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Abstract: This paper is concerned with wildfire hotspot detection. An
autonomous unmanned aerial system (UAS) for wildfire hotspot detection
missions is presented and implemented on a fixed wing low altitude short
endurance (LASE) UAV. The custom built system includes the features such
as hotspot detection, real-time localisation and alert of the ground control
station. The on-board computer processes fire information collected by the
UAV and integrates with flight data to provide a comprehensive and reliable
fire detection algorithm. The proof-of-concept system has been successfully
tested through flight experiments.
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1 Introduction

This paper is concerned with wildfire hotspot detection. A hotspot detection mission
considers detecting forest fires accurately at their early stage before they spread over
large areas. An early detection of hotspots is vital for wildfire management agencies to
shorten the reaction time and reduce the potential damage as well as the suppression
cost. The objective for a hotspot detection mission is to detect possible fires in the target
forest region fast and accurately. And the detection needs to alert the ground control
personnel.

The challenges of wildfire hotspot detection are two folds. First, the target forest
areas for surveillance are usually unmanaged, remote and large. Therefore, a hotspot
detection system is required to have the capability of covering large areas. Second, the
optical and the infrared radiation intensity of a hotspot is usually weak. The weak signal
intensity poses a challenge for an accurate detection.

Conventional hotspot detection methods involve patrolling a target area by fire
fighters or monitoring the area from fire watch towers. With the rapid advance of remote
sensing techniques, wildfire hotspot detection can be achieved by satellite, automatic
ground detection stations, aerial surveys, wireless sensor networks or UAVs according to
Yuan et al. (2015). As suggested by Rauste et al. (1997), satellites have been employed
for wildfire detection missions. In the work of Kelha et al. (2003) and Gautam et al.
(2008), the advanced very high resolution radiometer (AVHRR) satellite was utilised
for wildfire detection. In addition, the moderate resolution imaging spectroradiometer
(MODIS) satellite was proposed for fire detection in the work of Nakau et al. (2006).
Satellite surveillance can provide large field of view directly from top of the fire.
However, it may not give an accurate assessment due to the long sensing distance. In
addition, its obvious long cycle of coverage does not provide real-time information.
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To further improve the wildfire detection and monitoring performance, ground
automatic wildfire detection systems were developed to monitor the target area with
high resolution and short sampling intervals. Based on infrared sensors, optical sensors
or ion sensors, the ground systems can either obtain the temperature variation or detect
the smoke releasing of wildfires. In the work of Arrue et al. (2000), the Bosque system,
which is based on infrared cameras, was proposed for wildfire detection. The LIDAR
system, which can detect plume under the situation that visual cameras cannot properly
operate, was considered for wildfire detection in the work of Krider et al. (1980), Utkin
et al. (2003) and Lavrov et al. (2006). Two image-based wildfire detection systems, the
ForestWatch system and the FireWatch system, were compared with conventional tower
observers in terms of detection rate and reporting time in the work of Matthews et al.
(2012). The results from the experiment suggested that the detection of these systems
was slower and less reliable than by a trained human observer. In addition, as suggested
by Merino et al. (2012), the ground wildfire detection systems were limited by their
small coverage range.

Wireless sensor networks (WSN) technology was also proposed by Son et al. (2006),
Hartung et al. (2006), Hefeeda and Bagheri (2007) and Lloret et al. (2009) for wildfire
hotspot detection missions. By deploying a mesh network of sensors to the target forest
area, the WSN can detect the fire through temperature/humidity variation or visual
signals. The sensors can then report the detected information to the base station through
routing protocols of the internet. The WSN methods can provide accurate information
with short delay. However, as suggested by Alkhatib (2014), the localisation of the
sensors, the full coverage for a large forest area and the network life span are practical
challenges for WSN-based hotspot detection approaches.

By navigating on top of the target forest area and reporting the potential hotspot
by direct observations, piloted aerial surveillance, such as airborne wildfire intelligence
system (AWIS), which was discussed by Campbell et al. (2002), can provide a good
coverage and accuracy in a relatively short period cycle. It is, however, a tedious and
dangerous task for pilots.

