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Abstract

A new approach to characterize airborne firebrands during Wildland-Urban Interface
(WUI) fires is detailed. The approach merges the following two imaging techniques in a single
field-deployable diagnostic tool: (1) 3D Particle Tracking Velocimetry (3D-PTV), for time-
resolved mapping of firebrand 3D trajectories, and (2) 3D Particle Shape Reconstruction (3D-
PSR), to reconstruct 3D models of individual particles following the Visual Hull principle.
This tool offers for the first time the possibility to simultaneously study time-resolved firebrand
fluxes and firebrand size distribution to the full extent of their three-dimensional nature.
Methodologies used in the present work are presented and their technical implementation are
thoroughly discussed. Validation tests to confirm proper tracking/sizing of particles are
detailed. The diagnostic tool is applied to a firebrand shower artificially generated at the NIST
National Fire Research Laboratory. A novel graphic representation, that incorporates both the
Cumulative Particle Count (CPC, particles m?) and Particle Number Flux (PNF,
particles m2 s1) as relevant exposure metrics, is presented and the exposure level is compared
to that of an actual outdoor fire. Size distributions obtained for airborne firebrands are
compared to those achieved through ground collection and strategies to improve the particle
shape reconstruction method are discussed.
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1. Introduction

1.1. Firebrands and the WUI fire problem

It has been recently established that fire weather season length has increased globally
by almost 19 % between 1979 and 2013 [1]. Continuation of such a trend, coupled with fuel
and ignition sources availability, would lead to a global wildfire potential increase with
significant socio-economic and ecological impacts [1]. In the U.S., this analysis is put into
perspective considering the unprecedented magnitude of wildfires affecting the western states.
As an example, out of the top ten most destructive wildfires in California, seven occurred in
the past five years, totaling 380 000 burned hectares, over 32 000 destroyed structures and over
120 fatalities [2]. Moreover, recent projections of wildfire activity do not seem to indicate any
relief, suggesting a substantial increase of the Annual Area Burned (AAB) in southern
California [3] or some of the U.S. western states [4] throughout the mid-21% century. Central
to the problem are the Wildland-Urban Interface (WUI) and intermix areas where human lives
and regional economies have been regularly at stake in the recent years. The newly evaluated
economic burden (cost + loss) of wildfires in the U.S. indicates that the issue is rather
significant, the lower estimate being 71.1 billion USD/year [5]. There is currently a pressing
need to intensify research in various areas (e.g., wildland/WUI fire science, building materials
and construction, population alerting and evacuation, etc.), in order to minimize wildfire
impacts by improving community resilience in populated zones at risk.

A challenging aspect of wildland/WUI fires lays in the fact that large amounts of
firebrands (often referred to as “embers”) are usually produced from the burning of vegetative
and structural fuels. These firebrands often become airborne and can be transported over long
distances away from their origin. If they carry enough energy, they may ignite recipient fuels
and, in turn, initiate new fire fronts, rendering suppression activities extremely difficult. It is
not uncommon to witness “rains” or “showers” of firebrands impacting WUI areas, a recent
example being the Coffey Park neighborhood in Santa Rosa, CA, during the Tubbs Fire in
2017 [6]. It has also been confirmed through post-fire investigations that firebrand assaults are
responsible for a large number of structure losses in the WUI [7]. Characterizing the exposure
from firebrands impacting the WUI has therefore become a priority; quantities such as particle
number/mass fluxes, particle size distribution, and particle surface temperature/energy content
are still largely unknown yet necessary to provide a thorough understanding of the WUI fire
hazard and facilitate its evaluation [8]. One of the outcomes of such an approach would be, for
instance, to enable guidance to WUI-related building codes and standards on choosing cost-
effective mitigation strategies for ignition vulnerabilities that are commensurate with the actual
firebrand exposure threat.

Over the years, there have been quite a few efforts to characterize firebrands generated
by structural or vegetative fuels, in both lab-scale and outdoor fire configurations. Studies have
essentially focused on core characteristics of firebrand flows, including “macro” characteristics
related to the number and mass of particles generated, as well as “micro” characteristics, such
as individual particle size and shape. Thermal characteristics of burning firebrands have also
been the subject of recent laboratory investigations (see, for instance, Refs. [9-11] for firebrand
heat generation and Refs. [12, 13] for firebrand surface temperatures) but are out of the scope
of the present work and will not be considered here. Firebrands produced during the burning
of structural materials have been investigated for experimental configurations ranging from
simple building components, i.e., wall assemblies [14-16] and roofing elements [17, 18], to
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full scale structures, both indoor [19, 20] and outdoor [21-23]. Firebrands generated by
vegetative fuels were also studied for various configurations, including the burning of single
trees in laboratory conditions [24-26], as well as prescribed [27-30] and actual fires [31, 32].
In most cases [14-20, 23-25, 27-29], firebrands are captured in water pans located at ground
level, dried, and further processed (manually and/or using computerized procedures) to yield
the desired information. Alternatively, burn patterns in well-chosen substrates have also been
analyzed [21, 22, 31, 32]. Besides being extremely time-consuming and possibly prone to
random bias (e.g., breakage of firebrands at landing), these approaches present significant
limitations when investigating firebrand showers characteristics at both macroscopic (bulk
flow) and microscopic (individual particle) scales. These limitations are highlighted below.

(1) Considering bulk flow characteristics (e.g., particle number/mass fluxes):

- The results obtained are intrinsically time-averaged, hence information regarding
instantaneous intensity of the firebrand showers is not available. To date, only the
investigations by Filkov et al. [28, 30] and Tohidi et al. [26] have shown some temporal
resolution ability using 2D imaging devices, but their analyses are somewhat hindered by
the lack of volumetric resolution, which renders measurements of instantaneous particle
fluxes extremely challenging (only time-averaged particle number fluxes are discussed
in Ref. [30], and Ref. [26] only provides an estimated mass flux of firebrands generated,
lacking spatial distribution information).

- The results reported only pertain to firebrand exposures that are partially characterized. For
instance, when available, firebrand fluxes are solely understood based on data
collection/processing performed in 2D planes oriented parallel to the ground. Hence, the
simultaneous consideration of horizontal transport is overlooked although likely to be
important in many practical situations (e.g., exposure severity assessment in the vicinity of
structures with exposed vents, rate of firebrand deposition vs downstream transport ahead
of a fire line, etc.).

(2) Considering individual particle characteristics (e.g., firebrand size/shape):

- While mass determination of individual firebrands is rather straightforward in the case of
collected samples, firebrand sizing is significantly more challenging due to the three-
dimensional nature of a particle. With a few exceptions (see Refs. [24, 25, 27]), a firebrand
projected area, also referred to as cross section area, is routinely taken as the important
metric, which considerably simplifies sizing operations by allowing 2D image processing
tools to be used. Such an approach has also been considered for airborne firebrands
visualized by 2D imaging systems [26, 30], although results might be difficult to interpret
given the possibility of tumbling motions. Firebrand dimensions (e.g., height, width and
depth of a particle “bounding box”), volumes and shapes have been mostly undetermined
or neglected. These morphological attributes are expected to be important to assess the
likelihood of phenomena related to particle deposition, including the formation of
aggregates and trapping in complex geometries (screen mesh, crevices, etc.).

