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Abstract

In recent times, there have been significant developments in remote sensing techniques applied to forest
fire research. In particular, infrared (IR) imagery has proved effective to measure variables such as rate of
spread, fire radiative power and Byram’s intensity. Remote sensing methodologies provide spatially explicit
data in a cost-effective manner and reduce the need for intensive surveying campaigns. Concurrently, IR
technology has seen remarkable maturing and thermal cameras have become increasingly light, compact and
affordable. New models weigh only a few hundreds of grams, they have the size of a phone and they can be
easily installed aboard remotely piloted aircraft (RPAS). Whereas these advances may be the base for
powerful quantitative fire monitoring systems, there are some practical issues that need to be addressed before
the full potential of this technology can be achieved. In this paper, we present our experience with two modern
compact thermal cameras, and we explain how we overcame the difficulties we found. Two medium-scale
experimental burns were recorded and computer vision algorithms were used to track the fire perimeter and
measure its rate of spread (ROS). For performance reasons, one of the cameras encapsulated raw radiometric
information in binary files with a non-standard proprietary video format. Adequate processing of this format
was required to obtain brightness temperature distributions with a high temporal resolution (27 frames per
second). On the other hand, the second camera stored IR frames as JPEG images with no radiometric
information and with a low temporal resolution (approximately 1 frame per second, not constant).
Additionally, this camera was operated from a small drone and significant jitter was present in the recorded
video. To make data from the second camera usable, we applied video stabilization algorithms and we
retrieved the exact time of acquisition of each frame from the metadata saved with each image. Ultimately,
pre-processed IR data from both cameras was successfully used to detect the fire front, track the fire perimeter
and compute rates of spread. All these tasks were performed automatically. Still, human interaction was
required to georeference the imagery using ground control points. Georeferencing aerial imagery
automatically remains one of the main challenges for the achievement of a fully automated fire monitoring
system. Nevertheless, results obtained here were satisfactory. The algorithms for fire front detection, fire
perimeter tracking and ROS estimation worked successfully, even when available data had significant
limitations. The information retrieved from IR imagery through these algorithms can be further combined
with other remote sensing products that provide details about fuel, weather and terrain. Moreover, observed
data may be used to adjust data-driven fire spread simulators in real time so that they can produce accurate
forecasts about the fire evolution, at least in the short term. These technological developments make important
contributions towards the accomplishment of affordable, yet reliable, operational decision-support systems
(DSS) that can be deployed during an emergency.

Keywords: Decision Support Systems, Fire Monitoring, Fire Segmentation, Remote Sensing, Thermal Infrared Cameras,
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1. Introduction

Quantitative wildfire monitoring is essential for two reasons. On the one hand, to provide
emergency response teams with meaningful, accurate information about the state of the fire during an
incident. On the other, to study a number of aspects related to fire behavior. Extensive experimental
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campaigns have been conducted with the aim of improving scientific knowledge of wildfire dynamics,
e.g. Clements et al. (2007, 2014), Cruz et al. (2010), Ottmar et al. (2016). Within the acquired datasets,
spatially and temporally explicit measurements of fire radiant emission and fire rate of spread have
been considered to be critical for the investigation of fire behavior and effects (O’Brien et al. 2016).
Similarly, continuous surveillance of the fire perimeter and remote measurement of its rate of spread
during a real emergency would greatly assist decision making. Current telecommunication systems
and information management technologies support the combination of such measurements with other
relevant data such as fuel properties, fuel spatial distribution, digital elevation models and updated
weather variables. Furthermore, there exist fire spread simulators that can forecast the fire evolution
in the short term. The availability of all this information in real time would notably increase the level
of situational awareness in a scenario that can quickly become dangerous.

