Computing therate of spread of linear flame fronts by ther mal image processing
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Abstract

Thiswork proposes a new thermal image processing method for computing the rate of spread
(ROS) of forest fires. It is based on an application for linear flame fronts that are generated on flat
surfaces with known dimensions. In the first step of the method, the correspondence between the points of
the thermal image obtained and the real plane is calculated by means of adirect linear transformation
(DLT). Subseguently, the position of the flame front is determined by applying a threshold-value-
searching criterion within the temperature matrix of the target surface. The design principles for the
implementation of this method in the laboratory are described in depth, as well as the considerations that
must be taken into account if the method isto be correctly extrapolated to more complex experimental

scenarios, such as prescribed burnings or real forest fire emergencies.
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1.Introduction

Rate of spread (ROS) is one of the most significant parametersin the description of forest fire
behaviour, sinceit isdirectly related to fire intensity [1] and flame front geometry [2] and, thus, to the
levels of danger associated with its propagation. In forest fire emergency management, knowing this
parameter iscrucial. Therefore, agreat dea of scientific research is devoted to thisfield, which centres

either on mathematical modelling [3] or on experimental assessment for the vaidation of models.

Various methods can be used to experimentally assess the ROS, and their success depends on the
extent to which straightforward implementation, reliability, precision, feasibility of extrapolation to other

experimental scenarios (small scale, field scale and real scale) and cost come together.

Historically, very simple conceptual procedures have been used to experimentally determine the
ROS. These are based on calculating the time that the front takes to cover certain known distances, by
means of the integration of several warning systems within the experimental scenario. Thus, a known
linear arrangement of warning elements of an acoustic, mechanical, electrical or ssimply visual nature,
which go off and give asignal during the passage of afire front, makesit easy to calculate the ROS
immediately. One of the most commonly used systems consists in the equidistant positioning of cotton or
nylon threads perpendicular to the fire spread direction, in such away that when the fire spreads it burns
through them along its path. By recording the moment at which each thread bresks and by knowing its
position, the rate of spread is calculated as the derivative of the distance in relation to time. Thissystem is
applicable to experimental fires on alaboratory scale, but it is difficult to extrapolate to field experiments,
asit isrestricted to those areas in which the features of the landscape and the fuel cover allow the threads
to be fixed and observed. It is often difficult to obtain wholly reliable measurements of the ROS because
of impaired visibility due to such factors as smoke formation, safety distances and vegetation structure.
Moreover, this method only serves to measure the ROS from the most advanced sector of the front, which
isthe maximum ROS value, since thisis the part that breaks the thread and, therefore, determines the
point in time to be recorded. Thus, in those cases in which the fire deviates substantially from its linearity,

this measurement is not representative of the spreading of the whole fire front.



In order to overcome some of these drawbacks, a very similar technique is often used in which the
fixed parameter is not the position of the marker but the time. This procedure consistsin throwing
numbered metal sticksinto the flame front at known time intervals [4]. Once the fire has passed, the
distances between the successive markers are measured in order to match them with the time they were
thrown and thus obtain the ROS. Nevertheless, this technique also has shortcomings, such asits

dependency on the accuracy of the throwing and on whether the markers are actually found.

These types of methods are not technically complex, nor do they entail very high costs. However,
their precision and feasibility decrease drastically when they are extrapolated to more complex
experimental scenarios. Therefore, they are considered to be totally unfeasible for real forest fire

emergencies.

During recent years, in reply to these weaknesses, new techniques have appeared based on discrete
or continuous fire monitoring by image acquisition with either IR or video cameras. These techniques are
becoming widespread in the field of forest fires due to their high precision and versatility with regard to
experimental scenarios [5,6]. They are based on the detection of the fire front position by remote sensing;
therefore, they are applicable in the most extreme experimental conditions and even in real forest fires.
Moreover, rapid advances in technology have made these equipments less costly and therefore more
accessible to widespread use. Nonetheless, its use undoubtedly involves technical complexities at all
stages (such as the calibration of the equipment in accordance with the experimental scenario and the
final computation of the ROS), which means that these techniques are not often used to compute ROS, or

that the results may be difficult to optimize once they have been obtained.