Using unmanned aerial vehicles (UAVs) that are equipped with proper sensors to
fly over the forest area autonomously and detect hotspots automatically is proposed
as an alternative solution. As discussed by Wilson and Davis (1988), the US Forest
Services conducted the earliest application of UAV-based forest wildfire information
gathering in 1961. As mentioned in the work of Yuan et al. (2015); Ambrosia and
Zajkowski (2015), the ‘Firebird 2001° UAV was utilised for wildfire imaging with
an on-board imaging system in 1996. As presented in the work of Ambrosia (2002),
the First Response Experiment (FiRE) project in the USA demonstrated the feasibility
of applying a high altitude long endurance (HALE) Altus UAV for wildfire fighting
missions. As discussed in the work of Merlin (2009), the NASA ‘Ikhana’ and ‘Altair’
UAVs were utilised for wildfire imaging missions in the Western US. These experiments
and proposed methodologies demonstrated the potential of utilising UAVs for wildfire
monitoring and detection missions. Furthermore, as proposed by Ren and Beard (2008),
LASE UAVs were expected to be a key technology to further enhance the performance
of wildfire detection. In the work of Merino et al. (2012, 2015), a team of LASE UAVs
were utilised for wildfire detection and monitoring missions. Unmanned helicopters were
utilised to verify the effectiveness of the algorithm. The method required the vehicles
to hover at fixed locations in order to constantly monitoring the regional wildfire status.
However, for a hotspot detection mission, instead of constant monitoring at a fixed
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location, the capability of large area surveillance, accuracy and real-time feedback are
key factors that influence the mission performance.

In this paper, we present a UAV-based hotspot detection solution with novel features.
Real-field flight experiments were conducted to verify the effectiveness of the designed
system. First, the system is designed to detect wildfire hotspots with a fixed wing LASE
UAV. A prescribed trajectory is designed for a mission to ensure the coverage of the
target area. With the thermal camera and the on-board computer, the real-time hotspot
information is automatically detected and processed. Second, based on the real-time
information relay through the on-board radio transmitters, the online hotspot alerting
and localisation are performed at the ground station to obtain an accurate and real-time
hotspot situation assessment.

The rest of this paper is organised as follows: the fire detection system is discussed
in Section 2. The detailed functionalities of the on-board system and the ground
station are elaborated. In Section 3, field experiments are described and the results are
presented. Concluding remarks are presented in Section 4.

2 Fire detection system

The overall architecture of the hotspot detection system is demonstrated in Figure 1. The
UAV travels along the prescribed trajectory to swap the entire target forest area. The
hotspot information is detected by the on-board sensor of the UAV. The real-time UAV
and hotspot information are transmitted to the ground station for analysis and mapping.

Figure 1 The conceptual illustration of the wildfire hotspot detection system (see online
version for colours)




72 Z. Lin et al.

2.1 The functionality of the on-board system and the ground station

The wildfire hotspot detection system is composed of a UAV and a ground station. The
payloads of the UAV are a thermal camera and an on-board computer. The UAV is
responsible for pre-processing the information that is obtained from the thermal camera,
geo-tagging the thermal image and interfacing with the ground station. The ground
station is designed for post-analysis of the collected information.

Figure 2 Temperature distribution of a thermal sampling (see online version for colours)

i

Figure 3 Thermal image after thresholding due to a valid detection of hotspot (see online
version for colours)
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After the thermal camera takes a sampling, the on-board computer converts the raw
signal values into temperature values. Figure 2 demonstrates the temperature distribution
of a thermal sampling, in which different temperature values are reflected with different
colors. With the converted temperature values, the system conducts a thresholding
process in order to extract the desired hotspot information and generate a system alert.
The thresholded output is illustrated in Figure 3.

In addition, the on-board computer synchronises the GPS and IMU information with
each obtained thermal image. The synchronised data is sent to the ground station at
the end of each process circle. The GPS and IMU information updates every 1 second.
The thermal data is received at 4 Hz when no hotspots are detected and 8§ Hz when
the thermal camera captures a hotspot. The detailed on-board software architecture is
demonstrated in Figure 4.

Figure 4 The architecture for the on-board system
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The ground station of the system is composed by two parts as the ground control station
and the ground mapping station. The ground control station is responsible for generating
the prescribed UAV trajectory and updating vehicle information; the ground mapping
station is designed to display UAV and hotspot positions. Before the mission, the UAV
trajectory is designed to cover the target forest area and uploaded to the UAV. During
the mission, the ground control station is designed to update the real-time GPS and IMU
information of the vehicle continuously. The ground mapping station is responsible for
hotspot position rectification as well as displaying the hotspots and UAV information on
the map of the field. The geo-tagged thermal information of the hotspots and the UAV
positions are received through an independent radio transmitter. In Figure 6, the overall
structure of the ground mapping station is demonstrated. The interfacing mechanism
between the UAV and the ground station is demonstrated in Figure 5.
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Figure 5 Overall software architecture for UTIAS-Brican wildfire monitoring project
(see online version for colours)
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Figure 6 The code flow for the ground mapping station system
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2.2 Hotspot position rectification

The purpose of hotspot position rectification is to utilise the online information from
the UAV to estimate the accurate position of the detected hotspots. The geometry of the
problem is illustrated in Figure 7.