The limitations highlighted above clearly stress the need for new ways to characterize firebrand
showers in the context of their three-dimensional nature, both at the macroscopic and
microscopic levels. Therefore, the present work is devoted to the development and validation
of a diagnostic tool designed to overcome these limitations by allowing full spatio-temporal
resolution of airborne firebrand flows. To do so, this new tool merges two optical techniques,
3D Particle Tracking Velocimetry (3D-PTV) and 3D Particle Shape Reconstruction (3D-PSR)



in a single field-deployable device, referred to as “emberometer”. More details about these
techniques are given in the two following sub-sections.

1.2. 3D Particle Tracking Velocimetry (3D-PTV)

3D-PTV is a flow measurement technique geared towards the determination of velocity
fields within a three-dimensional observation volume based on the time-resolved motion of
particle tracers. It has been developed and refined over the past three decades and has been
widely used to investigate small scale systems in laboratory configurations, often in the context
of turbulent flow research (e.g., [33-35]). While traditionally applied to problems where the
carrier flow dynamic is of interest (and therefore velocity fidelity of flow tracers is a concern),
the technique can be equally applied to track discrete entities irrespective of the motion of the
surrounding medium. As a Lagrangian approach, 3D-PTV is particularly well suited to the
firebrand shower problem since particles are individually identified and their respective motion
is followed over time, permitting detailed evaluation of the particle-laden flow characteristics,
such as particle number fluxes, not easily obtained through Eulerian techniques (e.g., Particle
Image Velocimetry - PIV). To date, only very few experimental investigations have performed
3D-PTV measurements at length scales relevant to the firebrand shower problem. Observation
volumes several orders of magnitude larger than the usual cubic centimeter scale are required,
which often prevents using off-the-shelf equipment, especially when outdoor use is intended.
A brief overview of medium to large scale 3D-PTV investigations sharing some similarities
with the present work is provided in what follows. Some of the technical details are
summarized in Table 1 (provided next page). Properties of the system developed in this work
are given in the last row for ease of comparison (the system itself is further described in
Sec. 2.2).

Murai et al. [36] investigated the motion of luminous particles in a firework using a
stereoscopic camera arrangement in outdoor settings. Particle velocities up to 70 m s were
measured and the diameter of the developed firework was found to exceed 200 m in both
horizontal and vertical directions. In this work, stereo-pair matching was identified as one of
the main technical challenge, essentially arising from the low voxel resolution (0.21 m*/voxel)
relative to the actual particle sizes.

Biwole et al. [37] detailed a newly developed 3D particle tracking algorithm. The
algorithm incorporated an enhanced detection procedure for neutrally buoyant particles
(helium-filled soap bubbles) as well as various refinements of some of the 3D-PTV processing
steps. The algorithm was applied to a set of indoor airflow experiments including two rooms
with light-gray (3.1 m x 3.1 m x 2.5 m) and black (5.5 m x 3.7 m x 2.4 m) walls respectively,
a subpart of the room with black walls where a heat source was placed and an experimental
aircraft cabin (4 m x 3 m x 2 m). The experimental setups typically included a set of three
cameras, various illumination devices and an adequately positioned He-filled bubble supply.
Different tracer densities were achieved in each case, with a particle spacing index (ratio of the
mean particle spacing to the mean particle displacement between two consecutive frames)
ranging from 8.1 (low seeding density) down to 2.1 (high seeding density). The algorithm
performance was assessed using previously formulated tracking efficiency criteria [38, 39].
Velocity measurements reported in this work did not exceed 1 m s,



Table 1 Medium to large scale experimental investigations using 3D Particle Tracking Velocimetry (# Cam.: number of cameras,
CG: consumer-grade, CS: scientific-grade, px: pixel, FOV: Field of view, fps: frame per second, x: not specified. The spacing index
is defined as the ratio of the mean particle spacing to the mean particle displacement between two consecutive frames).

3D-PTV System

Setup Details

Author
Y # Cam. / - . ) Applicati
ear Grad Illumination Tracers/ Control Velocity Spacing pplication
ade ] fps 1 .
[Ref] (Image size) #) Particles Volume range (ms?) index
. Unknown, . Tracking of luminous
'\gggagl F:;E?]II © 4§X 4%0G) o none Fireworks FOV ~ 30 l;::)g?osfieg - particles in fireworks -
(300x200) m? - Outdoor
1000W . Unknown,
3-SG fluorescent He-filled soap (3.1x3.1x2.5) 100 I:OW ?peed 3.9-8.1
(1024x1024) px lamps (x6) bubbles m? room ~ 0.2-0.65
) 3-x 500W spotlights  He-filled soap 3 Low speed Indoor airflow studies
Ballwg(l)%gt () (x6) bubbles 108m 30 ~ 0.015-0.52 2233 (rooms and aircraft cabin) -
' - i L d Indoor
30X oulbs (x5 ethed o X x 2123
() 500W spots (x2) ubbles cabin
Lobutova ) . He-filled latex Large-scale circulations in
et al. g '\jG ﬂaﬁﬁzrﬁoz\lgz) balloons ~ 100 m? 1 LO\LV Spb‘e ed X room air flows (Rayleigh
2010 [40] (8) Mpx P (@: 150 mm) : Bénard cell) - Indoor
Wind speed measurements
. i Fog-filled soap in the lower log region of
I;gila,e[tﬁlj 4-CG none bubbles 16 m? 60 <45 75 the atmospheric surface
(1280x720) px (2 25 mm) layer — Outdoor.
Also see Ref. [42]
. 0.2-4.5 (% max . .
This stud 4-CG none Glowing ~2m? 120 fpg)4 i Firebrand motion
y (1920x1080) px firebrands - Indoor/Outdoor

(= 18, max fps)




Lobutova et al. [40] studied large-scale air flow patterns in a Rayleigh-Bénard
experimental facility (= 144 m®) using the 3D-PTV approach. Their system was composed of
four consumer-grade cameras, two high-power flash lamps for illumination, and helium-filled
latex balloons (& = 150 mm) as tracers. The system accuracy was checked by monitoring the
known trajectory of a glass sphere attached to a stepping motor; error margins were found not
to exceed 2.4 mm in the horizontal plane and 0.8 mm in the vertical direction. Trajectories of
large-scale air circulations were measured in the bulk region of the convection cell at an
acquisition rate of 1 Hz over periods ranging from 1 min to 20 min. Different flow patterns
were identified, and their temporal and spatial properties were briefly discussed, including
some aspects related to flow turbulence. Velocity components of large scale circulations
reported in Ref. [40] did not exceed 0.6 m s™.