Within this group of technologies, the use of IR thermography is perhaps the most paradigmatic,
sinceits potential is huge and the quality of the data that may be extracted is high. This technique allows
the fire front position to be detected even in those situations in which the fire spreads accompanied by
thick smoke and is therefore invisible to the human eye. Moreover, it alows valuable information about
the fire temperature profile [7,8] and the fire intensity to be extracted. However, this technique is one of

the most difficult to implement.



Therefore, the main objective of thiswork was to develop asimple and very practical method for
computing the ROS of aflame front from a sequence of images recorded by an IR camera. The procedure
wasinitially applied to laboratory forest fires, on aflat fuel bed with known dimensions. In the following
sections, all the steps are detailed and the technical criteria and the mathematical tools needed for its
practical implementation are provided. Finally, technical guidelines for the correct extrapolation of this

method to experimental scenarios on alarge scale are provided.

2.Description of the method

Methods for determining ROS that are based on forest fire monitoring by camerasinvolve a
preliminary step during which the technical conditions for image acquisition are set and then the

computation and processing of the images acquired, in order to reach the final ROS value.

Thus, several considerations must first be taken into account in order to select the correct position
and calibration parameters of the equipment. In the case of video cameras, thisis not a complex
procedure, but in IR thermography, certain variables that have a significant influence on the correct

functioning of thistechnology must be identified.
2.1Prior tunings

Suitable parameters must be selected initially to ensure that the IR equipment works correctly. The

following items must be taken into consideration:

* Geometric parameters. The first condition that must be taken into account is the
position of the camera relative to the target. This decision is not always easy, above al
in the case of mobile targets such asfire fronts. It must be determined whether the target
will be recorded in a perpendicular or parallel direction, and in the latter case, whether it
is better to record the target as it approaches the sensor or as it moves away from it.
This decision is often dictated by environmental conditions, but whatever the case, the
effects must be assessed, since the IR radiation captured by the sensors strongly
depends on the relative position of the emitter and the receiver sources. However, once

the direction is ascertained, the distance between the sensor and the target must be



considered, asit determines the pixel dimension of the images recorded and the optics

of the system.

* Environmental parameters. The ambient temperature and relative humidity must be
known in order to work with the IR cameras. These variables, together with the distance
between the sensor and the target, are needed to estimate the atmospheric transmissivity,
which isakey parameter in determining the radiation from the fire that is absorbed by

the atmosphere.

*  Thermometric parameters. Some attention must be paid to the spectral range that the IR
camera can detect, since in certain experimental scenarios it may condition the
sensitivity of the camera and the accuracy of the measurement. Finally, the emissivity
value of the target must be taken into account; this parameter must be chosen correctly

if true values are to be obtained for temperature and heat power [9].

This stage prior to the method for evaluating the ROS is determined by the features of the
experimental scenario and by the thermography equipment available. Moreover, the parameters involved
are more or lessimportant depending on the use that is ultimately made of the thermal images recorded.
Thus, the adeguate selection of environmental and thermometric parametersis essential for an accurate
study of forest fire temperature profiles, while the fine-tuning of these parameters is not an indispensable

requirement for computing the ROS.

Once the above-mentioned parameters have been set, the conditions related to the image
acquisition process, i.e. hardware and software requirements, must be considered. At present, recording
sequences of thermal images with the IR cameras available on the market may be computer controlled.
The minimum advisable hardware requirements are a Pentium |11 at 1 GHz with 128 Mb, although this
depends on the IR device used; concerning software requirements, an IR camera-controlling driver with
an image acquisition and communications package is needed. Generally, this tool, together with a specific

code for thermal image processing, is provided by the manufacturer.

The method devel oped for computing the ROS makes use of the ThermaCAM™ Researcher 2001
software for data acquisition, since that is the code that is available commercially. This code allows

thermal images to be easily converted into intelligible information for Matlab®, which is one of the most



commonly used mathematical toolsin the field of engineering, due to its versatility and computational

capacity; and was used in this study to compute the ROS.