However, this technology-assisted decision-support context is incomplete at present. Real-time
information available during a wildfire incident is, in the best case, limited to crew positions, weather
data and discrete observations of the fire state. There is no continuous monitoring of the fire perimeter
location, the active fire lines, their rate of spread or their burning intensity. Furthermore, operational
fire spread simulators have insufficient accuracy to be relied on in a potentially dangerous scenario
(Cruz and Alexander 2013). A proposed solution to the limited accuracy of operational fire spread
simulators is the use of data assimilation techniques (Mandel et al. 2008; Rios et al. 2014, 2016;
Rochoux et al. 2014, 2015), but this approach needs frequent, updated and spatially-explicit
information about the fire evolution.

Thermal Infrared (TIR) imagery has proved to be a suitable technology to obtain continuous
information about an active fire. Some variables that can be estimated remotely using IR cameras are
the fire perimeter location, the rate of spread, the Fire Radiative Power (FRP) and Byram’s fire
intensity (Pérez et al. 2011; Paugam et al. 2013; Stow et al. 2014; Butler et al. 2016; Dickinson et al.
2016; Johnston et al. 2017). In this regard, our previous work contributed to automate the analysis of
aerial TIR imagery through computer vision techniques (Valero et al. 2017, 2018). Algorithms of this
type allow the automated acquisition of spatially explicit, high-frequency fire information, and they
may be the base of a quantitative monitoring system with applicability to wildfire incident management
and wildfire research. Furthermore, thermal infrared cameras, which had historically been expensive,
complex and heavy, have experienced a notable decrease in size, weight and price, until the point of
being suitable for installation aboard Remotely Piloted Aerial Systems (RPAS) and Unmanned Aerial
Systems (UAS). RPAS and UAS have numerous advantages and a promising potential in forest fire
management and research. Being able to use IR imagery acquired by these small aircraft would be a
remarkable step forward towards the accomplishment of powerful, yet affordable, fire monitoring
systems.

Nonetheless, to the best of our knowledge, all previous studies that successfully used infrared
imagery to derive fire behavior information employed conventional thermal cameras (Plucinski and
Pastor 2013; Paugam et al. 2013; Butler et al. 2016; O’Brien et al. 2016; Johnston et al. 2017; Valero
et al. 2018). There have been very few attempts to use modern compact IR cameras to sense fire
behavior, and there is a general concern in the scientific community about the image quality achievable
by low-end IR cameras. Furthermore, some unsuccessful experiences have been reported when using
RPAS, mainly due to difficulties in georeferencing the imagery and saturation of the IR sensors
(Dickinson et al. 2016; Zajkowski et al. 2016).

In this work, we present a successful coupling of quantitative fire monitoring algorithms with
compact, affordable IR cameras. Two camera models, from two different manufacturers, were tested
in medium-scale experimental burns using dissimilar setups. An RPAS was successfully used in one
of the experiments, and collected imagery was used to follow the fire perimeter evolution and to
measure its rate of spread. Existing computer vision algorithms were adapted and additional pre-
processing modules were developed to deal with the limitations of each camera.
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2. Compact IR cameras

Thermal infrared cameras have seen an outstanding development in the last few years, on both
market ends. On the one hand, high-end devices that work at high speed and with high resolution are
allowing unprecedented studies of fire behavior and characteristic fire structures at different scales
(McAllister and Finney 2017; Miller et al. 2017). On the other, cameras with basic capabilities have
become smaller, lighter and cheaper than ever.

Fire monitoring entails specific requirements such as a wide temperature measurement range to
avoid sensor saturation and, at least, medium resolution so that fire behavior can be sensed from a
distance that might go from a few meters to a few hundreds of meters. Until recently, these requisites
prevented fire researchers from relying on low-end IR camera models. However, camera
manufacturers have started to produce compact cameras that meet the needs of many wildfire studies.
We had the opportunity to test two models from two known international manufacturers. The main
specifications of the tested models are summarized in table 1.

