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[. General introduction

Forest fire or more commonly named Wildfire, is defined by many as an uncontrolled
and unplanned fire that devastates certain areas with high combustible vegetation (Cambridge

Advanced Learner's Dictionary, 2008).

Every year wild fires burn a substantial amount of the forests area all around the
world causing environment changes that afflicts nature and mankind alike. In Algeria alone
statistics show 42,555 fires happened from the year 1985 to year 2010, resulting in 910,640
hectares to be burned (MEDDOUR, DERRIDJ, 2012).

Countries that suffer every year from fires keep developing their counter measures.
These efforts range from modernizing the large air tanker fleet to using satellites that oversee
the fire in a more detailed manner and properly trained firefighters with a good understanding
of fire behaviour and all the factors that can affect the spread of fires, yet every year fires
causes a lot of losses (U.S. FOREST SERVICE, 2020).

Though several studies were made by experts of the field, they resulted mostly in
models that addresses time or temperature at which a certain area would ignite at, such as
Porterie et al., (2005 and 2007 in DRISSI, 2013), most these models deal with fire itself
focusing on its aspects such as the chemical or energy that relates to combustion..., but few
deal with fires in a more global view such as how long does a fire need to spread and which

factors do influence its propagation.

Through simulation this work intends to create a tool that is more focused on how the
fire will spread and the time needed to. To give fire fighters a better chance in their fight.
Forest fires have many factors that contribute to its behaviour such as wind speed, landscape,
type of vegetation, humidity etc...(JONATHAN, 1998), which renders it impossible to create

a simulation that can encapsulate all of it.

To be able to simulate a phenomenon such as wild fires, it must be viewed as a system
with attributes and components that represents its structure and how it behaves in a defined
manner using system modelling. Creating a model that describe the targeted system is not the
final answer due to the existence of numerous system modelling techniques and formalisms

such as the one used in this work DEVS “Discrete Event Systems”.
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DEVS is a formalism introduced to the world in the work of Bernard P. Zeigler in
1976. It focuses on the key components and factors simplifying the system and thus
facilitating the simulation affording a better computational ground for implementing real

world phenomenon behaviours (Zeigler, 1976).

Being DEVS a modelling formalism that sees the development of a system by timing
every state of the system, the time that each state the wild fire will have will be influenced by

the aforementioned factors (Zeigler et al., 2000).

Since wild fires have different behaviours and their propagation speed differs
whenever factors change even slightly makes it hard to evaluate how long and how far a fire
will spread, thus the need to design a system that follows certain conditions and decide upon

them how long each state will last.

Having such a mechanism where results aren’t characterized by just fast or slow
speeds of propagation based on the traditional logic that sees everything either true or false.
To describe different levels of speeds to be as similar to the real world wildfire is to extend
the Boolean logic with more values, known as Fuzzy Logic.

Fuzzy Logic has been developed to emulate the human reasoning, giving the
possibility to have values can be in between O or 1 i.e. neither true nor false. A way to
implement such logic rules based on the factors that are deemed to be important are defined to

have more versatile results, this implementation is known as a Fuzzy Controller (Jager, 1995).

This document will proceed by establishing the needed theory in the first chapter by
familiarising the reader with wild fires and factors that dictate its behaviour and an
explanation of DEVS and Fuzzy logic inner workings that are important to this work, then in
the 2" chapter the model of the targeted system will be explained and how all its components

shall work to finish with its implementation in the 3 chapter.
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I1.

Chapter One: Concepts

Chapter 1: Concepts

[1.1 Wildfire
This work will be dedicated to the creation of a simulation that has for a system
wildfires and depict them using DEVS formalism as a behavioural basis adding the fuzzy

controller to determine the life time of the wildfire.

[I.1.1 Definition

Forest fire is an exothermic (release of heat) reaction that develops without control in
time and space. It is the most devastating factor of degradation due to the losses caused by its
intensity and brutality affecting large areas of forests in short periods of time, becoming more
and more frequent and violent (JAPPIOT et al., 2002) commonly known as wild fires.

Three critical parameters are needed for fire which are Heat the more the temperature
is high the more a chance to have a fire are, Fuel which is the is mainly a material that will
feed the fire to keep burning and finally Oxygen which is a compound in phenomenon of
combustion. These conditions are traditionally portrayed in the triangle of fire (Fig.1) (Kutz,
2012).

Fig.1 fire triangle (MYER Kutz, 2012)

[1.1.2 Wildfire shapes
Wild fires can have different shapes (Fig.3) when spreading Circular, ellipse shaped or

irregular. These shapes are caused by many factors related to the landscape the wind speed

13



Chapter One: Concepts

humidity or the vegetation...etc. in many literatures they are called risk factors since they
have hold over how the fire will behave (BENKRAOUDA. 2015).

(/propagation =YW | head of

the fire

Fig.2 Fire propagation

Fires when propagating in an area different places can be distinguished (Fig.2) such as
the starting point of the fire and which side is the most influenced by wind direction named
head of the fire enveloped by the left and right fronts.