2.2Computing the rate of spread

In general, the first issue one must consider when using the majority of these ROS calculation
methods is finding the correspondence between the coordinate system of the image, which is expressed in
pixels, and the rea coordinate system, which is expressed in metres or centimetres. This correspondence
makes it possible to locate the real position of the flame front, sinceits position in the images is known.
Once thisissue is solved, it is necessary to detect the flame front’s position as a function of time in order

to ascertain an ROS value.

The calculation method designed involved two steps. The first was to develop a function to
compute amatrix of correspondences between the pixels in the image and their position in the real plane.
In the second step, another function was defined to detect the position of the flame front as a function of
time. Both functions were devel oped using Matlab®; they were named ‘homografiam’ and ‘ velocitat.m’
respectively [10]. Their structure and the items considered during their definition are stated bel ow.
Nevertheless, before going into any detail, the most important criteriarelated to the design of the two

functions must be taken into account. These criteria are as follows:

a)  Thetechnique used to compute the point correspondence matrix demands that the flame front
move forward on aflat surface (whether sloped or not) of known dimensions. Despite this
restriction, the technique was selected because of its smplicity. The extrapolation of this
technique to more complex scenarios is tackled later in this paper.

b) Ashasaready been mentioned, by using the ThermaCAM™ Researcher 2001 software, it is
possible to store varied data of an image in a Matlab® matrix format file. Since the
computational space for images is three times higher than for simple matrices, only the
temperature matrix (one of the matrices stored in the Matlab® file) was used to detect the
flame front’s position. This matrix, which is of the same size as the corresponding image,
contains the temperature of the corresponding pixel in each cell. Other matricesin the Matlab®
file contain operational data on the camera, such as the exact time at which the image was

recorded.



Calculating the homography matrix

In general, when flame fronts are filmed, either in alaboratory or in an open field, images cannot
be recorded from a completely perpendicular position above the advancing flame front’s surface. For this
reason, a projective vision of the scene is aways recorded. This means that filmed surfaces show a
geometrical distortion and, thus, the first step in computing the ROS is to determine the correspondence

between the points on the recorded image and the real plane.

To solve thisissue, amultiple view projective geometry technique was used, and what is known as
the planar homography matrix H , was determined. An homography is the biunivocal geometric
transformation between two planes or of a plane with itself, which transformsin such away that every
straight line on a plane corresponds to a straight line on the other plane, and a point on the first straight
line corresponds to a point on the other straight line. Therefore, the A matrix isthe one that relates the

pixels of the imagesto their position on the real surface.

If we begin by studying aflat surface, we only need to know the correspondence between four

points in the image and their rea position to computethe H matrix. If the dimensions of the real

surface on which the flame front advances are known, the four vertices can be selected.

If the reference system used is centred on one of the four vertices, the coordinates of the other
vertices will be in accordance with the dimensions of the study area and the point of origin selected. Ina
two-dimensiona Euclidian space (R?), and for this case study, the coordinates of these four points can be
expressed as shown in Figure 1. Given the fact that the plane on which they are located has a certain
perspective, these points are in the two-dimensional projective space P?. When working in this space,
points are represented by a3 x 1 vector of homogeneous coordinates. A vector has homogeneous
coordinates when its last component is exactly 1. Therefore, when writing a vector’s coordinates, this last

component must be appended.

Figure 1.

The H matrix iscalculated by applying the simple direct linear transformation (DLT) agorithm,

which is described in detail in [11]. Given that



X l is a homogeneous column vector that contains the coordinates of the vertex i (for

i=1,...,4 ) of therea surface (values are expressed in meters), and

X . isacolumn vector that contains the coordinates of the vertex i (for i=1,...,4 ) onthe

1

image (values are expressed in pixels),

in accordance with the example shown in Figure 2, vectors X l and X ; takethefollowing

values:

' 0 ' 0 , 1 ' 1
X,=|1|, X,=|0]|, X5=|0]| and X,=[1 @
1 1 1 1
21 57 274 310
X, =186, X,=|72|, X;=| 78 | ad X,=|194 2
1 1 1 1
Figure 2.