Rosi et al. [41] studied wind velocity profiles in the lower log region of the atmospheric
surface layer using an adaptable 3D-PTV system designed for outdoor use. The system was
composed of four consumer-grade cameras arranged to monitor a 16 m3 observation volume,
with a center located 3 m above ground. Fog-filled bubbles (& = 25 mm), released 30 m ahead
of the zone of interest, were used as tracers (no illumination required). The system calibration
procedure led to a spatial uncertainty of 10 mm. Validation was provided by comparing
measurements (mean velocities, Reynolds stresses) to those obtained by a wind measurement
station located nearby. Probability distribution functions of the velocity fluctuations,
Lagrangian accelerations and vorticities were presented and discussed. The highest mean
velocity measured by the 3D-PTV system was close to 4 m s™.

1.3. 3D Particle Shape Reconstruction (3D-PSR) based on the Visual Hull concept.

The use of multi-view systems to track firebrands in 3D also renders possible the
reconstruction of individual particle shapes. Such 3D models can provide valuable insights
regarding particle characteristic sizes, volume, and shape that are not otherwise available using
single-view imaging techniques. Typically, several 2D images of a particle are recorded
simultaneously from different viewpoints. The particle images, often referred to as particle
silhouettes, can be projected towards the measurement domain provided that the optical
arrangement is known. The intersection of all projection cones defines an envelope that
corresponds to the 3D shape of the particle (surface-based approach). Alternatively, the
measurement domain can be subdivided into elemental volumetric cells, and the 3D shape
recovered by only retaining cells that fulfill a specified criterion, e.g. cells whose projections
fall back into all silhouette contours (volume-based approach). In both cases, the reconstructed
volume, referred to as visual hull, corresponds to the largest volumetric domain that would
give identical silhouettes as the particle when observed from each of the different 2D views.

A simplified illustration of the surface-based approach is given in Fig. 1 for a setup
involving two imaging devices. It is clear from Fig. 1 that the higher the number of imaging
devices, the closer the visual hull gets to the actual particle shape. The main limitation,
however, is that regions with surface concavities cannot be reproduced since they do not alter
the particle silhouette shapes.



Silhouette 1

Silhouette 2

Image 1

Fig. 1. Simplified 2D sketch illustrating the Visual Hull concept for 3D particle shape
reconstruction (Oi : imaging device perspective center).

The Visual Hull concept, first formulated by Laurentini [43], is widely used in
computer vision whenever 3D shape reconstruction is needed based on multi-view silhouette
observations. The fields of application are numerous including medical imagery, human
motion tracking, particle morphology analysis in geosciences, etc. Therefore, providing a
thorough review of this topic would go beyond the scope of this work. In the present case, the
reader is referred to the work of Forbes [44] that provides a concise description of the concept
as applied to the 3D reconstruction of small stones and discusses some of the issues related to
its practical implementation. Studies that have implemented the Visual Hull approach in order
to extract particle characteristics (e.g., size, volume or shape) are scarce in the literature,
especially those providing a detailed assessment of the technique performance. A brief
summary of the relevant works is provided in what follows. Some technical details are also
provided in Table 2 (see next page).

Forbes [44] discussed a multi-camera setup to investigate the shape and size of batches
of small stones (= 5 mm) using the Visual Hull concept. The setup was composed of six
cameras judiciously positioned onto six of the twelve faces of a fictitious dodecahedron. The
working distance was about 500 mm for all cameras. The methodology developed in Ref. [44]
was applied to synthetic garnet data with known properties for a configuration identical to the
actual six-camera setup described above. For sufficiently resolved silhouettes, the mean
percentage error between the actual (true) and estimated (visual hull) volumes was found to be
close to 8 %. Additional virtual camera arrangements were also considered, and these led to
errors on the order of 41 %, 20 %, 14 %, and 5 % for a two-, three-, four- and ten-camera setup,
respectively. These percentages indicated a systematic overestimation of the true stone
volumes, which was deemed consistent given the principles of the Visual Hull method. Caliper
diameter estimations were also performed on the synthetic dataset for the six-view system, and
mean percentage errors on the order of 4 %, 0.8 %, and 0.5 % were obtained for the shortest,
intermediate and longest diameters, respectively. Other hull-based reconstruction approaches,
especially the Viewing Edge Midpoints Hull (VEMH), were also extensively discussed by the
author.



Table 2 Summary of experimental investigations using the Visual Hull approach for particle size/shape characterization
(# Cam.: number of cameras, px: pixel, WD: working distance, x: not specified).

Author Object Optical Arrangement _ _
Note on Particle Reconstruction Accuracy
Year [Ref.] Type Size Range | #Cam. (Image size) WD
Mean percentage error close to 8 % for volume
reconstructions (ranging from 41 % to 5 % for a two- to
Forbes 2007 ten-camera setup - virtual camera arrangements).
St ~ 6 X =~ 0.
[44] ones 5 mm 0.5m Mean percentage errors on the order of 4 %, 0.8 %, and
0.5 % for the shortest, intermediate and longest particle
diameters, respectively (performed on a synthetic dataset).
Turchiuli and 1 Verification test performed on a large object (~ 25 mm)
urchiuti an Dehydrated (object showed measured volume to be 4.4 % larger than true
Castillo- X
Castadena milk Imm-2mm | placedon  (102x63) px Few cm value.
2009 [45] agglomerates rotating Accuracy of the technique mentioned to be on the order of
platform) 90 %.
Adhikari and | Solid objects 8 mm Volume ratios between estimated and actual objects
Longmire with known  (characteristic 4 (1280x800) px ~0.6m ranging from 1.3 (sphere and cylinder) up to 3.9
2012 [46] shape length) (tetrahedron).
Rajagopalan Particle size validation test performed but characteristics
etal. Crystals <200 um 2 b X inferred from individual particle silhouettes only rather
2017 [47] than reconstructed hulls.
Reconstructed volume of synthetic sphere (diam.: 3 mm)
0,
Kleinkort et 3x (5) Mpx 01m found to be 5.3 A) Iarger than true value.
al. 2017 [48] Snowflakes Few mm % (1.2) M 016 m Volume overestimations found to range between 1.65 % to
' x (1.2) Mpx ' 46.33 % for objects with various shapes (sphere, cube,
cylinder, etc.).
This study Firebrands Fefw mm to 4 Mepdety = L2 7 See Sections 3.2, 4.2.3 and 5.
ew cm pX 2.8m




Turchiuli and Castillo-Castadena [45] used the Visual Hull concept to measure
envelope volumes of dehydrated milk agglomerates in the context of powder porosity studies.
Agglomerates (= 1 mm to 2 mm) were placed on a rotating platform in proximity (few
centimeters) of a calibrated camera. Particle silhouette images (likely 18 of them), taken at an
angular increment of 10°, were used to reconstruct the 3D shape of the agglomerates by
identifying voxels belonging to the intersection of all solid projection cones. A verification test
performed on a large object (~ 25 mm) showed that the estimated volume was almost 4.4 %
larger than the true value. However, the accuracy of the technique is argued to be on the order
of 90 % given the image acquisition settings chosen. It is unclear from the author’s statement
if this percentage corresponds to a 10 % over- or under- estimation of the volumes. Under-
resolved silhouette images have been shown to lead to volume underestimations [44]; this
could be the case here given the rather low pixel resolution ((102 x 63) px).

