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Abstract. Burning and glowing firebrands generated by wildland and urban
fires may lead to the initiation of spot fnes and the ignition of structures. One of
the ways to obtain this infonnation is to process tliennal video files. Earlier, a
number of algorithms were developed for the analysis of the characteristics of
fu'ebrands under field conditions. However, they had certain disadvantages. In
this regard, this work is devoted to the development of new algorithms and their
testing.

For this purpose, semi-field experiments were conducted using an apparatus
for generating firebrands to obtain the necessary theimal video files. The ther-
mograms were processed to create an annotated IR video base that was further
used to test the detector and the tracker.

To detect firebrands in the thermograms, the Laplacian of Gaussian and Dif-
ference of Gaussians (DoG) algorithms were tested. To estimate the accuracy of
detectors, an original approach involving the application of the FI score was
used. The analysis showed that both algorithms can provide the necessary accu-
racy for the detection of firebrands and are comparable in time and accuracy,
but the DoG algorithm is easier controlled and implemented.

Different firebrand tracking algorithms have been developed and tested. In
particular, a Hungarian algorithm-based tracker that can track firebrands be-
tween frames with high accuracy is implemented. The comparison of the algo-
rithms showed that Hungarian algorithm-based trackers more accurately tracked
the movement of particles.
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Introduction

In recent years, the number of wildland urban interface fires (WUI fires) has in-
creased. The ignition of buildings in WUI areas is a serious international problem due
to large fires in Australia, Greece, Portugal, Spain and the USA [1-4]. The main fac-
tors affecting the ignition of building materials and the spread of such fires are radia-
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tion and convective heat transfer, as well as firebrands that can accumulate on the roof
and in the corners of buildings, on fences or find another way to penetrate into build-
ings and cause a fire [5-11].

In addition, burning and glowing firebrands produced in the fire front can be trans-
ported by wind and cause spot fires. WUI fires are expected to be a serious problem
not only for the USA, Europe and Australia, but also for Russia.

At present there is a need in a quantitative understanding of the short distance spot-
ting dynamics, namely the firebrand distribution within a distance from the fire front
and how fires coalesce. The absence of such data is an obstacle to the development of
fire hazard forecasting methods, as well as to the improvement of measures and rec-
ommendations for more efficient and effective work to prevent fires, control and ex-
tinguish ground forest fires in proximity to residential buildings.

To address this, a first version of custom software was developed in order to detect
the location and the number of flying firebrands in a thermal image and then deter-
mine the temperature and sizes of each firebrand [12]. The software consists of two
modules, the detector and the tracker. The detector determines the location of fire-
brands in the frame, and the tracker compares a firebrand in different frames and de-
termines the identification number of each firebrand. However, used algorithms had
certain disadvantages. In this regard, this work is devoted to the development of new
algorithms and their testing using experimental data.

The non-contact IR diagnostic method based on modem high-speed IR cameras
with high spatial resolution can estimate the temperature and size of particles, as well
as the speed and trajectory of their movement. These data and the setup simulating the
transfer of burning and glowing firebrands depending on the speed of air and their
number [13-15] allow the software to be adjusted and verified.

2 Methods

2.1 Creation of an annotated video database

In 2015, a unique setup was designed and built to produce burning and glowing fire-
brands of various types, sizes, speeds and shapes [13, 16] (see Fig. 1).
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Fig. 1. Setup for producing burning and glowing firebrands.

This setup designed by the authors has a number of distinctive features. A screw con-
veyer with an air smoke screen was mounted in the setup for a long continuous supply
of fuels. The setup consists of three units, and its characteristics can be easily changed
for different tasks [16]. The setup generating burning and glowing firebrands includes
a unit for measuring temperatures and heat fluxes, a video camera and high-speed IR
cameras (JADE J530SB and FLIR X6530sc) used as recording equipment for tracking
of firebrands (see Fig. 2).

Fig. 2. Experimental setup: 1 is the data recording system, 2 is the producer of burning and
glowing firebrands, 3 is the IR cameras, 4 is the test site.