For both sets of points, if they are written in a matrix format, Expressions (1) and (2) may be

written:

X'=|x, x, X, x,|= ®

—_— O
—_— o O
—_— O

21 57 274 310
x=|x, x, x, x,|=|186 72 78 194 @)
I T B

In order to ensure that the resulting homography matrix does not depend on the coordinate system
in which the points are expressed, both sets of points are normalized separately before the DLT algorithm
isapplied to compute H . The data normalization method consistsin isotropically trandating and
scaling the coordinates, so as to bring the centroid of the set of all pointsto the origin and so that the

average distance of each point from the origin is equal to 2v2,



This normalization procedure transforms matrices X' and X into X' and X respectively
(see Expressions (5) and (6) for this example). In Figure 3, the Xy coordinates of points X l and X l of
matrices X' and X', and the xy coordinates of points X ;. of matrix X aegraphicaly

represented. The xy coordinates of points X ; arenot plotted in this figure because their inclusion would

make it difficult to visualize the other points.

A 0 A 7 A A 7 A _1 _1 1 1
PSP SIS (U (D S = [ R RS (5)
A T

—1.4681 —1.1024 1.1024 1.4681

=k X, X, k,=[0.54356 —0.61468 —0.55372 0.62484
1 1 1 1
(6)
Figure 3.

Once the normalization is applied, the process of obtaining f[ begins. The notation of ﬁ is

accompanied by a hood to make it clear that it will be necessary to denormalize it afterwards.

The DLT is given by the following expression:
X=HX 7

This condition must be met by all four vertices previoudy quoted. Thus, the above expression may

be written as follows:



o N hy hy, hy ) ) ) )
Xy X, Xy Xy=\hy, hy by | X, X, Xy X,
hy hyy hy

(®)

The X l vectors and the vectors resulting from the H-X ;, Multiplication are not equal since

they were defined in homogeneous coordinates. They have the same direction but may differ in

magnitude by a non-zero scale factor. Therefore, Expression (7) is not always valid. Nevertheless, by

expressing thisrelation in terms of a cross vector product, a simple, linear solution may be found for ]:]

X xH-X,=0 )

1

If the j-th row of the 77 matrix isdenoted by ;iT andthefactthat 77 isa3x 3 matrix is

taken into account, we get:

Al HIT j(l_
H-X =" | X=X, (10)
3T 3T,
h X,
in which the superscript “T” included in the notation of 4T indicatesthat it isarow vector.
X;
Moreover, if we write X;: yl'. , the cross product may be given explicitly as:
v
yz, h3T')A(i_Wt 'hZT )A(i
)A(l ' X PA[)A(ZZ Wl! th_)A(i_xil_h:;T.)A(i :0 (11)
X, "hZT'j/,’_y[ r'th )A(,
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since KT X, =XT-n and hj:(hJ'T)T ,for j=1,...,3 , the previous vector may be

written in the form of a set of three equations in the entries of H .

0’ _Wi")A(iT yi"f(iT h'

w, XT 0’ x, XT|-|n?]|=0 (12
—yl-’-)A(l-T x, X7 (i h3

1 1

Expression (12) takes the form ;ll.-hZO , Where ;ll. isa3x 9matrix and 4 isacolumn

vector with 9 cells. The vector /i ismade up of the entries of the H matrix:

~ O~
N~

~
“w

=
b‘b‘&‘b‘\?‘b‘b‘k‘
~

h= ;I? =|h,, (13)
23
31
32
h33

A

Matrix A, iscomputed for each of the four vertices, and then anew 12 x 9 matrix A iscreated

with the entries of all four matrices (see Expression (14)).

—_

(14

g
r || ]
SR N N
w NS

Tofind the values for the entriesin F , the overdetermined set of equations A-h=0 must be
solved. A least squares solution for this set of equations may be computed by decomposing }1 into

singular values. Specifically, if 4={/-D-y7 and D runsdiagonally and has positive diagonal

11



entries, which are arranged in descending order along the diagonal line, then /i , the singular vector

associated to the smallest singular value of A, and is given by the last column of ¥ .

Asalast step, thematrix H isobtained by denormalizing the matrix H .

The ‘homografia.m’ function makes it possible to obtain /A automatically, as has been explained
in preceding paragraphs, independently of the real surface size and of the thermographic camera position.

Nevertheless, if the configuration is different from that described in this work and one wishes to use the

same function for the determination of / ,the X matrix must be changed. In addition, the image file

name must be replaced with the one corresponding to a recorded image of the own facility.