Adhikari and Longmire [46] used the Visual Hull technique to reconstruct arbitrary
moving objects falling in a water tank and to study flow motion around them using
tomographic PIV. Their setup consisted of a set of four high speed cameras ((1280 x 800) px)
operating at 1 kHz. The cameras, located on the same side of the illumination plane, were
equipped with 105 mm focal length lenses and were set about 600 mm away from the
measurement volume. Examples of 3D reconstructions were given for objects encompassing
various shapes, sharing a common characteristic length of 8 mm; volume ratios between the
estimated and actual objects ranged from 1.3 for a sphere and a cylinder, up to 3.9 for a
tetrahedron. The presence of additional volumes in the front and the back of the reconstructed
shapes was discussed, including factors encompassing particle size, orientation and convexity.
Ways to improve the technique by modifying camera arrangements (e.g. change of orientation,
camera additions) were also covered.

Rajagopalan et al. [47] described the development and validation of an experimental
device designed to characterize particle shape and sizes during crystallization processes
occurring in a reactor. The device consisted of two monochrome cameras equipped with
telecentric optics (FOV = 2.41 mm x 2.02 mm), arranged orthogonally around the channel of
a flow sampling loop. Shapes of crystals in suspension were reconstructed in 3D using the
Visual Hull technique (voxel-based approach) applied to the crystal silhouette pairs. A
supervised shape classification strategy, involving a set of 2D/3D particle shape descriptors
and proper shape classifiers, was proposed. Particle size validation was performed using sets
of spherical latex beads of known sizes. However, the particle size characteristics (diameter,
volume) were inferred from the particle silhouette images rather than the reconstructed hulls
(see supplemental material in Ref. [47]). The authors acknowledged the use of only two
cameras as one of the key limitations for accurate Visual Hull reconstruction, although they
question the need for adding extra cameras given the resulting higher costs and system
complexity and a possibly marginal gain of knowledge.

Kleinkort et al. [48] reported on the development and validation of an experimental
approach to characterize the shape of snowflakes in order to support accurate computation of
polarimetric radar measurables for winter precipitations. A new snowflake imaging device,
based on the work of Garrett et al. [49], was presented. The device was made of five cameras
(3x 5-Mpx, 2x 1.2-Mpx) equipped with 12.5 mm focal length lenses (working distance of
10 cm and 16 cm, respectively) and arranged to closely monitor the center of a channel along
which free-falling hydrometeors could be imaged. Three dimensional shapes of snowflakes
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were reconstructed following the Visual Hull concept (voxel-based approach) using the five-
camera views. The 3D reconstruction accuracy was tested by processing a set of synthetic
images representing a 3 mm diameter sphere. The reconstructed volume was found to be 5.3 %
larger than the actual one, which was almost 22 % less than the estimate obtained using the
three-camera configuration of Ref. [49]. The five-camera setup was tested using series of 3D
printed particles of known sizes and shapes (sphere, cube, cylinder, flat hexagon and simple
flakes). A systematic overestimation of the reconstructed volumes was reported, with errors
ranging from 1.65 % to 46.33 % for all cases. The technique was applied to a series of real
snowflakes to extract properties such as volume, surface area and aspect ratio. In this case,
however, the level of accuracy achieved is unclear given the fractal nature of the flakes (is the
resolution enough given the smallest length scale involved?), complexity of geometries
(presence of inner voids, concavities) as well as optical arrangement issues (out of focus
images).

1.4. Paper layout

The remaining part of the paper is organized as follows: Sec. 2 provides a detailed
overview of the 3D-PTV/PSR system that was developed in the present work. It includes a
short preamble on key principles of close-range photogrammetry, followed by hardware
presentation and details about methodology implementation. Examples of experimental
validations performed for both particle tracking and sizing steps are given in Sec. 3. The system
is applied to an artificially-generated firebrand shower in Sec. 4. Particle tracking and sizing
results are discussed and a new visualization tool for firebrand flux analysis is proposed. Final
remarks are provided in Sec. 5, followed by the conclusion in Sec. 6.

Unless mentioned otherwise, all uncertainties are reported as expanded uncertainties,
X *+ ku,, from a combined standard uncertainty (estimated standard deviation) u. , and a
coverage factor k = 2 (95 % confidence level, assuming normal distribution of the data).
Additional details are provided in the Appendix A.

2. 3D-PTV/PSR system

2.1. 3D imaging using close-range photogrammetry

This section intends to provide the reader with key principles of 3D imaging along with
useful mathematical expressions used to derive some of the results presented in later sections.
For in-depth coverage of the topic, the reader is referred to reference textbooks, e.g. Ref. [50].
In brief, photogrammetry is an imaging technique that allows for the localization of an object
in 3D, using at least two images of the object taken from two different angles/viewpoints. Each
system recording an image can be thought of as a pinhole camera (see Fig. 2): rays of light
emanating from the object enter the imaging device through a small opening 0, known as the
perspective center. The image of the object is formed in the image plane (that, in practice,
coincides with the sensor of the imaging device). The image plane is located at a fixed distance
c from the perspective center, this distance being commonly referred to as the principal
distance. The principal point G’ is defined as the intersection of the system principal axis with
the image plane.



Image A

Plane
\

X5,
4 Object
Space

Fig. 2. Schematic representation of a pinhole camera, base model for the cameras of the
3D-PTV system (O: perspective center, ¢’: principal point, c: principal distance).

To successfully apply photogrammetry, imaging devices need to be calibrated. The
calibration typically accounts for 2 sets of orientation parameters:

(1) internal (or intrinsic) parameters (Fig. 3a). These are used to establish the correspondence
between the coordinates of an image point A’ located in the 2D image space (colored image
planes in Fig. 3a) and its coordinates in a 3D image space defined by the reference frame
x*y*z*, whose origin coincides with the perspective center O of the imaging device. In
practice, the model is not as ideal as the one depicted in Fig. 2, since the principal point G’
might not coincide with the center of the image. Also, optical distortions (e.g. barrel,
pincushion, etc.) might affect the location of an image point in the 2D image space (recorded
by the imaging sensor) so that it differs from its actual location as predicted by the central
projection model (see A" vs. A" in Fig. 3a). Considering both possible deviations, the
coordinates (x’,y’, z") of an image point A" in the 3D image space can be found as follows:

xl
i
Zl
with x” and y", the coordinates of the image point A" in the 2D image space (as recorded by
the imaging sensor), x. and y.r, the coordinates of the principle point G’ in the 2D image
space, and 6x’ and 8y’ errors in the image point positioning arising from optical distortions.

Note that Eq. (1) is written for the image positive (orange frame in Fig. 3a) which is often taken
as the image reference plane in photogrammetry applications.