The altitude of the UAV h can be obtained by the on-board barometer sensor. The
GPS location of the vehicle H is obtained from the on-board GPS unit. Since the
thermal camera is attached to the UAV, the body frame of the UAV also represents the
camera frame.

CoCyp CoSqy —Sp
Cho = | 5650CH — C45y 54505y + CoCy 54Ch (1)
CpSOCy + S¢Sy CpSeSy — SpCy  ChHCo
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with ¢y = cos(-) and s(.) = sin(-). The Cp, represents the transformation matrix from

the vehicle frame to the body frame. If we denote the GT} vector as ﬁ in the body
frame and ﬁ in the vehicle frame, we have

1 ’
J :[0707h] / /

—h'=— 2
Jj{ } (2)

Figure 7 The illustration for the hotspot position rectification algorithm (see online version
for colours)
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The vector }ﬁ is Iﬁ = Cﬁ — G—H> . Therefore, the position of the hotspot P can be
obtained.
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3 Field experiments

3.1 Position rectification verification

In order to verify the performance of the position rectification algorithm, an octo-copter
with a RGB camera is utilised. The experiment requires the octo-copter taking pictures
at different altitude. The RGB camera involved in the experiment is Sony ILCE-6000
camera. The experiment parameters and results are demonstrated in Tables 1 and 2. The
ground target of the experiment is presented in Figure 8.

Table 1 Altitude estimation experiment parameters

Pixel size 3.92E-6 m

Focus length 2E-2 m
Dimensions 6,000 x 4,000
Resolution 350 dpi

Target GPS (43.782115, —79.465815)

Table 2 Position estimation results

Vehicle position Alt. (Baro) V-T Dist. Error
43.782156, —79.465789 11.74 m 6.496 m 142 m
43.782152, —79.465787 21.59 m 6.841 m 0.98 m
43.782153, —79.465782 49.50 m 7.145 m 0.03 m
43.782156, —79.465787 77.09 m 6.654 m 0.62 m
43.782153, —79.465789 101.51 m 6.633 m 0.61 m

Figure 8 The ground target of the experiment (see online version for colours)

Ground Target

In the experiment, five measurements are taken at different altitude as shown in Table 2.
The first column of the table shows the GPS position of the octo-copter and the second
column of the table is the altitude of the vehicle from barometer readings. The data
of the third column is the distance between the vehicle and the target. The fourth
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column demonstrates the distance error between the corrected hotspot position and the
actual position of the ground target. The results suggest that the accuracy for the position
estimation is improved with the rectification algorithm.

3.2 Burwash flight test

This experiment is a collaboration between the Flight Systems and Control (FSC) group
at University of Toronto Institute for Aerospace Studies and Brican Flight systems Inc.,
which is a Canadian company specialised in UAV manufacturing and services. FSC was
responsible for algorithm design and payload implementing. The payload of the UAV is
composed of a thermal camera for information gathering and an on-board computer for
image processing and data recording. In addition, the ground station is also designed
by FSC for mapping and post-analysis of the detected hotspots in real-time. Brican
provided the unmanned aerial vehicle platform. The experiment also received great help
from the Ministry’s Aviation, Forest Fire and Emergency Services (AFFES).

3.2.1 The UAV and payload

The fixed wing Brican TD100 UAV is designed and customised for the hotspot detection
mission by Brican. Based on the catapult-launch system, the vehicle can be deployed
to the target area efficiently. The wing span of the vehicle is 488.95 cm and the
vehicle length is 200.25 cm. The payload capability of the vehicle is around 9.1 kg
and its cruise speed is 83 kph. The vehicle can continuously conduct the mission for
approximately 4 hours. The designed vehicle is also capable of tracking a prescribed
trajectory autonomously with the on-board autopilot system and providing real-time GPS
and IMU information.

The payload of the UAV for the hotspot detection mission is composed of a FLIR
A65 thermal camera unit for acquisition of radiometric data and a Pico ITX LP-170H
on-board computer for image processing and communication. The FLIR A65 thermal
camera can provide a wide range of temperature measurement from —40°C to +550°C
with a derivation around £5°C or +5% of the reading. The resolution of the camera is
640 x 512. The maximum sampling frequency of the camera is 8 Hz with the detector
time constant as 12 ms. Since the mission altitude of the UAV is around 450 m, the
approximate coverage for a 4 hour mission is 53 km* and a pixel distance on the image
plane represents 0.25 m on ground.