This matrix is necessary for calculating the rate of spread of the flame front, as explained in the

following paragraph.
Calculating therate of spread

The images obtained with the thermographic camera allow us to ascertain the temperature
corresponding to each pixel in the image, which at the same time corresponds to a given point on the rea
surface under study. In order to obtain the temperature distribution on the real surface, the areais
considered to be a matrix of points, and each of these points will have a corresponding position. From the
inverse of the homography matrix obtained from the ‘ homografia.m’ function, the position in the
coordinate system associated to the image can be obtained. The temperature value stored in each one of

these positions is what is introduced in the matrix corresponding to the surface under study.

In order to determine the position of the flame front at each point in time, it is necessary to
establish a search criterion within the temperature matrix corresponding to the surface under study. To

simplify this task, the matrix was normalized according to the following equation:

' ( Tk - Tmin )
T @
( max * min
where
T k isthe normalized temperature value

12



T k is the temperature of the k-th element, to which the normalization is being applied

T . is the minimum temperature of the matrix corresponding to the surface under study

T max is the maximum temperature of the matrix corresponding to the surface under study

This normalization makes it possible to obtain a new matrix with values ranging between 0 and 1.

In the normalized matrix of temperatures, the search for the front position is carried out each
column at atime, starting from the last line that physically corresponds to the surface side, which is
parallel to the ignition line and burns last (see Points A and D in Figure 1). In thisway, errorsin the
localization of the flame front, which stem from the presence of heat points that do not belong to the

flame front, are avoided.

The limit value of the normalized temperature from which it is considered that a given point
belongs to the flame front corresponds to the input parameter m and can be fixed by the user. In the

subsequent paragraph some practical recommendations on the most adequate values for mare given.

For each point in time, the mean position of the flame front and the most advanced position are
determined. In this way, the function can calculate two values for the spread rate: a maximum and a mean
value. The first value indicates the evolution of the most advanced part of the flame front at each point in
time, which is assumed to be similar to the spread rate obtained from other measurement methods, such
as the equidistant threads. The second value gives qualitative information about the linearity of the flame
front: if it differs greatly from the maximum value, this means that the initial geometry of the flame front

has undergone significant modification.

For the calculation of the mean spread rate, it was necessary to define another input variable,
cents, which determines the moment at which the ‘velocitat.m’ function must finalize the search for the
flame front position. The cents value is alimit value defined as the number of points on the flame front
that have reached the final position on the surface under study (Line AD in Figure 1). The more irregular
the flame front profile, the greater the influence of this parameter on the final value of the spread rate. In

these cases, if the cents value is too high, the ‘velocitat.m’ function can account reiteratively for those
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points on the flame front that have reached their final position some moments before, but which continue

to burn in the form of incandescent combustion.

Figure 4 shows an example of the results obtained after the execution of the ‘velocitat.n’ function.
Besides the mean and most advanced position of the flame front as a function of time (Figure 4a), a graph
with the evolution of the flame position and the geometry of the flame front profile as a function of time
isalsoincluded (Figure 4b). Due to the generic nature of the function developed, another input variable
was defined, int, which allows the interval of images between each profile on the flame front to be

selected.

Figure 4.

3.Example

In order to show the validity of the method developed, the *homografiam’ and ‘velocitat.m’
functions were applied to several thermographic image sequences that had been recorded during various
tests performed in a combustion table at the Centre for Technological Risk Studies (CERTEC) at the
Polytechnic University of Catalonia (UPC). In the following paragraph, the main features of the facility
and the tests carried out are described. The values assigned to the input variables are also provided, and
special attention is paid to parameter m. Finally, the results obtained with the method proposed were

compared to the results obtained with the traditional threads method.
3.1Description of the installation

The combustion table used in the experimental setup had 4.8 m? useful burning surface and was
equipped with athermographic camera, a video camera, severa thermocouples, aweighting system with
afloating surface (1 m x 1 m) and abalance. Figures 5a and b show a plan of the installation with the
typical position of the thermographic camera during the tests. The camera was able to record the flame
front approaching the sensor, with an inclination angle a in relation to the horizontal working plane and
centred in relation to the flame front length. In this position, the radiation reaching the thermographic
camera comes, on the one hand, from the radiation emitted by the incandescent fuel bed, which is

transmitted by the flames, and, on the other hand, from the emission of the flames.
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In Table 1, the technical characteristics of the thermographic camera are shown, together with

severa adjustments that were made.