Table 1 - Technical specifications of the two tested cameras

Commercial Dimensions Weight Image_z Spectral Temperature
Camera Name (mm) © Resolution range (um) measurement Output
(pixels) range* (°C)
1 Optris PI 400 46X56x90 320 382x288 [7.5,13] [200, 1500] Radiometric video,
proprietary format
DJI Zenmuse 103x74x102 Individual JPEG
2 XT (developed (Gimbal 270 640x512 [7.5,13.5] [-40, 550] images, no radiometric
by FLIR) included) information

*Manufacturers usually offer several calibration options for different temperature ranges. The values shown in this table correspond
to the measurement ranges used during the tests described in this article.

The two IR cameras listed in table 1 have some characteristics in common. Both are compact and
based on uncooled microbolometers. They both need a reduced amount of power to work and they
cannot operate on their own but need to be connected to some kind of controlling hardware. The
controller might be a laptop, a tablet or a single-board microcomputer. These characteristics make
them especially convenient for portable field experimental setups and for installation aboard RPAS.
In this study, camera 1 was connected to a laptop whereas camera 2 was operated from a drone through
an on-board microcomputer.

Despite meeting the basic technical needs for large-scale fire monitoring (i.e. suitable temperature
measurement range and sufficient resolution), these cameras entail significant limitations in the data
processing workflow. Each manufacturer normally uses its own private software to operate their
cameras and their own private format to store data. Raw IR data can afterwards be inspected only with
their own software. Manufacturers’ programs, provided with easy-to-use graphical user interfaces, are
convenient for most industry clients. However, the use of non-standard formats and the lack of
transparency in the camera control software constitute serious drawbacks for fire researchers, who
usually need full access to the raw thermal data. Furthermore, there are other practical constraints when
using these cameras in situations with limited resources, such as a drone or in the field. For instance,
IR video files can easily become too large for modest systems, which usually implies restrictions in
the recording frame rate. In the next sections, we discuss how these limitations affect quantitative fire
monitoring algorithms and how they can be worked around.

3. Experimental sites

We tested our cameras in two medium-scale experimental burns. Test 1 was performed at the Tall
Timbers Research Station in Tallahassee, FL, USA, in April 2017. Test 2 was conducted on The Nature
Conservancy land next to Baxley, GA, USA, in January 2017. The cameras were used differently in
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each occasion. Test 1 was recorded with camera 1 from a fixed overhead position that provided an
oblique view of the plot. In test 2, camera 2 was operated from a small RPAS hovering above the plot.

3.1. Test 1: Fixed vantage point, off-nadir

Test 1 was conducted in plot C1 of the Pebble Hill sites at Tall Timbers, which consisted of mixed
southern rough/long leaf pine fuels. This plot was equipped with two highly-instrumented plots (HIPs)
consisting of several radiometers, visual and thermal cameras. These items were geolocated and used
as ground control points (GCPs) for imagery geocorrection. Furthermore, a thermal camera (camera 1
of this study) was installed on top of a boom lift situated at the south-east corner of the plot. Figure 1
shows the layout and some representative distances. Most of the GCPs were distinguishable in the IR
video, but in different frames. Consequently, a composite figure was created from frames at different
times in order to facilitate the annotation of GCPs.

3.2, Test 2: Drone, nadir view

In the case of test 2, the fact of having a clear nadir view of the complete plot considerably
simplified image georegistration. Measurement of one ground distance between two GCPs sufficed to
estimate the conversion between image and ground coordinates. No projective transformation was
needed. A sample IR frame in which these GCPs can be observed is displayed in figure 2. The main
difficulty during this test arose from the drone instability. The footage had some jitter that needed to
be cancelled through image processing techniques. Furthermore, exportable data from this video
sequence was not radiometric. Available pixel values did not correspond to brightness temperatures.
This type of representation is common in industry.
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Figure 1 - Diagram of the item layout existing in test 1. All indicated distances are horizontal at ground level.
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Figure 2 - Sample IR frame corresponding to test 2, with GCPs used for imagery geocorrection. FBP means Fire
Behavior Package.

