since fire activity
and subsequent human impacts have increased in this area in recent years (

). In 2017, Chile experienced the most active wildfire season in history with ~530, 000
ha burned, representing ten-fold the national average (55,000 ha/yr). As a result, different
environmental (e.g., air pollution, endemic forest loss) and economic losses were reported,
including eleven fatalities and 3,000 houses lost ( , ; ,

) associated to WUI. This unprecedented event demonstrates that wildfires are becoming
an essential Chilean citizen security issue, which will require a better understanding of fire
risk and an evidence-based definition of WUI.

We have presented a methodology that can be used to identify both general thresholds
for large-scale applications as well as local thresholds for defining the Wildland Urban In-
terface (WUI) both operationally and empirically level. Al algorithms, in particular Bagged
Decision Tree, support fire risk modelling using a high number of variables, capable of de-
tecting different types of interactions, for defining thresholds that may allow for a realistic
interpretation of spatially complex processes.
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Chapter 7

(General conclusions

Developing optimal adaptive management plans for landscapes is still an open field of re-
search. Two questions remain, how to address climate change and the spatial integration of
the spatially explicit nature of fire risk. Uncertainty and risk play an important role in the
development of forest management planning ( , ). However, nowadays
few tackle the difficult land-use issue, of where and how humans choose to build their com-
munities in the first place. The relationship between the increase in fires and climate change
intensifies the need for a paradigm shift ( , ). Unless people understand and
plan for fire as an inevitable and natural process, it will continue to have serious consequences
for both social and ecological systems.

In this thesis we try to contribute to the aforementioned. We have addressed the problem
of forest fires in two ways: i) through Forest Fuel Management, and ii) through the inclusion
of fire risk to define the Wildland-Urban Interface (WUI). In the first case, we developed an
integrated simulation and optimization system to locate fuel treatments and evaluate their
effectiveness in order to minimize the expected losses from future fires. In the second, from
the quantification of the fire risk based on anthropogenic and geographical variables; through
machine learning methods, we determine critical thresholds in order to adequately delineate
the high risk areas.

Our two approaches, although developed separately, could be integrated as shown in Figure
7.1. In STAGE I, there is a first module where a cell is selected with the purpose of starting
a fire in the study landscape. However, this selection could eventually be made using the
probability of fire occurrence, using the method proposed in Chapter 6. The latter would give
us new opportunities for analysis inside and outside the WUI, such as the determination of
conditional probabilities: What is the probability that a cell will burn in the landscape, given
that there are such probabilities of fire occurrences?, or what is the expected fire damage,
conditioned to these probabilities? This is an interesting question because places with a
high risk of occurrence, does not imply that large damages are expected (referring only to
economic damage), mainly because it depends on the continuity of the fuel, topography,
access to fire fighting, among many other factors.

Figure 7.1 shows our vision of the system we want to develop. In STAGE I, an ignition
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module, a module for generating climate scenarios and the fire growth model (Cell2Fire)
are integrated, to obtain risk measures; and this way, to address the location of the fuel
treatment in the next stage. In the STAGE II: formulating an explicit optimization model
(PVP problem) to locate harvest decisions and evaluate its effectiveness. Now, this is a
simplified way of dealing with the problem, because in complex landscapes, where there are
not only forest plantations, other actions can be taken to reduce fuel and therefore minimize
damage from future fires. In addition, for a planning horizon of more than one year, we
assumed that the vegetation does not grow. Therefore, this thesis proposes new challenges
to face: How to include other fuel treatment? How to integrate growth models for vegetation
to our DSS? How do we generate representative fire scenarios to include them in stochastic
optimization models?.

Stochastic Optimization
Network Optimization
Integer Programming
Heuristics

Kit 1
Boosted Regression Tree

. Black-box Optimization
Rank planning areas DRL

Random Forest for fuel freatment
Support Vector Machine @
Deep Learning

Draw ignition
location

Fire growth
model: Cell2Fire

Solve PVP to a

find best plan
Treated

landscape

Fire ignition
probability map

<

é Repeat for R iterations

Figure 7.1: Decision support system schematic (vision)
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