Table 1.

Concerning the direct relation of some of the values shown in Table 1 to the ROS cal culation and
the criterion used in the determination of the flame front position, the ROS will be more accurate as the
temperature values given by the camera are more precise. Thus, the adjusted parameters selected are
consistent. In the experimental conditions presented here, the fuel bed can be considered a black body and
the emissivity of the flame front, which is characterized by yellow flames between 15 and 20 cm wide,
can be taken as being near to 0.5 [9]. The difference between these two radiation contributions, the
greatest of which isthe fuel bed, is shown in the thermographic images because the flame contour is
completely diluted (Figure 5¢). The emissivity of the whole is nearer to that of the black body than to that
of the flames. Thus, avalue of 0.9 was assigned to the emissivity of the whole, asthisis the most suitable

value for obtaining precise temperature values.

Concerning the mean distance between the camera and the flame front (2.70 m) and the optics of
the camera, the pixel sizeislessthan 4 mm, which alows an optimal resolution in obtaining the flame

front contour.

Finally, the values for ambient temperature and relative humidity were measured and entered in the
ThermaCAM™ Researcher as input parameters for each test. Using these values, the software

automatically calculates the atmospheric transmissivity and corrects the temperature values accordingly.

Figureb.

In Figure 5c¢, an image recorded during the execution of atest can be seen. The quadrilateral that

appears in thisimage indicates the position of the floating study surface. Finally, Figure 5d isa

temperature isoline map of the surface under study, after the A homography matrix has been applied to

the temperature matrix corresponding to the IR image in Figure 5c.

By way of summary, the image sequences used in this study correspond to tests executed without

the presence of wind and slope. The tests consist in burning forest fuel beds by creating alinear flame
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front (Figure 6). In[12], the facility, the experimental method and the diverse tests carried out are

described in more detail .

Figure6.

3.2Calculation considerations

In this practical case, data were only taken from the position of the flame front within the study
area or floating surface (Figure 5b). To avoid calculation errors and to reduce the operation time, the
initial and final files, which corresponded to images in which it could clearly be seen that the flame front

was still not in the area under study or it had already passed it, were eliminated manually.

In order to execute the *velocitat.m’ function, it was necessary to set a numerical value for the

input parameters m, int and cents, according to the characteristics of the experimental test.

In the case of parameter m, adetailed study was carried out of the differences generated in the
results of the ROS when different values are assigned to it. By superimposing misoline maps on the
infrared images, it was verified visually that the values of mthat were closest to the front position were
between 0.1 and 0.3. According to Equation (14), avalue of 0.3 for m was obtained by considering the
maximum and minimum temperatures to be equal to 1000 K and 300 K respectively (temperatures

observed in the analysis of several sequences used in this study) and the instantaneous temperature for

every element ( 7' x ) inthe order of 500 K, a value that corresponds to the ignition temperature of wheat

straw [13], the fuel used in these tests.

Theint parameter took different values depending on the specifications of the experimental test
corresponding to the sequence of images analyzed. For tests in which the fire advanced faster
(approximately 1 cm/s), avalue equal to 10 images between every contour profile front was used, while
in testsin which the fire advanced more dowly (approximately 0.3 cm/s), avalue equal to 25 images was

used.

The cents parameter was set at avalue equal to 50 pointsin all cases. Thus, it was assumed that the
computed value of the front mean position was representative of the propagation of the whole of the front,

while half of the points had reached their final position on the surface under study. Nevertheless, in cases
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in which the flame front loses its linearity completely, it would be advisable to use alower value for the

cents parameter.
3.3Results threads vs. ‘ velocitat.m’

The maximum rate of spread obtained using the method described and the one obtained with the
traditional method of threads were compared for different image sequences. In general, the values
obtained by applying the ‘velocitat.m’ function are slightly higher than those computed for the threads
(Figure 7). Nevertheless, the mean value of the differences obtained using one method or the other isless
than 6%, a significantly low error rate that is the result of the different nature of the methods. The casesin
which this difference is most significant correspond to tests in which there are no time references for
some of the threads, or in those cases in which the front had lost its linearity practically from the start of

its course.