(1)

yll _ yG’ _ 6y,

x" = xg — 6x’]
—c

(2) external (or extrinsic) parameters (Fig. 3b). These parameters describe the location and
orientation of the reference frame x*y*z* with respect to a main reference frame XY Z attached
to the object space. These parameters can be used to establish correspondence between a point
(X,Y,Z) in the 3D object space and its image (x', y’, z") in the 3D image space:

X Xo x'
Z Zy z'
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with X,, Y, and Z,, the coordinates of the perspective center in the object space, m, a scaling
factor depending on the location of the object point, and R, the rotation matrix, expressed as:

i1 Tz T3
R=|T21 T2 7”23]
31 T32 133
_ _ 3)
COS ¢ COS K —cos @ sink sin @
= [coswsink +sinwsin@ cosk cosw CoSK —sinw sin@ sink  — sin w cos ¢
sinw sink — cosw sin @ cosk sinw cosk + cosw sin@ sink  €cOS w COS @

with w, @ and k rotation angles around the X, Y and Z axes, respectively. Introducing Eq. (1)
in Eq. (2) and solving for x" and y'’ leads to the collinearity equations:

_ C7”11(X —Xo) + 11 (Y = Yp) +13,(Z — Z,y)
r13(X — Xo) + 123 (Y = Yo) + 133(Z — Z)

X” — xG’

+ 6x' 4)

r12(X — Xo) + 122 (Y = Yp) + 13,(Z — Z)
r13(X — Xo) + 1p3(Y = Yp) + 133(Z — Z)

y'=yg—c + 6y’ (5)

Note that all internal (¢ , x4/, ygr, 8x', 6y') and external (X,, Yy, Zo, w, ¢, k) Orientation
parameters are device-dependent, and therefore, each imaging device should be calibrated.
More details about the calibration procedure are given in Sec. 2.3.2.

Image negative

Z *
+§4/y
x* 0 s
Xo m\\\ (p
K ™
Z
w
X
Image positive
(a) (b)
Fig. 3. 3D-PTV camera orientation parameters; (a) internal parameters; (b) external

parameters.
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Itis clear looking at Egs. (4) and (5) that the 3D coordinates (X, Y, Z) of an object point cannot
be solely found using the 2D image point coordinates (x",y’") and that at least two images
taken with calibrated devices (with different orientations) are needed. In the latter case,
correspondence between image points across the different views can be established using
epipolar geometry [51, 52], and the object point coordinates can be computed. Taking the
example of the two-camera setup shown in Fig. 4, epipolar geometry implies that both
perspective centers 0, and 0, and images points A; and A, lay in a single plane. This plane,
referred to as the epipolar plane, intersects the image planes along the epipolar lines d; and
d, (red lines in Fig. 4). Given the coplanarity condition, the search in image 2 for the image
point corresponding to A, is simplified, since it only needs to be performed along the line d,.
In practice, the search is usually limited to a narrow band-shaped area (in orange in Fig. 4) if
the depth L of the object space is known (hence limiting the longitudinal search in the image
space to the distance l) and a transverse search tolerance e allowed. By intersecting the search
areas across additional views (3", 4", etc. imaging devices), the correspondence between
image points can be unambiguously established and coordinates of the object point A
calculated, for instance performing least square adjustment using the collinearity equations.

Fig. 4. Hlustration of the epipolar line geometry in the case of two imaging devices
(adapted from Ref. [52]).

2.2. System overview!
2.2.1. Experimental layout

The 3D representation of the 3D-PTV/PSR system is shown in Fig. 5a. The system is
composed of four compact cameras (Sony DSC-RX10 M3, = 20.1 Megapixels) with large
diameter built-in lenses. The cameras are located at both ends of two horizontal rails (length:

1 Certain commercial equipment, instruments, or materials are identified in this paper in order to specify the
experimental procedure adequately. Such identification is not intended to imply recommendation or
endorsement by the National Institute of Standards and Technology, nor is it intended to imply that the
materials or equipment identified are necessarily the best available for the purpose.
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2.03 m), whose upper faces are adjusted at a 0.356 m and 1.880 m height, respectively. Both
rails are supported by a mobile stand, allowing the entire system to be moved without
performing additional calibrations. In the current settings (calibration/validation), the stand is
anchored to an optical table (~ 1.22 m x 1.22 m) located 0.559 m away from the camera plane.
The table top, raised by about 0.235 m from the ground, provides a convenient fixed reference
in the object space. The origin of the global object coordinate system is set at table height,
0.711 mand 0.610 m from its front and side edges, respectively. Camera orientations (tilt about
horizontal axis, azimuth) are manually adjusted using tripod heads so that image centers
closely coincide with a known target point T in the object space (coordinates (0 m, 1.041 m,
0 m)), on which focus is performed. Each camera is equipped with a collimated laser diode
module (Thorlabs, CPS series) and all laser beams are set to intersect at point T. This
arrangement simplifies subsequent setups by providing a visual marker in space (invariant
position) that can be used to complete camera focusing steps. It is also used at the beginning
of each experiment to detect any unwanted change of camera orientation. Cameras are operated
at minimum focal length (f = 8.8 mm) and largest aperture (f/2.4). As such, the system control
volume is defined as the intersection of the camera field of views, corrected for small volumes
not accounted for during the spatial calibration process. The control volume is shown in Fig. 5b
and is estimated to be ~ 1.91 m3.

Cam. #1 1000 X, mm
# r 2500
System : Cam. #2 LAt
electronics z ;&\9\1 - 2000
Ry
N - 1500 E
Cam. #3 ’T “
= ~ 1000 >
”“ g '-\l’ \\L\
c3 IY - 500
/\ 0
‘ 0
Camera . 1000
stand Cam. #4 Optical table -
(@) (b)

Fig. 5. 3D-PTV/PSR system experimental layout; (a) 3D representation of the apparatus (the
volume above the optical table shows the actual footprint of the spatial calibration target shown
in Fig. 7a); (b) Simplified schematic showing the optical layout and actual control volume.

2.2.2. System control / data acquisition

Near-field triggering of the camera system is performed using a remote commander
and a set of IR wireless receivers (Sony RMT-VP1K). Videos are captured in High Definition
((1920%x1080) px) at a nominal rate of 120 fps. Video streams are synchronized post-
acquisition based on the disappearance of a small laser dot manually operated by the user and
visible from all cameras. Proper synchronization was verified by imaging a millisecond
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precision digital counter. The synchronization error was found to be within the time lapse
between two consecutive frames, up to the highest available frame rate (960 fps). Alternatively,
long range operation of the system is achieved using a custom-developed control hub
(CAMremote-4CAM, VP-Systems) that allows for remotely adjusting camera settings as well
as triggering cameras/sync laser via RF control (433.92 MHz). The control hub is part of a
self-contained, ruggedized package (shown in Fig. 5a) that also includes wireless video
monitoring and power management systems. Additional details are given elsewhere [53].

2.2.3. Processing

N
3D-PTV/PSR Videos (x4)
1080p / 120 fps
L 32 bit color )
s N
Image Sequences (x4)
(1920 x1080) px, 32 bitcolor
N J
4 N
Image Sequences (x4)
(1920x1080) px, 8 bit grayscale
Synchronized, frequency adjusted

- J

Spatial calibration data { 3D Particle Tracking > —»( 3D Particle Sizing >

)

Tracking Raw Output

Particle ID File 1 (1D I) Particle ID File 11 (ID 11)
Time history of particle 3D motion Time history of particle 3D motion & size
3D Data Visualization and
Analysis

Fig. 6. System processing flowchart.