3.2.2 Mission details

Test flights were performed near Sudbury at the Burwash Training Site for fire fighters
training and prescribed fire fighting exercises. The experiment received a lot of support
from AFFES which coordinates forest fire detection, monitoring, suppression, public
information and education services for Ontario. AFFES played a huge role during the
test flights by providing field testing site, staff support, as well as evaluation of test
results. The UTIAS-Brican hotspot detection flight testing at the Burwash Training Site
was scheduled on 23-24 May of 2013. The designated flight testing area and the hotspot
positions are demonstrated in Figure 9. The hotspot locations were randomly selected
and distributed separately in the field as listed in Table 3. Ten hotspots were placed
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throughout the designated area by the MNR fire crews for fire detection and monitoring
purpose. A special flight operation certificate was obtained prior to the flight test.

Figure 9 The hotspot location and distribution in the designated flight testing area (see online
version for colours)

Table 3 Hotspot locations and types

Spots GPS (DD) Uncor. Err. (m) Cor. Err. (m) Type
Alpha 46.2468 —80.8525 62 3.13 Bushline
Bravo 46.2491 —80.8531 20 3.95 Cover
Charlie 46.2492 -80.8609 79 3.97 Bushline
Delta 46.2460 —80.8637 52 0.34 Cover
Echo 46.2421 —80.8650 74 3.98 Field
Foxtrot 46.2411 —80.8604 40 1.78 Field
Golf 46.2394 —80.8583 NA NA Cover
Hotel 46.2424 -80.8547 20 5.93 Cover
India 46.2452 —80.8506 35 1.78 Cover
Juliette 46.2432 —80.8578 27 2.50 Field

The hotspots are 60 cm x 30 cm pans with charcoal as fuel and the average temperature
of the hotspots during the flight is around 450°C. The position of the hotspot Golf was
changed in the mission. Three different set-ups of the hotspots are considered during
the mission in order to simulate different situation of a real wildfire hotspot detection
mission:
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e  Dbushline hotspots: the hotspot pans are setting besides bushes to simulate the
situation that a fire occurs in a bush area

e open hotspots: the hotspot pans are setting on open areas to simulate a grassland
wildfire

e covered hotspots: the pans of the hotspots are covered by vegetation and canopy.

The flight path of the aircraft follows the standard Zamboni pattern which ensures that
the entire area of interest is covered as demonstrated in Figure 10. The flight path
was selected by assuming no prior knowledge of the hotspot locations. The total area
coverage and the field of view of the thermal camera were considered to design the
flight path such that the UAV can sweep the entire area of interest and there are 50%
overlap in the thermal images. Figures 11, 12, 13 and 14 demonstrate the thermal images
of the detected hotspots (Alpha, Charlie, Echo and India).

Figure 10 The flight path for the hotspot detection mission (see online version for colours)

Figure 15 shows all the hotspots detected by the UAV during the 1 hour and 15 min
operation with not position correction such that the position of each hotspot is assumed
to be the same as the position of the UAV as it was flying over the hotspot. From the
result, 9 out of 10 hotspots were detected and reported to the ground station in real-time.
The hotspot Golf was not detected because the UAV did not cover that area during the
operation.
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Figure 11 Hot-spot Alpha (bushline) (see online version for colours)

Figure 12 Hot-spot Charlie (bushline) (see online version for colours)

Three false positives were identified during the mission. The post-flight analysis
suggested that the false positives were caused by a crew member riding through the area
on an ATV. The reported temperature of the false alarms was 85°C' on average coming
from the engine of the ATV. All three false positives were generated by the same ATV
recorded at different places on different passes. Figure 16 shows the rectified positions
of each hotspot and Table 3 summarises the detection results. The GPS position of each
hotspot is demonstrated in the second column of the table. Since the UAV provided
multiple detections for each hotspot at different time instants and passes, the column of
the uncorrected error represents the error by taking the averaged vehicle position as the
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hotspot position without the position rectification. The error of corrected hotspot position
is presented in the fourth column of Table 3. The averaged error of the uncorrected
errors is 45 metres and after the rectification process, the position error reduces to

3 metres. The results demonstrate the potential of this method for finding accurate
hotspot locations.

Figure 13 Hot-spot Echo (field) (see online version for colours)

Figure 14 Hot-spot India (field) (see online version for colours)
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Figure 15 The reported vehicle position when a hotspot is detected (see online version
for colours)

Figure 16 The hotspot detection result of the flight test (see online version for colours)
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4 Conclusions and future works

A wildfire hotspot detection system and its experimental verification are presented in
this paper. The system platform is introduced and the detailed architecture concerning
the on-board system and the ground station are presented. Real-field experiments are
conducted to verify the effectiveness of the designed system and the experiment results
demonstrate the potential of the system for detecting hotspots.

In the future works, we consider to utilise multiple UAVs to monitor the target
forest area in a cooperative manner to improve the mission coverage and efficiency.
In addition, the research concerning online trajectory planning will be conducted to let
UAVs decide their individual trajectories according to the real-time fire situation.
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