Figure?7.

4.Extrapolating the method to other scenarios

The method devel oped using the functions described in the preceding sectionsis directly
applicable to other laboratory devices for fires, since the data required are easy to obtain in any small-
scale experimental scenario. Thus, the homography computation function only needs information on the
geometry of the fuel bed located on a plane. Asfar asthe rate of spread computation function is
concerned, it was defined in a flexible manner, making it possible to change characteristic input

parameters depending on the fire scenario.

Most of the work that lies ahead involves adapting the functions described to experimental fires
that take placein real scenarios. In these kinds of situations, if the filming is terrestrial, two problems can
generally be found. First of all, human figures appear in the IR images that make the flame front difficult
to visualize completely. These figures are usually the silhouettes of fire-fighters advancing towards the
fire to control its propagation. This difficulty could be overcome by interpolation methods. In most cases,
however, the slope of the terrain is not uniform, which strictly precludes the application of the DLT
agorithm, since the terrain is made up of different planes. A reasonable solution could be the

discretization of the land in a specific number of planes, and consequently, in the same number of
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homography matrixes. Topographical maps of the surface under study would be required for this latter
case in order to fix planar patches to the terrain for the computation of the various homographies, one per

patch.

Asfor thermographically determining factors, ambient temperature, relative humidity, absolute
distance between camera and object and emissivity of the radiation source are necessary parametersin
any experimental scenario. Under experimenta conditionsin alaboratory, all these data can easily be
obtained, except for emissivity. In order to obtain a suitable value for this parameter, specially in those
cases in which the thermography equipment uses a spectra range that is sensitive to the selection of this
value and there is an overlapping of the sources of radiation, it is necessary to consider, on the one hand,
the specific weight of each of these contributions and, on the other, the thickness of the flame. Whatever
the case, if thisinformation is not available, reasonable estimates of the parameters are sufficient to obtain
equally valid values for the ROS. In experimental conditions on afield scale, estimating the emissivity is
simpler, since for thick, intense flames such as those observed in prescribed burnings or real fires, the
emissivity isvery near to unity [14]. Nevertheless, the distance at which the thermography equipment is
positioned in relation to the flame front can be alimiting factor in these scenarios. As the distance
between the object and the camera increases, the atmosphere attenuates the fire radiation and the spatial
resolution diminishes (the pixel size increases) [15]. Thefirst effect can be corrected by atransmittance
factor. The ThermaCAM™ Researcher 2001 software has a built-in model that computes it according to
atmospheric parameters (temperature and relative humidity). Concerning the spatial resolution, the larger
the distance between the object and the camera, the less the number of pixelsincluded into the study area.
Therefore, the number of pixels can be too low to suitably represent the evolution of the fire and the
computed ROS may have an underestimated value. Nevertheless, since the size of the resulting pixel for a
fixed distance depends also on the optics of the camera, this effect can be solved by attaching lenses with

an adequate field of view to the equipment.

5.Conclusions

A method for the fast and accurate calculation of the ROS by processing infrared images was

presented in this paper.

Matlab® was used to devel op the necessary functions to implement this method, so that it can be

freely used and directly applied to the calculation of the ROS by means of thermography in alaboratory.
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The design criteria for the functions were simple and appropriate; it was demonstrated that a normalized
DLT agorithm is an appropriate method for cal culating the projection of the plane of the image onto the
plane of the area under study. Likewise, the selection criterion of the front position by temperature isvalid
and robust. The practical application and the comparison with the classical method for determining the
ROS in alaboratory through the observation of broken equidistant and parallel nylon threadsin the

advance of the front were successful.