The important characteristics of firebrands produced by wildland fires are the temper-

ature, the distance of transport, and the flight of trajectory. IR cameras in combination
with the firebrand producing setup successfully determine the desired characteristics.

292



A thermal imaging camera (JADE J530SB) containing a nan-ow-band optical filter
with a 2.5 - 2.7 pm spectral interval and measuring the temperature in the range of
310 - 1500 C was used to detemiine the temperature of firebrands generated by the
setup.

The thermal imaging camera had a matrix with a resolution of 320x240 pixels. A
lens with a focal length of 50 mm was used for recording; the recording rate was 50
Hz. The optical filter and the lens had the factory calibration. The distance from the
output of the particle generator to the thermal imaging camera was 8.7 m. The FLIR
X6530SC thermal imaging camera with a spectral interval of 1.5 - 5.1 pm was used to
detennine the geometrical parameters of flying firebrands. The thermal imaging cam-
era had a matrix with a resolution of 640x512 pixels. A lens with a focal length of 25
mm was used for recording; the recording rate was 50 Hz. The distance fr*om the
thermal imaging camera to the central plane of the output of the setup was 2.2 m, and
the distance between the thennal imaging cameras was 0.4 m. The measured area was
1.7x1.35 m for the FLIR X6530sc and 0.42x0.32 m for the JADE J530SB.

Natural particles (pine bark and twigs) and wood pellets were used as firebrands.
The size of the particles was selected in accordance with the data of field experiments
which showed that particles of similar sizes prevailed during a surface fire in a pine
forest [17-19]. Natural particles were made of pine bark (Pinus sibirica) and were
10x10, 15x15, 20x20, 25x25, 30x30 mm*in size and 5 mm in thickness. Pine twigs
with a diameter of 2-A, 4-6, 6-8 and a length of 10, 20, 40 and 60 mm were also
used. The diameter of wood pellets was 8 mm, the length of granules was varied from
30 to 50 mm. Each experiment had at least 3 repetitions.

2.2  Development of GUI

A graphical user interface (GUI) was developed to work with a software for detecting,
tracking, and determining the characteristics of burning and glowing firebrands in a
video using thermal imaging cameras.

To develop the GUI, available libraries of graphic elements that support working
with the used software language python3 were considered and compared. In particu-
lar, the libraries Tkinter [20], pyGTK / PyGObject [21], wxPython [22], and pyQt5
[23] were considered.

Tkinter is a cross-platform library for developing a graphical interface, stands for
the Tk interface and is an interface to Tcl/tk [24], is included in the Python language
and does not require additional software installation. However, this library has a rela-
tively small set of built-in widgets and rather poor integration with the desktop envi-
ronment. The PyGTK/PyGObject library is used to develop cross-platform applica-
tions for GNU/Linux and Windows operating systems and write a quite compact
code, but it requires additional software installation and the interface of the applica-
tion under Windows OS is quite non-native. The wxPython library is the wrapper of
the wxWidgets library [25]. It also can be used to develop cross-platform applica-
tions, but this library is quite complicated and has incomplete documentation. The
choice was made in favor of the PyQt5 library, since it can work with the Qt cross-
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platform framework [26] which allows applications to be run under various operating
systems (Windows, MacOS X, Linux).

To render the video frames, a fi*ee graphic component library Qwt [27] that works
in conjunction with a library Qt was used. This library provides animation and scaling
of data.

The graphical interface is used to open and visualize videos in the ASCII frame
format.