[1.1.3 Risk Factors
Risk factors are all the natural factors that contribute to a wildfire’s spreading speed
and influence its behaviour and more the factors are combined more the fire’s behaviour can

become complex and impredictible (Ammari, 2011).

- &

Fig.3 Wildfire’s different shapes

The Circular shape is commonly found in flat terrains with calm winds and the
vegetation has the same burning speed in all area which makes the starting point the center
and all sides can be head of the fire making it the easiest to predict.

The ellipse shaped one will have its head as the wider side which is following the wind
direction when winds are strong enough in the direction of an axis known as the propagation

axis.

14
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The irregular one is influenced by terrains with slopes and studies show that fire is
faster at climbing them than when descending, which results in different speeds in different
areas of the fire causing some to be fast some to be slow creating a shape that isn’t uniform

and is much harder to predict compared to the other shapes.

[1.2 Modelling and Simulation

A model is the establishment of a mathematical or logical representation of a
phenomenon, or process in the real world. Implementing a model and observing its behaviour
over time is called a simulation, a process that brings a model to life and demonstrates how a
particular object or phenomenon will behave. Simulating a model is a very advantageous
process that scientists can use due to the cost efficiency it provides (Fig.4), making tests,

analysis and training more approachable (D.O.D., 2001).

Prova System Need:
Use axisting high resolution
models to emulate
$ Savings operational situation
Shortens
Schedules

Smooth Transition to Operation
+ Manual proven
+ Trained personnel

+ Operationally ready before Test “concepts” in the “real
equipment is given to world” of simulation using
opearators simple models and putting

Deplay Concepts operators into process
O&S
Saves Time

Improves IPPD
Delaul Prelim

Design Design

Reduce Program Risks
* :::I“:“ Helps Refine Requirements
. Tﬂr?;Iﬂnurlnln production » Get the user involved
- Testing * Pravent gold-plating

Sometimes it's the only way
to verify or validate

Fig.4 Representation of Advantages in Modelling and Simulation (D.O.D., 2001)

Modelling and simulation (M&S) provides a tool that can copycat products and
processes, and represents them in a controllable environment and operationally valid
compared to the real world (D.O.D., 2001).
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Chapter One: Concepts

As stated earlier DEVS is one of many techniques for creating models that describe

complex systems and make it possible to simulate them.

[1.2.1 DEVS
Discrete Event Simulation is used to model the complex behaviour of a system, using
events occurring at different points in time changing the internal state of the said system.

DEVS systems are specified using a structure that defines its components, events, states etc...

(Zeigler, 1976).

The structure of a model is expressed in a mathematical language known as a
formalism. Discrete event focuses on the changes that occur to variable values and calculates
time segments that are constant i.e. an event is a change in a variable value that happens
instantaneously. In essence the model defines how to obtain new values for variables and the
when to apply them. One of DEVS important aspect is that the time intervals between event

occurrences are not fixed (Zeigler et al., 2005).

Any Model can have states that represent the current condition of the process or
system being simulated. States are defined mainly by using two values “PHASE” that
represent the state is being maintained, and “SIGMA” the time value that tells how long the

state will be lasting i.e. it shows when the state might end or being changed (Wainer, 2009).

[1.2.2 Atomic Model

The most basic model in the DEVS formalism is the atomic mode, it describes all the
important parts and components a model needs to operate in good conditions. The atomic
model is used in all DEVS simulations since he has the ability to exactly define all different
components in complex systems through the mathematical representation (Cassandras et
al.,2007):

M = (X; S; Y/ 6int) 6extl }\I ta)

X: set of input values.

S: set of states.

Y: set of output values.

dint: S — S is the internal transition function

16



Chapter One: Concepts

o  de. Q X X — Sis the external transition function, where
Q={(s,e)|s €S, 0<e<ta(s)}isthe total state set

e is the time elapsed since last transition

e L S — Y isthe output function.

e t:S— R, is the time advance function.

These components describe the behaviour a DEVS model will follow,
at any time the system has a known state S, if no external events happens the system will keep
it for time ta(s) (Time Advancement function). Ta(s) could be either a real number, 0 or c.

[[.2.3 Atomic Model Behaviour

Fig.5 DEVS model behaviour

The behaviour in a DEVS model can have several scenarios that can happen (Fig.5).
One Case is the duration of the state S is too short that no external event can intervene, the
state is called transitory. Another case the system will keep the state S forever unless an

external event occurs to change it, this state is passive.

As defined e is the amount of time since last state transition, if e exceeds the duration of the

state S (calculated by ta(s)) the system will output a value A(s) then change the state of the

17



Chapter One: Concepts

system using dint(s). Or an external event happens while e < ta(s) the system will execute the

dext(s, e, X). Both transitions will dictate the new state S’ and its duration ta (S').

Note that output is only possible just before internal transitions, which enables the model to
output a value before any transition can occur if the model is designed to have an internal

transition then the external in the confluent function.

[1.2.4 Coupled Model

The DEVS formalism is designed to be built in a modular fashion using models called
basic models then combined to create more complex models. Different to traditional
simulation languages, DEVS models have input and output ports. Values appearing on each
port are determined by events or functions. When external events occur outside the model,
values are supplied to the corresponding input port. The model description must describe how
it responds to each possible event, same goes for events that happen within the model
generating values that are communicated through the corresponding output port to other
models (B.P. Zeigler et al, 2005).