This method is easily applicable to other experimental scenarios that are more complex than the
ones described in this paper, such as prescribed burnings or rea forest fire emergencies. The guidelines
for correct extrapolation have been discussed and compiled and it remains as future work to implement all

of them as an extension to the functions described.
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7.Nomenclature

Al. matrix of equation coefficients contributed from the i -th correspondence

A A

A matrix of equation coefficients built from the matrix rows A, contributed from each

correspondence
A,B,C,D vertices of the area of study

cents maximum number of points of the flame front that have reached the final position on the

surface under study

D diagonal matrix with positive diagonal entries, which are arranged in descending order along

the diagonal line

DLT direct lineal transformation
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hj

Wit

int

RZ

ROS

min

column vector containing the elements of the H matrix
column vector of the j-th row of the H matrix

j-th row vector of the ]:] matrix

planar homography matrix

normalized planar homography matrix

i-th vertex of the area of study

interval of images between each profile on the flame front plot
j-th row of the matrix ]:]

k-th element of the temperature matrix
limit value of inclusion in the flame front
two-dimensional Projective space
two-dimensional Euclidian space

rate of spread

temperature of the k-th element of the temperature matrix
minimum temperature of the temperature matrix
maximum temperature of the temperature matrix
normalized temperature value of the k-th element

unitary matrix which containsthe eigenvaluesof 4. 47

A

unitary matrix which contains the eigenvaluesof 47 4
homogeneous column vector that contains the coordinates of the vertex ; of the real surface
column vector that contains the coordinates of the vertex i ontheimage

homogeneous column vector that contains normalized coordinates of X l
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homogeneous column vector that contains normalized coordinates of X ;
matrix that contains X l vectors
matrix that contains X ; vectors

normalized X matrix

normalized X matrix
inclination angle in relation to the horizontal working plane
denotes a vector

denotes a matrix
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List of Table captions

Table 1. Prior technical characteristics and adjustments to take into account when working with

thermography
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List of Figure captions

Figure 1. Sketch and dimensions of area of study (real surface marked with a dotted line)

Figure 2. Points correspondences necessary to compute homography
Figure 3. xy coordinates of X l (circle), X l (triangle) and X ; (cross) points

Figure 4. Graphical results of ‘velocitat.m’ function. a. Covered distance vs. Time; b. Front profile

evolution (every 24 seconds); the arrow of the figure indicates the direction of propagation.

Figure 5. a Front view of the table of combustion (o = 17.2°); b. Top view of the table of combustion; c.

IR image of alabor test; d. Temperature isolines plot

Figure 6. Test execution image

Figure 7. ROS threads method vs. ROS ‘velocitat.m’
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Table 1.

Technical specifications of the thermographical camera

Commercial name of the equipment

AGEMA Thermovision 570-Pro (FSI-

FLIR Systems)

Temperature measurement range /

-20°C-1500°C/ + 2%

Precision

Themal sensitivity <0.15°C

Field of view 24° x 18°

Detector type FPA (Focal Plane Array)
Spectral range 7.5-13um

Operational temperature -15°C-50°C

Storage temperature -40°C-70°C

Adjustment parameters

Mean distance between the camera 270m

and the object

Temperature 15°C-20°C
Relative humidity 50-70 %
Emissivity 0.9
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List of Figure captions

Figure 1. Sketch and dimensions of area of study (real surface marked with a dotted line)

Figure 2. Point correspondences necessary to compute the homography
Figure 3. xy coordinates of X' l (circle), X l (triangle) and X ; (cross) points

Figure 4. Graphical results of ‘velocitat.m' function. a. Covered distance vs. time; b. Front profile

evolution (every 24 seconds)

Figure 5. a. Front view of the table of combustion; b. Top view of the table of combustion; c. IR

image of alabor test; d. Temperature isolines plot
Figure 6. Test execution image

Figure 7. ROS threads method vs. ROS ‘velocitat.m’



Tables

Table 1.

Technical specifications of the thermographical camera

Commercial name of the AGEMA Thermovision 570-Pro
equipment (FSI-FLIR Systems)
Temperature measurement

-20°C-1500°C/ + 2%
range / Precision

Themal sensitivity <0,15°C

Field of view 24° x 18°

Detector type FPA (Focal Plane Array)

Spectral range 75-13 um

Operational temperature -15°C-50°C

Storage temperature -40°C-70°C
Adjustment parameters

Mean distance between the 270m

camera and the object
Temperature 15-20°C
Relative humidity 50-70 %
Emissivity 0.9
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Figure 7.

Maximum ROS - matlab [cm/s]
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