Example ofthe used data fonnat (ASCII):

General i1nformation

File G :\DRAGON_I11_05 2018\Capture004_comp.ptw
Date Sunday, March 05, 2018

Total frames 2789

Format 320 240

Radiometric data :

Calibration file G:\DRAGON_I11_05_ 2018\Capture004_comp.exp
Unit °C

Emissivity 0.95

BackGround temperature 22.00 °C

Transmission 100.00 %

Distance 2200.00 mm

Atmosphere temperature 26.00 °C

Housing temperature 22.70 °C

Pixel size 25.00 pm

Pixel pitch 30.00 pm

Focal length 50.00mm

Aperture 2.00 F/#

Cut on 3.70 pm

Cut off 4.80 pm

Image Data

Frame O

Time 02:53:41,417

280.01 280.93 280.62 280.97 280.49 280.71 280.32
281.01 280.49 _

282.10 282.32 282.40 282.36 282.32 282.71 282.32
282.58 282.58 _

Image Data
Frame 1
Time 02:53:41,437
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2.3  Detector testing

To detect burning and glowing firebrands on the frame, various Gaussian convolution
algorithms were tested. The algorithms are aimed at identifying pronounced areas.
The Laplacian of Gaussian (LoG) and Difference of Gaussian (DoG) algorithms were
tested.

The Gaussian of Laplacian algorithm (LoG) is based on the convolution (filtering)

of an image using the Laplace operator:
XAy
Gaix.y) = 3 (D

where G is the Gaussian kernel, a is the Gaussian parameter, x,y are spatial coor-
dinates.
The Laplacian of Gaussian can be given by the formula

al(c<T(«y) *fix, y))] = LoG *f{x.y), ©

where LoG = — G”(x,y) -f— G’rix,y) is the Laplacian operator.

The Difference of Gaussian (DoG) algorithm is based on the two convolutions of
the image with a Gaussian with a different parameter of a.

Gaiix.y) = G,,"{x,y}*f(x,y), 6)
daSx.y) = GMix.y)* f{x,y), @)

where @™(x,y) and GV (x, y) are the Gaussian kernels.
The second step of the algorithm is pixel-by-pixel subtraction of the Gaussian im-
ages from each other.

g,xiix,y) - 3a2(x,y} = DoG *f{x,y), 6

where DoG = GY* —GW is the Difference of Gaussian operator.
To evaluate the accuracy of the detectors, the FI score was used [28]:

: 2TP
FI = 2TP+FP+FN ©

where TP is the number of true positives, FP is the number of false positives and FN
is the number of false negatives.

This metric takes into account two types of false positives: (i) when a background
element is falsely detected (false operation), (ii) when a visible particle is not detect-
ed.
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24  Tracker Testing

After detecting all particles in the frame, it is necessary to determine whether it is a
new particle or it is in the previous fi*ame and assign it a unique identification number
as well. For this purpose, special particle trackers were developed.

In the previous version of the software, the tracker was based on the nearest neigh-
bor search method (NSS) [29]. Each detection in the curi'ent frame, according to the
selected metric, was compared to the detection in the next frame, all other detections
were ignored. The advantages of this tracker are simple implementation, high opera-
tion speed, low memory consumption. However, the method has significant disad-
vantages, such as a high error, a strong dependence on the choice of the metric and, as
a consequence, a low accuracy of operation.

Therefore, additional trackers were tested. A tracker based on the Hungarian algo-
rithm [30] (Kuhn-Munkres algorithm) can track the movement of detection between
frames with a high accuracy. The algorithm is applied to all pairs of frames; all detec-
tions in the first frame are compared to all detections in the next frame (except the
absence of corresponding detection). The main stage of the algorithm is the construc-
tion of a cost matrix that, according to the algorithm, can find the optimal match be-
tween the considered detections. Unlike the nearest neighbor search algorithm, this
algorithm compares all detections of particles between adjacent frames with each
other and determines the optimal match, rather than compares the detections individu-
ally. This allows the algorithm to work with a higher accuracy. The distance between
particles, the size and temperature of the particle were used as a metric for comparing
particles in frames.

The Multiple Object Tracking Precision (MOTP) and Multiple Object Target Ac-
curacy (MOTA) metrics [31] were used to evaluate the quality of the trackers.

The MOTP metric is calculated by the formula (7) and used to evaluate the posi-
tioning accuracy of the tracked particles.

MOTP = Ot @)
where d\ is the distance between the gi‘ound truth, i.e. annotated particles and the
particles predicted by the code with number i in the frame; is the number of match-
es found in the frame with number t. This metric strongly depends on the accuracy of
the detector.