4. Quantitative fire monitoring
4.1. Pre-processing modules

By default, software provided by the manufacturer of camera 1 always stores acquired IR video in
a private binary format. This format can only be read using the same manufacturer’s software. IR video
encapsulated this way can neither be exported to other formats. Moreover, data analysis tools officially
provided by Optris are rather limited. To overcome these issues, we used the C++ libraries provided
by the manufacturer to build two small applications: one that directly operates the camera and stores
radiometric data in a readable format, and another that retrieves thermal data from existing IR video.
By using these applications, we could read and process high-frequency video containing actual
brightness temperatures.

In the case of camera 2, manufacturer’s software did allow exporting IR video in a standard format,
but such video did not contain actual brightness temperatures. Frames could only be exported as JPEG
images, valid for visualization but without radiometric information. Furthermore, this information was
available with a low temporal resolution. Frame rate was close to 1 Hz, but it was not kept constant.
Greyscale frames could be used successfully to detect the fire perimeter evolution because our
computer vision methods do not rely on precise radiometric data. However, timing was important to
estimate rates of spread. Fortunately, the exact time at which each frame was originally acquired could
be retrieved from each file’s metadata. We used the open-source program Exiftool* for this purpose.

In addition to format limitations, footage taken during both tests needed some degree of geometric
correction. Imagery from test 1 was oblique and the corresponding 2D projective transformation
between the camera plane and the ground was estimated using a set of Ground Control Points (GCPs).
A composite image was created using different frames from the video sequence to simplify this task.
Available GCPs were identified in this composite image and their location was used to estimate the

1 Originally developed by Phil Harvey. Website: https://www.sno.phy.queensu.ca/~phil/exiftool/
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transformation between image and ground coordinates. Afterwards, this transformation was applied to
all video frames.

Footage 2 did not need the application of a projective transformation because it was acquired from
a nadir viewpoint. However, instabilities in the drone position translated into slight jitter in the video
sequence. Light aircraft are usually susceptible to wind gusts, especially when they fly over an active
fire. Although the DJI Zenmuse camera is specifically equipped with a mechanical stabilization system
to minimize the impact of this, significant vibrations were present in the output video. This issue was
resolved through additional video stabilization software, based on image registration and feature
matching. Features are regions of pixels that can be described in terms of certain parameters. If those
descriptors are invariant to translations, rotations and changes in scale, the same points can be detected
in two consecutive video frames and their corresponding locations can be matched. This methodology
was followed here to estimate the relative movement between each consecutive pair of frames. Once
these movements were known, each frame was corrected and registered to the previous one. The final
result was a stable footage.

4.2, Computer vision algorithms for perimeter tracking

Pre-processed IR imagery was used to follow the fire perimeter evolution and to measure its rate of
spread. Both tasks were accomplished automatically using an adaptation of the algorithms described
in Valero et al. (2018). The basis of these algorithms lie on edge detectors that search the highest
brightness gradients within each image. Pixels are classified as edges or non-edges using two
thresholds for the gradient magnitude. The correct thresholds are automatically estimated for each
frame by the algorithm itself. Finding edges in the image allows the software to estimate the location
of the fuel burning interface. If a time series is available, the evolution of the burning line can be
reconstructed. Morphological operations are applied to derive an estimation of the burned perimeter
location at each instant in time. Finally, the difference in fire perimeter positions between consecutive
frames allows the computation of spatially-explicit rates of spread.

This methodology is not exempt of difficulties. The most significant detected so far consists in the
rejection of ROS outliers. Actively burning lines usually exhibit flames whose length is not negligible.
These flames must be avoided when detecting the fuel burning interface and computing ROS. Our
edge detection algorithms are insensitive to flames up to a certain size, but the system becomes biased
in the presence of regions with a high concentration of flames, especially if the same region keeps
flaming for a long period of time. In these cases, unrealistic ROS values may be produced and they
need to be detected and rejected. There are image processing techniques to achieve this by directly
filtering flames out (Valero et al. 2017), but such methods are complex to implement and need
considerable computational resources. Sometimes it is enough with the application of common
statistical rules for outlier rejection. In this case, we applied the generalized extreme studentized
deviate (GESD) test (Rosner 1983) to the ROS values obtained along each isochrone. This test is
especially suitable for datasets that have multiple outliers but where the number of outliers is not
known a priori.