The system processing flowchart is shown in Fig. 6. Videos acquired by the 3D-
PTV/PSR system are rendered into image sequences ((1920x1080) px, 32-bit color) by
extracting individual video frames (unaltered) via a commercial software. Image sequences are
then synchronized and transposed into grayscale color space (8-bit) using an in-house
MATLAB code. If necessary, the code allows for sequence downsampling to reduce
computational burden for the 3D tracking step, should the motion of observed particles be too
highly resolved. Grayscale image sequences are then processed by the PTV software [54], in
conjunction with the spatial calibration data (see details in Sec. 2.3.2). An in-house FORTRAN
code generates individual particle “identity” files (ID I) that gather time-stamped particle
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motion characteristics from the raw outputs of the PTV software. Among others, 1D | files
include: the video frame number and corresponding time step, the particle 3D coordinates in
object space and the particle 2D coordinates in all image spaces (four views). The code also
computes particle velocities based on the previous and current particle locations, as well as
quantities related to the particle sizing step (distance D and local resolution R*— see definitions
in Sec. 2.4.2), which requires both spatial and resolution calibration data. The color image
sequences and selected data from ID 1 files (particle image 2D coordinates, particle 3D
coordinates and resolutions R; ’s) are then used for particle sizing purposes. A MATLAB code
has been developed to re-construct particle models in 3D from which size, volume,
orientations, etc. can be extracted. Further details about the sizing methodology are given in
Sec. 2.4. Particle tracking and sizing results are compiled in particle ID files Il (1D Il) that are
used for 3D data visualization and analysis.

2.3. Firebrand tracking using 3D Particle Tracking Velocimetry (3D-PTV)
2.3.1. Methodology

The 3D tracking of firebrands is computed via the open-source software
OpenPTV [54]. It is used to perform the following set of operations, some of which were
previously highlighted in Sec. 2.1: (1) Calibration of the multi-camera system (see details
below); (2) Detection of the particles: firebrands 2D image coordinates are found using a pixel
intensity-weighted centroid operator; (3) Particle correspondences across multi-camera views
using the epipolar line intersection technique; (4) Computation of 3D particle coordinates in
the object space; and (5) Particle tracking via spatio-temporal particle matching using both
image and object space information. Further details about these steps can be found in the work
of Maas et al. [34, 51] and Wilneff [52].

2.3.2. Spatial calibration for 3D firebrand tracking
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Fig. 7. 3D spatial calibration target: (a) photograph with dimensions (in mm); (b) verification
test: known 3D coordinates of target points vs. measured target point positions after calibration.
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The spatial calibration is performed by imaging a 3D V-shaped target encompassing
the control volume of interest. The target, shown in Fig. 7a, contains 76 dots with known 3D
coordinates, all being visible from the four viewpoints. Calibration images are processed by
the 3D-PTV software [54] using a mathematical model of spatial resection [52] to yield both
internal and external camera orientation parameters. A verification test is systematically
performed after calibration by processing original target images and comparing known and
measured target point positions (example shown in Fig. 7b). Hence, the expanded uncertainty
in position can be estimated and is typically on the order of £ 1.5 mm in all directions.

2.3.3. Tracking efficiency and trajectory recombination strategy

16
------- Total
—— Tracked
—— New
12 —— Lost

Number of particles
N o]
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Time, s

Fig. 8. lllustration of tracking efficiency monitoring (Test volume: X = (-600 to 600) mm,
Y = (600 to 1400) mm, and Z = (-300 to 300) mm). Data is from experimental case discussed
in Sec. 4 (combusting cuboids). Increase/decrease of the total and tracked number of particles
in absence of new or lost particle events (see for instance, 27 s < t < 30 s) is due to
arrival/departure of particles in/from the test volume.

The tracking efficiency can be qualitatively estimated by monitoring, at each timestep,
the total number of particles successfully located in 3D, within a judiciously chosen test
volume?. This number encompasses particles belonging to the three following categories:
(1) “Tracked” particle: a particle identified before and after the current timestep; (2) “New”
particle: a particle identified for the first time in the current timestep; and (3) “Lost” particle:
a particle not identified beyond the current timestep. For illustration purposes, Fig. 8 shows a
graphical representation of the number of particles in each category for the experimental case
presented in Sec. 4 (combusting cuboids). In this case, the close match between the total and
tracked particle numbers indicates good tracking efficiency. Systematically performing such
verification was found to be a good practice throughout this work since it provides, to some

2 The test volume should be defined well within the system control volume to avoid accounting for particle
appearance/disappearance events near the control volume boundaries. Efficient tracking implies that a particle is
recognized and properly tracked at all times while present in the test volume.

16



extent, a guidance for the choice of optimal parameters while configuring both particle
detection and tracking steps as previously described. Figure 8 also shows that there are some
seldom occurrences of “new” and “lost” particles, and these are usually associated with the
following type of particle trajectory:

(1) Spurious trajectory: this is an unwanted trajectory lasting very few time steps (with very
small averaged displacement) usually due to secondary tracked object (e.g., a landed firebrand,
a bright element in the background, etc.). This trajectory is typically filtered out prior to any
particle tracking/sizing analysis using an operator based on the mean particle displacement. In
rare occasions, it might remain if the operator is set to include very slow (small) firebrands;

(2) Incomplete/shortened trajectory: this is a valid trajectory with a late start/early ending
within the measurement volume. The few missing steps might be due to a lack of particle
visibility. This type of trajectory can be processed in the same manner single (full length)
trajectories are, despite the missing information.

(3) Broken trajectory: this is a valid portion of a particle trajectory, for which at least one
trajectory correspondence can be found within the measurement volume. Correspondences
between sister trajectories are not known a priori.

Among these, broken trajectories require attention since each portion of a particle trajectory
would be, by default, attributed to a new particle. This could be an issue when performing size
distribution analyses, since a single particle could be counted multiple times, and sizing data
from sister trajectories would not be merged. To circumvent the issue, an algorithm is used to
detect and recombine broken trajectories. Figure 9 illustrates the recombination process.
Within a specified volume, the algorithm monitors “Early-Ended” (EE) and “Late-Started”
(LS) particle trajectories. Each EE occurrence is provided with a list of LS candidates. All
candidates’ starting points are to happen in a temporal search window (gray areas in Fig. 9):
(1) that directly follows the end of the EE trajectory, and (2) whose duration is limited. This
duration is user-specified and may be adjusted depending on the problem considered
(6 timesteps in the present case). A linear best fit procedure [55] applied to the EE trajectory
data points is used to predict the X, Y and Z particle positions versus time throughout the
allowed search window. The first and second data points of the LS trajectory candidates are
then compared to their predicted values. If both set of points fall within user-specified tolerance
bands (shown in Fig. 9 by the vertical errors bars — see additional details in caption) in all
directions, then the EE and LS candidate trajectories are considered matched. As an example,
Table 3 gives an overview of the recombination efficiency for the dataset presented in Sec. 4
(combusting cuboids). In this case, the algorithm allows to recombine up to 90 % (87 out of
97 total) of all broken trajectories. This recombination strategy is applied when performing the
firebrand 3D sizing analysis presented in Sec. 4.2.3.
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Table 3 Overview of the numbers of particle trajectory by type for the test case presented in
Sec. 4 (combusting cuboids) after proceeding to trajectory recombination.