The MOTA metric is based on the frequency of false positives, the frequency of
missed detections and the frequency of errors in assigning a detection number.

MOTA = 1 - @

ZtSt
where is the number of missed detections, fpt is the number of false positives,
mme” is the number of mismatches; is the number of objects in the frame t. The

index t is responsible for the time or number of the frame.
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3 Results and discussion

31 GUI

The developed graphic interface (see Fig. 3) is used to navigate through video frames
(forward, backward, choice of the frame with a required number), enlarge the window
with frames by a given or arbitrary number of times using the mouse, as well as to
select and adjust the parameters of the particle tracking algorithm, run the selected
tracker with the given parameters, and generate the video in AVI format using the
tracker.

Cootiol

r-l
' Copy preyous areas - -
AdiloG Ffacn«C: 1/2759 ‘211 210 -G

" AddDoG Oo@

Q Fastareasid

Fig. 3. Graphical user interface.

3.2 Video annotation software

To check the quality of the developed detectors and trackers, there is a need in refer-
ence information on the location and trajectory of the flying firebrands. Such infor-
mation is usually supplied to the input as a special file, in which all detections and
tracks of particles are marked and numbered for all frames of the video. Data are usu-
ally marked manually. This process is rather long and time-consuming, since a large
number of frames have to be marked to test the algorithms. The specialized software
accelerates this process by providing the user with quite convenient and effective
means for marking data.

For this purpose, an annotation video software was developed and integrated into
the main graphical software interface (see Fig. 4). It is used to mark frames in both
manual and semi-automatic mode.
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Fig. 4. Frame marked using the aimotation video software.

Manual marking is carried out drawing a bounding box around the detection using a
mouse. This rectangle has to be assigned a particle number (track number). Rectan-
gles can be moved, copied, deleted and resized.

To assist in annotating video, checkboxes “Copy previous area” and “Fast areas id”
are provided in the graphical interface. The first checkbox copies all bounding boxes
in the previous frame when moving to the new frame, and the second checkbox auto-
matically numbers the new detections (each new detection will be assigned a number
that is larger than the previous number by one).

The interface also includes the “Add LoG” and “Add DoG” buttons which auto-
matically run available particle tracking algorithms (LoG or DoG) in the current
frame. If necessary, the operation of automatic detectors can be corrected manually,
for example, deleting or adding a new detection, and correcting the number of the
particle track. A video can be automatically marked using built-in detectors and track-
ers.

For quick access to the track by number, there is the “Areas” menu that is used to
get or change the coordinates of the bounding box by number. Also, this menu deletes
the false detection by its number.

To save and load marked data, a file in the json-format is used [32], in which the
frame number, the center coordinates, and the length and width of all bounding boxes
marked in it are stored. All detections have unique numbers corresponding to the
track number.

Example of the video annotation file:

"annotations':

{
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“frame_i1d": 1,
"data": [
{
B Lo I A
"bbox": [
57,
239,
22,
20

The PythonS software language was used to develop the software. To create an appli-
cation, the Pylnstaller program [33] was used, which bundles the Python application
and all the necessary dependencies into a single package. Thus, a user can run the
software without installing any additional modules in the system.

3.3 Annotated video database

A series of semi-field experiments on thermal mapping of the generation and
transport of burning and glowing firebrands were conducted using high-speed infrared
cameras. 15 videos of the generation and transport of particles were recorded. Each
video is a set of thermograms/frames (see Fig. 5). The time of each experiment ranged
from 40 to 80 seconds.

[Fid>

Fig. 5. Example ofrecorded thennograms/frames (infrared): (a) pine twigs; (b) pellets.

Table with the characteristics of recorded videos is given below.
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Table 1. Video database.