Following the mathematical description of a DEVS model a Basic Model is defined,
starting with a set of inputs which deal with external events, another set of outputs to send
external events, a set for all possible states. A time advance function to control internal
transitions occurrences, internal and external transition functions that specifies the next state
by changing the phase and sigma values computed based on the current state and/or the values
from an input port. The confluent transition function which defines which transition function
would be called first, and lastly an output function that generates an external output before the

internal transition (B.P. Zeigler et al, 2005).

DEVS formalism introduced the coupled model as a solution to working in a parallel
fashion since atomic models were limited to sequential processes. By adding the coupling
aspect it became possible to build models from already made components using external and

internal coupling (Fig.6) resulting in this specification:
CM = (D, X, Y, EIC, EOC, IC)

e D: aset of components.
e X:asetinputs and possible values.

e Y: asetof outputs and possible values.

18
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e EIC: external input couplings connect external inputs to component inputs.
e EOC: external output couplings connect component outputs to external.

e IC: internal couplings connect component outputs to component inputs.

pipeSimple
in |in out, out outl out
= pl ya 1 — p2 |/

b
E,/”ﬂl

C

EIC

Fig.6 Coupling in a DEVS coupled model

[1.3 Fuzzy Logic

Fuzzy Logic is a logic that sheds light on principles of human reasoning, Contrary to
classical logic that focuses only on propositions that are either true or false. This classical
logic works with combinations of variables in the form of propositions. Each variable stands
for a hypothetical proposition, any given combination is evaluated to be either true or false,
but never the combination of both (i.e., is not true and false at the same time) (Chen et al.,
2000).

The principle of having one Truth value (true or false) has been questioned by many
researchers even on a philosophical level. The more complex is the study the more
unsatisfactory the results were, to be just true or false completely disregarding the factors that
might render it opposite to what it might really be (Yager et al.,1992).

It is well established in recent decades that evaluating propositions should be regarded
partially true and false at the same time. Multi valued logics were introduced to describe this
new reasoning, the most basic is adding a third value to the already known True and False. By
this addition it became possible to have more accurate and diverse results, especially
propositions that were hard to determine their truthfulness (Chen et al., 2000).
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Chapter One: Concepts

[1.3.1 Fuzzy Sets
In this work it is assumed that the reader is familiar with fundamentals of the theory of

crisp sets which fuzzy sets are based on and introduced in the work of Lotfi Zadeh.

Humans and Computers, two different entities each with their advantages. While the
computation power of computers far exceeds the human’s, it still cannot cope with decision
making of the human brain, partially due to the computer’s logic that is derived from the
Boolean logic rendering a lot of results unsatisfactory. In 1960s the idea of fuzzy Sets was
introduced as a way to implement the human decision making in software engineering where
the values of a given set are valued based on the degree of membership of each individual
(Dimitrov et al., 2002).

From this, we can understand the difference between a classical set and a fuzzy set.
Classical sets contain elements that satisfy all properties of membership while fuzzy sets

contain elements that satisfy partially the properties of membership.

[1.3.1.1 Membership function

The characteristic function of a crisp set assigns a value of either 1 or 0 to each
individual in the universal set, thereby discriminating between members and non-members of
the set under consideration. This function can be used in a way that the values assigned to the
elements of the set to fall within a specified range and indicate the membership grade of these
elements in the set in question. Larger values denote higher degrees of set membership, such a
function is called a membership function, and the set defined by it becomes a fuzzy set (Klir
etal., 1995).

The most commonly used range of values of membership functions is the unit interval
[0, 1]. In this case, each membership function maps elements of a given universal set X,

which is always a crisp set, into real numbers in [0, 1].

Each fuzzy set is completely and uniquely defined by one particular membership
function. A fuzzy set A will have a membership function denoted pia.

Ha: X - [0,1]
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L J

L

(1] ¥ 1] ¥

Membership Function of Fuzzy set 4 Membership Function of classical set A

Fig.7 Membership in fuzzy and crisp sets

In (Fig.7) the membership of individuals in the set. On the right represents a crisp set,
the individual must satisfy all the properties of the Set to get a result 1 (true), but in the fuzzy
set in the left the individual can satisfy partially the properties of the set and have different
degrees of membership ranging from non-membership with a value 0 to full membership with

value 1.

P : , > >
0 Support ; Yy

{ Boundary : : Boundary

: = P —Pp

Fig.8 Membership Function Regions

Membership functions consist of 3 possible regions core, support or boundary as

shown in (Fig.8).
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e Core: represents values that are fully members of the fuzzy set i.e. pa(y) =1.

e Support: represents values that have a non-zero membership of the fuzzy set,
pa(y) > 0.

e Boundary: consists of the values that are non-zero but does not satisfy a full

membership i.e. incomplete membership, 1 > pz(y) > 0.