Trajectory types % (# of trajectories)
Spurious 0.15 (1)
Singles 85.8 (593)
Broken
Successfully recombined  12.6 (87)
Not recombined 1.45 (10)
Total 100 (691)

2.4. Firebrand sizing via 3D Particle Shape Reconstruction (3D-PSR).

The sizing of airborne firebrands presents a challenge due to the variation of particle
projected shapes (a.k.a. “silhouette”) depending on the viewpoint considered. Simply
extracting averaged size/surface area information based on the different 2D views does not
produce satisfactory results in terms of describing the true size and shape of complex particles.
This limitation is inflated as a particle moves through the control volume since it may tumble
and change its orientation with respect to the camera planes, therefore introducing a time
dependence in the silhouette characterization. In the present work, a more robust sizing
approach was developed: each particle is reconstructed in 3D using combined views of the
multi-camera system, following the principles of the Visual Hull concept [43]. Such a
reconstruction incorporates information from the 3D-PTV analysis, including camera
orientations, as well as particle coordinates in both 2D image and 3D object spaces.
Additionally, a calibration must be performed to determine the image resolution as a function
of particle 3D position for each camera (necessary input for the accurate representation of the
particle boundaries when transposed into the object space). Ultimately, the size characteristics
of a particle are extracted using a series of the 3D models obtained at all relevant timesteps
(typically ~ 10 models).

2.4.1. Methodology
The 3D shape reconstruction of a particle includes the following steps:

(1) Edge detection; the set of particle 2D image coordinates is retrieved from the 3D-PTV
output and is used to locate the particle across the four views and perform a multi-step particle
boundary detection using the corresponding silhouettes; the boundary detection method
follows an unsupervised threshold selection for picture segmentation [56] and therefore does
not require any user input.

(2) 3D shape reconstruction; the reconstruction process is illustrated in Fig. 10. Particle
boundaries obtained from the previous step are translated to the known 3D location of the
particle in the object space® and rescaled according to the resolution calibration function to
yield their true size (see next paragraph). Projection cones, whose apexes are defined by the

% The 2D centroid positions relative to the particle boundaries are preserved and matched with the 3D particle
location. All coordinates are results of the 3D-PTV output.
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camera perspective centers and profiles set by convex envelopes formed around the new
particle boundaries* in the object space, are created (Fig. 10a). The volume defined by the
intersection of the four cones represents the 3D shape of the particle (Fig. 10b). A 3D model
of the particle can be reconstructed by randomly generating points within a localized search
box containing the volume of intersection and retaining only those belonging to the latter. The
resulting cloud of data points defines the particle convex hull, and the shell formed by the
outermost points can be saved and used for sizing purposes.
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Fig. 10. Hlustration of the 3D particle shape reconstruction process: (a) macroscopic view of
the workspaces and transformations, (b) Zoom on the cone intersection area contained in the
gray square shown in Fig. (a).

Because of the stochastic nature of orientations of airborne firebrands and given the
fact that the present camera arrangement is fixed, it is highly desirable, when performing sizing
operations on a firebrand, to use as many 3D reconstructions as possible (i.e., run a combined
analysis of all available convex hulls for each individual particle). After performing step 1 and
2 for all timesteps when the particle appeared, principal component analysis is used to identify
the main axis of the resulting point clouds and re-orient them accordingly. Scatter plots of the
particle contours can be created by performing orthogonal projections of the data points located
on the outer boundaries of each individual hull, for each orthogonal view considered. The
outline projection is illustrated in Fig. 11a for a single timestep reconstruction. Figure 11b
shows cumulative plots with all available outlines from which sizing characteristics can be
extracted (e.g., averaged particle height, width, etc.). Although obvious, it is important to stress
that the accuracy of the particle sizing step is closely related to that of the Visual Hull
reconstruction technique, which itself depends on a broad range of factors. Some of these
factors are known by the user, e.g., the number of cameras, their arrangement and the spatial

4 These convex envelopes can be visualized as the shapes that rubber bands would take if wrapped around the
new particle boundaries. This simplification greatly improves the problem computational tractability.
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resolution achieved, while others are particle specific and therefore unknown a priori, e.g., the
particle shape, size, orientation and location/flightpath within the system control volume.
Hence, a sizing accuracy cannot be expressed based on the knowledge of the experimental
layout alone, although computational strategies to gain insight into detailed measurement
accuracy could be explored (see related discussion in Sec. 5).
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Fig. 11. lllustration of: (a) extraction of outlines from a 3D particle model (single timestep);
(b) cumulative particle outline plots (all timesteps included). The red line indicates the average
particle contour.

2.4.2. Local resolution calibration for 3D firebrand reconstruction

As previously mentioned, an important requirement of the 3D particle reconstruction
is the knowledge of the spatial resolution versus 3D position across the control volume. This
knowledge is acquired by calibrating the multi-camera system with a dedicated target. The
target is composed of 6 white spheres (& = 25.4 mm) vertically distributed along a 1.7 m long
pole with a separation distance of 224 mm. The pole is moved at 22 different locations within
the control volume, and images of the target are recorded each time from the four viewpoints.
An image processing algorithm is then used to isolate each individual sphere and evaluate its
characteristic dimensions. To avoid complexities arising from eccentricity in the image
measurement of spherical targets [50, 57], the sphere boundaries are treated as ellipses and
their minor axis length (in pixels) is retained as their characteristic projected size. For the
largest sphere image considered (~ 46 pixels) and widest view angle possible (~ 37°), the
maximum deviation from the theoretical projected size does not exceed %2 a pixel. The sphere
image sizes, actual sphere size, and known sphere coordinates can be used to generate 3D maps
of local resolution (R*, in mm/pixel) for each camera. An example of such a map is given in
Fig. 12a for Camera #1. The data shown in Fig. 12a can be scaled introducing the distance D
of any target point ( X, Y, Z) to a reference plane containing the camera perspective center O
and parallel to the image plane. Therefore, D can be expressed as:
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D =|aX + bY + cZ + d| (6)

with a, b and c, the coordinates of the normal n to the reference plane (calculated using Egs. 2
and 3):

a 721732 — 131722 (7)
n= [bl = |T31T12 — 11732
c 11722 — 121712
and:

d = _(aXO + bYo + CZO) (8)

It is seen in Fig. 12b that the scaled dataset collapses onto a straight line whose equation can
be easily implemented in the particle sizing code. Given this calibration methodology, the
primary source of uncertainty for the resolutions comes from the accuracy in identifying the
spherical targets edges which is typically performed at a + 1 pixel confidence level (the
corresponding iso-lines are shown in blue in Fig. 12b). Hence, the uncertainty depends on the
3D position of the target point considered and is at most 0.1 mm/pixel for points located the
farthest away (=~ 2.4 m) from the camera image planes.
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Fig. 12. Mapping of spatial resolution: (a) vs. 3D location in the control volume (bubble
diameter is proportional to actual resolution in mm/pixel, data is for Camera #1), (b) vs. scaling
distance D.
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3. Application to model firebrands in laboratory settings: validation cases

The system described in the previous sections has been tested in a series of validation
experiments using combusting (model embers) and non-combusting (white particles) objects.
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The following sections are meant to give an overview of typical tests performed to assess
proper implementation of the 3D tracking and sizing techniques.