File#  Weightof  Number Fuel type JADE J530SB FLIRX6530SC
particles, g  ofpar- Num- Time of  Number  Time of
ticles, ber of record- of recordin
pcs frames  ing, s frames 0, S
1 - bark/twigs 3125 62 - -
2 - - twigs 3048 61 - -
3 - - twigs 3356 67 - -
4 - - twigs 2789 56 - -
5 - - twigs 2220 44 - -
6 - - twigs 3728 78 - -
7 - - twigs 3978 80 - -
8 - - twigs 3652 7 - -
9 100 27 pellets 2817 56 2346 48
10 150 127 pellets 2220 44 2346 51
n 150 147 pellets 2789 55 2346 53
12 300 274 pellets 3356 67 2346 61
13 300 266  pellets 3048 60 2346 53
14 300 270  pellets 3411 68 2346 65
15 - - twigs 3125 62 2346 57

— No data available
The video of two experiments was annotated using the developed annotation soft-

ware. In the future, it is planned to expand the base of annotated videos for verifica-
tion of the software.

3.4  Detector testing results

The average value of the FI score (formula 6) in the studied videos was 83% for the
DoG algorithm and 73% for the LoG algorithm. The analysis showed that both algo-
rithms can provide the necessary accuracy for the detection of firebrands and are
comparable in time and accuracy, but the DoG algorithm is easier controlled and im-
plemented.

In the future work, it is planned to more precisely select the main parameters of the
LoG and DoG algorithms, namely the variation range of the Gaussian parameter a
and the threshold value of the local brightness maxima in the image.

3.5  Tracker testing results

The results of testing the quality of trackers are given in Table 2. The average values
of all tested videos are indicated as the MOTA and MOTP metrics.

Table 2. Evaluating the quality of tracking algorithms.

Algorithm of MOTP, % MOTA,%
tracker and detec-

tor

Based on the near- 42% 31%
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est neighbor, LoG

Based on the near- 48% 51%
est neighbor, DoG

Based on the Hun- 41% 49%
garian algorithm,

LoG

Based on the Hun- 49% 62%
garian algorithm,

DoG

The accuracy of metrics ranges from 0 to 100%, where 100% is absolute coincidence.

The analysis showed the superiority of Hungarian algorithm-based trackers. The
MOTA and MOTP metrics have a close or higher accuracy for the Hungarian algo-
rithm. At present, the best result is demonstrated by the method based on the DoG
tracking algorithm and the Hungarian algorithm (49% and 62%, respectively). The
obtained accuracy is in good agreement with the results of other works. For example,
multi object tracking studies [34, 35] show comparable accuracy of work using the
applied tracker algorithms.

In the future, it is planned to use a Hungarian algorithm-based tracker to improve
the accuracy of its work due to additional selecting the parameters of used metrics and
improving the quality of detectors. The accuracy of the detectors used is a comparable
value.

4 Conclusion

A series of semi-field experiments was conducted on a unique experimental setup that
simulated the transfer of burning and glowing firebrands of pine bark and twigs, as
well as wood pellets, depending on the number of particles and different recording
parameters using high-resolution infrared cameras. A set of videos was obtained,
which was later used for testing and verification of the software developed.

To detect firebrands in the thermograms, the Laplacian of Gaussian (LoG) and the
Difference of Gaussian (DoG) algorithms were tested. To evaluate the accuracy of the
detectors, an original approach applying the FI score metric was used. The analysis
showed that both metrics can provide the necessary accuracy for the detection of fire-
brands and are comparable in time and accuracy, but the DoG algorithm is easier
controlled and implemented.

Different firebrand tracking algorithms have been developed and tested. In particu-
lar, a Hungarian algorithm-based tracker (Kuhn-Munkres algorithm) that tracks the
movement of detection between frames with a higher accuracy was implemented. The
analysis showed that the Hungarian algorithm-based trackers tracked more precisely
the movement of firebrands.

A graphical user interface (GUI) was developed for working with the software and
creating an aimotated video database. The GUI can be used to perfomi various ma-
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nipulations with frames, run a selected detector and a tracker with the specified pa-
rameters, as well as to receive the results in the video file.

The further work will be aimed at expanding the database of annotated videos and

improving the accuracy of the selected detector and tracker algorithms.
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