[1.3.2 Fuzzy Control system

Fuzzy Set Theory, has been the subject of many researchers. Used in many
applications in different fields. Amongst the most successful applications of Zadeh’s theory
was in the area of Fuzzy Logic Control (FLC) pioneered by the work of Mamdani and
Assilian. FLC has had considerable success in many commercial products using this

technology such as braking systems in vehicles (McNeill et al., 1994).

FLCs are based on rules in the decision making process to have results similar to what
a human expert would obtain in an automated frame. FIS or Fuzzy Inference System is the
core component of the FLC, it defines the needed rules as IF-THEN sequences with AND or
OR that are applied to the input values that are represented by linguistic terms that subdivide
the fuzzy set to sub-sets. Linguistic terms help make decisions by determining the
membership of input values to their respective sub-sets using the membership function
(Hampel et al, 2000).

Fuzzy logic

I I
I I
| Knowledge controller (FLC) !
: base !
! I
I i
| I
: g e ' :
| . i
—+3  Fuzzifier : Inference »  Defuzzifier -
| engine :
| I

Fig.9 Simple architecture of a FLC
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The inner working of Fuzzy Controllers is based several important components shown
in (Fig.9) (Cirstea et al., 2002):

e Knowledge Base: It contains the two most crucial information in making
decisions, the rule base that has the IF THEN rules and a DATA BASE

defining membership functions of the used fuzzy set.

e Inference engine: it acts as a brain by taking the right decision using the
rules on the fuzzy values it receives from the fuzzifier then sends the

results to the deffizifier.

e Fuzzifier: It converts the crisp values from input to fuzzy values the

passes them to the inference system.

e Defuzzifier: It converts the fuzzy values resulting coming from the

inference engine into crisp values.

[1.3.2.1 Fuzzy Inference System

The inference process of a fuzzy controller performs two steps, rule matching and rule
firing. The matching step compares each rule to the input variables. The firing rule step is to
generating membership function for the output for the matched rule using modus ponens
compositional rule of inference (Baudoin et al., 2016).

Each input variable is fuzzified by mapping it using the defined membership function
to one of its regions. Using mathematical methods such as Support Fuzzification or Grade
Fuzzification (Azeem, 2012).

Deffuzification renders the fuzzy results to crisp values by the use of methods like the
Max-Membership Method that is limited to peak output functions or the Centroid Method that
focuses on the center of the area, for discrete triangular linear functions the CoG method is

obtained by moments of area as defined by (Baudoin et al., 2016):

A _ Zci Cillc (Ci)
2uc; M (€i)
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Fig.10 Example of CoG

Deffuzification is the last step in the FIS, using the center of gravity method the input
variables membership functions are combined in what is called the fuzzification step then the
center gravity of the membership functions of the chosen rule in the matching process then the
center of the new membership function is calculated to be defuzzfied resulting in a crisp value

as an output (Fig.10).
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[1.4 Conclusion

Learning the different aspects pertaining to fires shows that a wildfire a very complex
system that thought it seem predictable from an experts point of view, from the view of an
Algorithm or model a lot of factors and conditions are needed to express it in a good manner

making it very hard to simulate.

DEVS shows its power by its simplicity to focus on the main aspects nullifying the
hardships that a simulation like a wildfire might entail scrapping it to its most basic
behavioural driven components and key points.

Fuzzy Logic has the potential to mimic uncertainty and quantifying it so a computer can
emulate what real world phenomenon can do and expanding the benefit to wider horizon
allowing us the ability to create expert systems that are reliable not to replace the humans but

to aid them in their work.
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Chapter Two: Modelling

Chapter 2: Modelling

The theory that was previously discussed will be used to create a model that represents
a wild fire, with states that show the different steps a wild fire will follow such as unburned

and burning. .. through DEVS formalism.

The land to be simulated will be divided to cells where every cell has an atomic model
that controls its state’s transitions, these cells will be inter connected through the use of

coupled models so that each cell can communicate with its neighbours to have a fire spread.

To capacitate the model with the ability to compute how long each state will last it will
have access to a FLC that uses rules based off of researchers in the field or firefighter’s

experiences.

This FLC will have the capacity to determine how long a fire to burn a piece of land
based on the natural risk factors that human experts will select, mostly to be the most
pertinent factors that have great influence on the fire’s behaviour such as wind speed,

humidity.

[II.1 Fire behaviour modelling

Establishing an Atomic model for a cell as the most basic component, the cell must
have the capacity to change its own state following an input that notifies it of a fire or one that
is already burning, thus the need to specify all the possible phases it can transition to. These
states will represent the different stages a piece of land will go through while burning:

e Unburned: this state that shows the piece of land that is represented by the model is
not burning with a sigma of oo, since it can keep this state forever if no fire is ignited
through an external event.

e Burning: this state happens with an external transition that will occur when an input
of a fire is received with a sigma that will be computed with a fuzzy control system.

e Ember: the burning vegetation will become ember with a sigma using the same time
advance function as the burning state.

e Burned: the last state the cell will transition to with a sigma of oo.

This atomic model will be used to create a grid, to enable each cell to communicate to
its neighbours that a fire is spreading, the connections will be established with the use of

inputs and outputs.
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Each cell needs will have up to eight neighbours, the cell can either notify or be notified
by one of them. Using coupled models we can link all cells to each other creating a grid that
can share the information of a fire spreading. The possible values to be sent between cells will
be the word “Fire” which will ignite the first cell only to be replaced by the coordinates of the

sending cell.