5. Results

Once converted to a readable format, footage 1 provided reach radiometric data about test 1, with
a high temporal resolution (27 Hz). For its part, footage 2 had to be stabilized before becoming useful.
Figure 3 exemplifies the video stabilization methodology based on feature matching.
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Figure 3 - Subset of matching features detected in two sample consecutive frames during the stabilization of the drone
IR footage (test 2). Red and green points represent features. Yellow lines connect matched features. The
relative movement between these two frames consisted of a translation of 13.74 pixel units and a scale change
of 1.2%.

After pre-processing, the perimeter tracking algorithms were applied to both video sequences at an
approximate framerate of 1 Hz. A subset of the obtained results is shown in figure 4. Complete
animated video with the detected perimeter evolution is available at the following links:
https://goo.gl/bKb4Cu; https://goo.gl/47CxcU.

Test1

Test 2

Figure 4 - Burning area automatically detected in TIR frames acquired by compact cameras. Displayed frames
approximately correspond to footage beginning (left), midway (center) and end (right).

Finally, geocorrection information allowed the computation of ROS spatio-temporal distributions.
Figure 5 summarizes this information.
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Figure 5 - Temporal evolution of remotely sensed rates of spread. Central solid line represents average values within
each isochrone. Shaded area represents standard deviation within each isochrone. Left: test 1; right: test 2.
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Rates of spread were not measured in situ, so values obtained remotely could not be compared with
other experimental information. Nonetheless, results are in agreement with visual estimations.
Moreover, the evolution of the detected fire perimeter represented in figure 4 and in the associated
animated video is very similar to what a human operator would annotate manually.

6. Discussion and conclusions

The main goal of this paper was to assess the suitability of compact IR cameras for wildland fire
monitoring. The camera models tested in this study as well as others have significant strengths for field
deployment: they are light and easy to use, they consume little power and they are relatively affordable.
However, they have certain limitations that need to be resolved. Some manufacturers enclose
radiometric data into private formats, while their official software does not provide full processing
capabilities. Furthermore, some recording configurations do not store actual brightness temperatures
but just a visual representation of ‘what is hot and what is cold’. Finally, one of the star applications
of these cameras is their installation aboard RPAS, but small aircraft is highly susceptible to
aerodynamic instabilities and video recorded from these platforms is usually shaky. A video
stabilization step is often necessary before such imagery can be further processed.

This work proposes solutions for some of these issues, and the obtained results prove that data
acquired with compact IR cameras has sufficient quality for a variety of wildfire applications: firstly,
if an active fire is recorded from an overhead perspective, be it nadir or off-nadir, IR imagery can be
processed to detect the location of the fuel burning interface and the fire perimeter at a certain time.
Furthermore, if time series information is also available with sufficient frequency, rates of spread can
be estimated remotely. This type of data may be useful for fire behavior research, but it may also have
a relevant utility at operational level. Emergency responders could benefit from updated quantitative
information about the state of the fire during an incident. Moreover, wildfire monitoring software can
be integrated into broader decision support systems that combine fire information with fuel, terrain
and weather data. Such systems may even include data-driven fire spread simulators which, if timely
fed accurate fire observations, are able to deliver reliable forecasts of the fire evolution in the short
term.

Key aspects to be addressed in the future relate to imagery geocorrection and the communication
infrastructure. Georeferencing IR aerial imagery is the only step that remains manual in the image
processing workflow. Its automation would allow the achievement of a totally autonomous fire
monitoring system. On the other hand, extracted information will only be useful at operational level if
it can be reliably transmitted from the aircraft to a command center in near real time. This requires
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important hardware developments such as on-board data processing architectures and deployable
communication networks.
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