The internal transition function after the time elapses of the Burning state will transition
the model to Ember with a Sigma that can be also be computed with the fuzzy controller,
through a mathematical equation or a simple time value decided upon by the field’s expert,
then after the life time of the Ember state finishes the internal transition function will set the

state to Burned signalling the end of the life cycle with a Sigma = oo.

A grid representing the area to be simulated will be created using the DEVS coupled
model by interlacing a defined number of cells together through their input and output ports.
This coupled model enables the cell to be connected through the use of internal coupling since

the grid’s model doesn’t need any external input or output.

[II.1.1 Cell Model

The previous texts described the behaviour of the model, through it the main aspects of
the model can be extracted and refined to construct a working model that has the basic
behaviour an area under fire would have in certain conditions such as wind’s speed, direction

and humidity resulting in:
Ce” = (XI S; Y) 6inti 6exti )\r ta)

e X: “Fire”, position of Cell.

S: Unburned, Burning, Ember, Burned.

Y position of Cell.
e dint (Burning) = Ember
0int(Ember) = Burned.
® dext (Unburned, “Fire”) = Burning.
0ext (Unburned, sending Cell’s position) = Burning / Unburned.
e ) (Burning) = Cell Position.
e t,(Burning) =T.
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T will be calculated using the Fuzzy controller to determine the propagation rate of

fire then used in a mathematical equation.

Each cell will determine its chances of catching fire following the wind direction by
calculating the angle between the receiving cell and sending cell, the smaller the angle means
the cell is in the way of the fire and has a high chance of burning and the bigger the angle the

less chance the cell will burn, the angle will calculated trigonometry equation:
arccos((P122 + P132 - P232) / (2 * P12 * P13))
Where P12 is the length of the segment from P1 to P2, calculated by:
sgrt((P1x - P2x)2 + (P1y - P2y)2)

[11.1.2 Grid Model

The coupled model that will represent the grid will also follow the DEVS
representation where the set of components will have a defined number of the Cell model with
no external inputs or outputs and only Internal Coupling will be used since the grid doesn’t

receive input or sends output and only inner components will communicate with each other.

Grid = (D, X, Y, EIC, EOC, IC)

D: (row * Cell) * (col * Cell).

Where row: number of rows in grid, col: number of columns in the grid.

e X: None.

e Y:None.

e EIC: None.

e EOC: None.

e IC: all eight neighbour’s outputs are connected to the input of center cell of the

eight. And output of center cell is connected to all inputs of the eight neighbours.

[11.2 Fuzzy Controller
As mentioned in the DEVS model description the time advance function will use a
fuzzy inference system that imitates a firefighter’s experience to determine the speed the fire

will advance by computing the lifetime of the Burning state.
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The inference system will use a set of membership functions that represent the risk
factors wind speed and humidity. These membership functions will be used to fuzzify the
crisp values of wind and speed to obtain a result that is called the flaming front propagation
which according to an expert is 3% to 8% of the wind’s speed by Deffuzifiying the result
(Bisgambiglia, 2008).

The membership functions will show the FIS the different intervals at which the wind
and humidity can be characterized through the use of linguistic terms that represent different
speeds or percentage of humidity. Wind can be described in literature as calm, slight or
powerful ...etc. as for humidity dry, little or too much...etc. There can be more detailed
intervals to have more accurate results, as for the propagation range will have slow, medium

and fast.

[I1.2.1 FIS Rules and linguistic terms

The linguistic terms that defines both wind speed and humidity membership functions
will be used in creating a block of rules that the FIS will follow, different combinations of
wind speed and humidity will have different influence on fire spread or more exactly the fire

front propagation.

The rule block will use the IF-Then notations to infer what the result should be, from

the previous texts the following rules were created:

e RULE 1: IF humidity IS dryHumidity AND windSpeed IS calmWind THEN

propagationRate IS mediumTime.

e RULE 2: IF humidity IS dryHumidity AND windSpeed IS slightWind THEN
propagationRate IS fastTime.

e RULE 3: IF humidity IS dryHumidity AND windSpeed IS powerWind THEN
propagationRate IS fastTime.

e RULE 4: IF humidity IS littleHumidity AND windSpeed IS calmWind THEN
propagationRate IS slowTime
e RULE 5: IF humidity IS littleHumidity AND windSpeed IS slightWind THEN

propagationRate 1S mediumTime.
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e RULE 6: IF humidity IS littleHumidity AND windSpeed 1S powerWind THEN
propagationRate IS fastTime.

e RULE 7: IF humidity IS tooMuchHumidity AND windSpeed IS calmWind THEN

propagationRate IS slowTime.

e RULE 8: IF humidity IS tooMuchHumidity AND windSpeed IS slightWind THEN
propagationRate IS mediumTime.

e RULE 9: IF humidity IS tooMuchHumidity AND windSpeed IS powerWind THEN

propagationRate IS mediumTime.

Wind speed membership functions (Fig.11):

e calmWwind: [0, 50]
¢ slightWind: [20, 100]
e powerWind: [75, 118]

windSpeed

1,00 1
o
= 0,75
T
& 0,50
T 0,25
>

0,00 : : : :

0 25 o0 Fi=] 100
X

& calmWind & slightWind & powerWind

Fig.11 Graph of Wind speed membership functions

Humidity membership functions (Fig.12):

e dryHumidity: [0, 30]
e littleHumidity: [20, 80]
e tooMuchHumidity: [70, 100]
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humidity

1,00 4
0,73 1
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0,50 -
0,25 -

Membersh

0,00 1F

0 10 20 20 40 S0 60 70 80 90 100
*

A [ittleHumidity & tooMuchHumidity & dryHurmidity

Fig.12 Graph of Humidity membership functions

Flaming front propagation membership functions (Fig.13):

e slowTime: [3, 5]
e mediumTime: [4, 7]
o fastTime: [6, 8]

propagationRate

ip

,00 1
75 1
,50 1
,25 1
,00

Membersh
[ S v B i N i B =

20 35 40 45 50 53> 60 62 70 7,5 80
X

A propagationRate:0,00 (CenterOfGravity) & mediumTime & fastTime
A slowTime

Fig.13 Graph of Fire front propagation membership functions
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[I1.3 Class Diagram

Combining the DEVS models and the fuzzy logic controller will result in an
application, which simulates a wildfire spreading in space through time controlled events. To
be able engineer this piece of software some diagrams can be used to facilitate the

programming aspect.

Most of the time several diagrams are made for the purpose of creating a functional
reliable software, but due to the fact that this work will only focus on creating models and
fuzzy controllers since the simulator will be the DEVS-Suite and that models use the java
syntax to be defined only the Class Diagram shall be presented in this work to showcase how

the models were defined and brought together to have FireSim.

As shown in the class diagram all components needed for the simulation are present
in (Fig.14):

e Cell: represents the Cell model with, it inherits from the atomic model class.

e Grid: represents the Grid model, it inherits from the DEVS model class and
implements the coupled model interface.

e Atomic and DEVS: are classes of the DEVS java that are used in the simulator.

e Direction: is a simple class used to represent (x, y) coordinates of each Cell, used to
calculate if a cell is following the wind direction, perpendicular or completely
opposite.

e GuiGrid: is used as a graphical interface to facilitate the uses to observe the
simulation in a global manner and allow him to change wind speed, humidity and
wind direction in real time.

e FIS: is the fuzzy logic library that will deal with fuzzifying and defuzzifying the input

and output variables to calculate the fire front propagation.

The fuzzy controller was used in the CalculatedStateTime method of the Grid class since
the Fuzzy Inference System will be created using fuzzy libraries instead of manually
programming to ensure the results be accurate since the fuzzy controllers use mathematical

functions such as the center of gravity in determining the results.

As for ChanceOfBurning method it calculates the chances a cell might burn by calculating
the angle between the cell and wind direction if the angle is 0° then the chance is 100%, 45°
then 75%, 90° then 50%, 135° then 25% and 180° is 10%.
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[11.4 Conclusion
DEVS formalism enabled us to create a model that can perfectly represent a small
area’s behaviour under fire and dictate how it will transition its states after a calculated time

make it simple yet powerful and modular rendering it updateable and upgradeable.

Coupled with a fuzzy controller that follows precise rules that are extracted from
hundreds of hours of experience of experts and firefighters alike makes it possible to transfer

all of it to a system that can enhance the results using computational power.
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Chapter Three: Implementation

Chapter 3: Implementation

Culminating this work is the implementation of the conceptualized models of the 2™
chapter with the theory of the 1% chapter, by using different computer tools and ranging from

simulator to libraries a Fire simulator was created.

The FireSim was created to allow simulating the fire spread behaviour based on
different factors using a fuzzy controller system in making decision i.e. the FireSim uses the
possibilities that the fuzzy logic offers to determine the fire front propagation to have a more

natural behaviour.

The DEVS models were designed in a way that allows the addition of different factors
and functions that can help advancing the inner workings of the fire simulator to obtain results

that can be as close as to a real world fire.

DEVS-Suite was used a simulator since it is a well-established software in DEVS
formalism created by the Arizona university, strengthened with capabilities and simplicity
that JFuzzyL ogic library ensures even if the user isn’t familiar with fuzzy logic or programing

for that matter.

These tools were chosen due to the fact that both are programed and still beign
maintained based on the Java programing language, making it a combination that allows great

results.

To finish this last chapter a presentation of the finished product will be conducted

using screenshots with an actual simulation.

37



Chapter Three: Implementation

[V.1 Software
This section will introduce the softwares and tools that were used in this work, to

familiarise the reader with it such as DEVS-Suite and JFuzzyLogic library:

[V.1.1 DEVS-Suite

M/
b
)

DEVS-Suite

Fig.15 DEVS-Suite Logo

DEVS-Suite (Fig.15) is a Parallel DEVS simulator that helps with automating designs
of experiments in combination with animated models, generating timed data trajectories at
run-time, synchronized viewing these trajectories alongside hierarchical components and 1/0
messaging animation. it offers rich visual modelling for specifying families of models and
storing them in a Database, the software follows a lifecycle of modelling, simulation, and

evaluation (University of Arizona website, 2020) .

e Action-Level Real-Time DEVS

e Black-Box Testing

e OSATE-DEVS-Suite is a tool built based on an integrated framework for the AADL
(Architecture Analysis and Design Language) and DEVS (Discrete Event System

Specification) modelling approaches.

The interface of the DEVS-Suite is simple (Fig.16), it comprises of a models viewer in
the top left, and it enlists all the model present in simulation with a graphical representation
on the right.

Each Model’s state is also shown on the middle left portion with a “inject input”
button that allows to send a predefined value to any input.

The left bottom panel has all the controls of the simulation such as run and request

pause.
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Fig.16 DEVS-Suite main menu

IV.1.2 JFuzzyLogic

JFuzzyLogic is an open source library created for java based applications. It was
designed to facilitate the creation of fuzzy controllers and fuzzy inference systems according
to the standard IEC 61131-7. This library was created relieve researchers of the substantial
amount of technical aspects or those with lack of knowledge in fuzzy logic control when
applying FLCs in projects, it provides graphical graphs of the FIS and results it obtains and an
implementation for C/C++ compilers, allowing easy implementation of embedded control
systems (P.CINGOLANI, J. Alcala-Fdez, 2012) (P.CINGOLANI, J. Alcala-Fdez, 2013).

JFuzzyLogic allows the user to visualise the graphs of the membership functions and
the results of the fuzzy inference system with simple code by adding dialogs to the code when
inputting the values to be calculated. And the rules and all input and output variables are

defined in a file with the extension “.fcl” in simple terms to facilitate the work even further.
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IV.1.3 Java

Java

Fig.17 Java Logo

Java (Fig.17) is a programming language created by James Gosling and Patrick
Naughton in 1995. Java is an Object oriented language of SunWorld then bought by Oracle.
Created as a general-purpose programming language for developers to write once, run
anywhere, in other words the compiled Java code can run on all platforms with Java support

without recompilation.

Java applications are compiled to bytecode which can run on any Java virtual
machine regardless of the computer architecture. The syntax is similar to C and C++, but has

fewer low-level facilities than either of them (Oracle, 2020).

IV.1.4 Intellij idea

Fig.18 intelij IDEA Logo

IntelliJ IDEA (Fig.18) is an integrated development environment (IDE) written in
Java for developing computer software. It is developed by JetBrains, and is available as an
Apache 2 Licensed community edition, and in a proprietary commercial edition. Both can be

used for commercial development (JetBrains, 2020).

The IDE offers many out of the box tools and functionalities that help the developers
in their work making it easier and efficient, such as smart code completion, framework-
specific assistance, and deep intelligence that indexes the programmer’s source code allowing

a fast and reliable suggestions while working (JetBrains, 2020).
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[V.1.5 Unified Modelling Language

UNIFIED
MODELING
LANGUAGE-.

Fig.19 UML Logo

The Unified Modelling Language (Fig.19) is the modern go to developmental, modelling
language in the field of software engineering that is intended to provide a standard way to

visualize the design of a system (Visual Paradigm, 2020).

UML 2 has many types of diagrams, which are divided into two categories. Some types
represent structural information, and the rest represent general types of behaviour, including

those that represent different aspects of interactions.

[V.2 Hardware

LENOVO

YOGA

Fig.20 Lenovo Yoga Logo

All works were done including conception and implementation were performed

using a Lenovo YOGA (Fig.20) pc with the following hardware configuration:

e Model: YOGA 520-141KB.

e Processor: Intel(R) Core(TM) i3-7100U CPU 2.40GHz.
e RAM: 4Go DDR4 2133MHz.

e Storage Capacity: 128Go SSD.
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IV.3 FireSim

FireSim is the result of this work, it is a java application that uses the DEVS
formalism as a foundation and built on top of DEVS-Suite. The models that were created for
the simulation are Cell the atomic model (Fig.21) and Grid the coupled model that uses

hundreds of examples of the Cell model (Fig.22).

o - -

Fig.21 graphical reprsentation of one cell in DEVS-SUite

Ignite €

Ignite &

Ignite €

Ignite €

é ¢ E &

<] 1»]

Fig. 22 Graphical reprsentation of the coupled model of the grid

The coupled model as shown comprises of a substantial amount of atom models

which are Cells interconnected with every cell having a coupling with all eight neighbours.

As for the fuzzy controller using the JFuzzyLogic library a FCL file was created
following a set of blocks. These blocks define the membership functions, which will be
fuzzified and which to be deffuzzified and how the values shall be determined in this instance:

A block that defines the input and output variables of the FIS (Fig.23):
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VAR_INPUT
windSpeed : real;
humidity: real;
END_VAR

VAR_OUTPUT
propagationRate : real;
END_VAR

Fig.23 FIS input and output variables

Then the membership function of all variables (Fig.24):

FUZZIFY windSpeed
TERM calmWind := (8,1) (20,1) (58,8);
TERM slightWind := (28,8) (58,1) (75,1) (168,0);
TERM powerWind := (75,0) (1@8,1) (118,1);
END_FUZZIFY

FUZZIFY humidity
TERM dryHumidity := (@,1) (28,1) (30,0);
TERM littleHumidity := (28,8) (38,1) (76,1) (88,0);
TERM tooMuchHumidity := (70,08) (80,1) (1@0,1);
END_FUZZIFY

DEFUZZIFY propagationRate
TERM slowTime := (3,1) (4,1) (5,08);
TERM mediumTime := (4, 8) (5,1) (6,1) (7,0);
TERM fastTime := (6,8) (7,1) (8,1);
METHOD : COG;
DEFAULT := B;
END_DEFUZZIFY

Fig.24 FIS membership functions

The numbers are coordinates used to draw the graph of each membership function and the
Deffuziying is done using the COG function.

Lastly the rules are added so the FIS can work properly (Fig.25):
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MIN;
MIN;
MAX;
1:IF
21 IF
3:IF
4 : IF
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7 IF
8 : IF
9 : IF

50 END_RULEEBLOCK

humidity
humidity
humidity

humidity
humidity
humidity

humidity
humidity
humidity

IS dryHumidity AND windSpeed IS calmiWind THEN propagationRate IS mediumTime;
IS dryHumidity AND windSpeed IS slightWind THEN propagationRate IS fastTime;
IS dryHumidity AND windSpeed IS powerWind THEN propagationRate IS fTastTime;

IS 1littleHumidity AND windSpeed IS calmWind THEN propagationRate IS slowTime;
IS littleHumidity AND windSpeed IS slightWind THEN propagationRate IS mediumTime;
IS littleHumidity AND windSpeed IS powerWind THEN propagationRate IS fastTime;

IS tooMuchHumidity AND windSpeed IS calmWind THEN propagationRate IS slowTime;

IS tooMuchHumidity AND windSpeed IS slightWind THEN propagationRate IS mediumTime;
IS tooMuchHumidity AND windSpeed IS powerWind THEN propagationRate IS mediumTime;

Fig.25 FIS Rules

Using the membership functions and rules by fuzzifying the crisp inputs of wind speed and

humidity we can obtain a fire front propagation by deffuzzifying the result of applying the

center of gravity to the fuzzifiyed values of wind speed and humidity.
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Fig.26 Example of FIS result

As seen by giving the crisp values Humidity = 30% and Wind Speed = 50Km/h the

FIS determined using the membership functions that Humidity is “littleHumidity” and wind

speed is “slightWind” then using “Rule 5” the FIS found that fire front propagation is
memdiumTime using the COG function the FFP = 5.5% (Fig.26).
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To have a better view of the simulation an interface that represents the whole
coupled model for a better observation was designed for this purpose and allowing the user to

have some in real time control over the simulation Fig.27.

FireSim

Fig.27 FireSim global view of the grid with options

The user selects a cell as the starting point of the fire in the DEVS-Suite’s models
viewer by injecting an input that represents the external event “Fire” the simulation can be
started to be viewed in both DEVS-Suite for a detailed observation or the FireSim for a global
observation (Fig.28) (Fig.29).

Model Viewer
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Fig.28 selection of a starting point
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1

Starting Point

Fig.29 global view of the grid with the fire starting point

After the wind speed and Humidity are given and the wind direction is specified the
simulation can be started. In This instance wind speed is 10 Km/h, the humidity is 80% for a

grid of 10*10 and the wind direction is “North” we obtained the following results.

The screenshots of the figures below were taken at different intervals to show how
the fire spread in the entire grid, the first was taken at t= 33s (Fig.30), 2" was taken at t= 132s
(Fig.31), 3" at t= 198s (Fig.32) and the last one at t= 311s (Fig.33).

The time that the whole grid took to burn is not that long due to the fact that the
simulation was not of a large scale due to the lack of power in the machine used for this
simulation, a strong computational power is needed to be able to simulate a large area

submitted to a fire.

Other factors for the fast times is that this model focuses mainly only on wind speed
and humidity whereas in real life there are numerous factors that influence its propagation, but
the goal of this work is more the creation of a tool that knows how a fire should behave as for
the formulas or factors that are linked to its behaviour are left more to the researcher’s choice.

The model was designed in a way that makes it completely possible to change the
fuzzy controller or add more factors, the FireSim has the potential of becoming a strong tool

in simulating fire spread with reliable results.
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Fig.30 grid state at t = 33s Fig.31 grid state at t = 132s
Fig.32 grid state at t = 198s Fig.33 grid state at t = 311s
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IV.4 Conclusion
The obtained results of the FireSim while simulating the time and behaviour a

wildfire can have shown that using the DEVS formalism allows researchers to have a solid
base to creating a software that knows exactly how a fire will behave in different
circumstances. Coupled with the fuzzy controller accurate life times for the states can be

determined furthering and widening the possibilities.

Further improvements can be added to this work by using the geographic information
that provide more detailed data on different lands such as slopes, types of vegetation and its
distribution...etc. to be used in fuzzy controllers more adapted to have the possibility to

simulate a fire in its entirety accounted all factors.
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