3.1. Rotating firebrand stick

Proper 3D tracking is verified by monitoring the motion of a rotating punk stick, whose
glowing lit end serves as model firebrand. The setup is shown in Fig. 13. The punk stick
(53.5 mm exposed length, ~ 3.6 mm thick) is attached to a metallic arm (397 mm axis-to-axis
separation distance), itself mounted on the shaft of a gear box motor controlled by a DC power
supply. The centerline of the motor shaft is set to coincide with the origin of the global
coordinate system in the xz plane. After lighting the end of the stick, the angular velocity is
increased, and several rotations are observed until steady glowing is obtained. Data is then
acquired at 120 Hz during a set of two complete revolutions and sampled down to 12 Hz prior
to processing (total of 136 individual datapoints). The 3D-PTV measurements are compared
to the predicted trajectory of the model ember which is inferred from the known dimensions in
the experimental layout, defining the center of the model firebrand at mid height of the glowing
spot (its length slightly varies depending on the stick direction of motion with respect to the
camera observation plane but is taken to be constant and equal to 24.7 mm for simplification).
The prediction assumes that the tip of the stick describes a circular motion contained in a single
xz plane. In practice, the predicted trajectory encapsulates some level of uncertainty, likely on
the order of £ 5 mm in all directions, given unavoidable alignment errors due to the rather large
observation volume considered, and the assumption of a “particle” centroid positioned at
constant height.

y

&2

Fig. 13. Schematic representation of the rotating stick setup for tracking validation: (1) Motor
attachment arm; (2) Gear box motor; (3) Motor shaft; (4) Rotating arm; (5) Stick holder; (6)
Lit punk stick; (7) Optical table. The insert shows a picture of the actual setup taken with
Camera #3.

z
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The measured and predicted trajectory of the model firebrand are shown in Fig. 14a.
Overall, the agreement is found to be very good, with a measured radius and height of
396.2 mm £ 2.3 mm and 1526.9 mm £ 3.7 mm compared to the predicted values of 396.9 mm
and 1523.3 mm, respectively. Measured instantaneous velocities of the model ember are
compared to the predicted average over two turns in Fig. 14b. There is an excellent agreement
between the measurement average (44.3cms?! +1.9cm s?) and the predicted value
(44.3 cm s). The slight periodical variations of the instantaneous measurements (around the
constant predicted value) are true occurrences and are likely to be due to imperfections in the
rotating system (load/motor inertia match, system not perfectly rigid, etc.).
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Fig. 14. 3D-PTV measurements vs. predictions: (a) 3D trajectory and (b) velocity of end of lit
punk stick. Predictions refer to the actual path of the model firebrand (which can be inferred
initially from the known layout of all experimental components) and the calculated average
velocity over two turns, respectively.
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3.2. Vertical release of spherical particles

A total number of 110 quasi-spherical particles were randomly released in space and
time from a platform (50.8 cm x 76.2 cm) fitted with 19 equally distributed 16 mm diameter
holes. The platform is located ~ 1.65 m above the optical table (see Fig. 15). The particle set
included the following size classes (the particle count and effective diameter are provided
between parenthesis): 6 mm (38, 6.2 mm + 0.2 mm), 8 mm (36, 7.9 mm = 0.3 mm), 10 mm
(13,9.9mm £ 0.2 mm), 12 mm (10, 11.9 mm = 0.2 mm), and 14 mm (13, 13.8 mm + 0.4 mm).
These classes essentially belong to the lower end of the particle size spectrum that can be
investigated by the system described in Sec. 2. The size classes are specifically chosen in close
proximity to provide stringent testing conditions and demonstrate the system ability to achieve
fine size classification. Falling spheres were tracked and sized according to the methodologies
detailed in Sec. 2.

Suspended

Release platform

hole

Falling
spheres

Fig. 15. Setup for the particle sizing validation experiment (annotated cropped view from
Camera # 4).

Size distribution histograms are shown in Fig. 16a. Datasets for both measured
(“Airborne” in white) and known (“Sphere diam.” in black) sizes are compared (overlap shown
in gray). Measurements taken along the z and x axes are similar and agree relatively well with
the known sphere diameters. Note that a perfect match between the two datasets is not to be
expected given that the chosen class width (2 mm) is on the order of the smallest resolution
achieved (see Fig. 12b, ~ 1.6 mm/pixel in the back of the control volume) and that the unit area
for particle silhouette detection is 1 pixel. In the present case, it was noticed that, depending
on the view considered, nonuniform sphere surface area illumination could slightly bias the
contour detection towards the inner silhouette boundaries (i.e., -1 pixel as compared to visual
observations), which in turn explains the observed shifts towards the smaller size classes. On
the other hand, some of the measurements taken along the y-axis fall in size classes that are
well beyond the maximum sphere diameter. These overestimations are the result of a
nonsystematic artifact of the Visual Hull reconstruction: given a particle property (shape, size,
orientation and location within the control volume) and system layout (finite number of
cameras, cameras location in space), blind volumes, not carved by the silhouette projection
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cones, might remain and contribute to the artificial enlargement of the particle. This is
illustrated in Fig. 16b where a 3D reconstruction “worst case scenario” is presented for a
14 mm sphere bringing a contribution to the 20 mm class count of the Airborne y dataset.
Added volumes in the front (low y) and back (high y) of the visual hull are clearly seen by
comparing both known (blue) and reconstructed (red) sphere shapes. Similar observations were
reported by Kleinkort et al. [48] for a three- and a five-camera system.
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Fig. 16. Size distribution comparison: (a) known sphere sizes (Sphere diam.) versus
measurements (Airborne) along the particle y, z and x axes, respectively (All axes mentioned
are local to the re-oriented particle, size distribution overlaps are shown in gray); (b) Example
of a 3D reconstructed sphere shape and its projected boundaries (in red, single time step)
contributing to the 20 mm size class observed in the “Airborne y” histogram. Actual sphere
shape and its projected boundaries are shown in blue.
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Fig. 17. Size distribution comparison: known sphere sizes (Sphere diameter) versus mean of
the measured sizes along the x, y and z axes (Mean airborne dimension). All axes mentioned
are local to the re-oriented particle. Histogram overlap is shown in gray. Sphere diameter PDF
based on caliper measurements are superimposed (black lines, right vertical axis).
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Despite the limitations mentioned above, Fig. 17 shows that an exact sphere size
classification can be achieved based on the mean of the measurements along the x, y and z
axes. Strategies to improve the current sizing approach, especially improving the Visual Hull
reconstruction fidelity, are further discussed in Sec. 5.

4. Application to an artificially generated firebrand shower

4.1. Experimental layout and procedure

The emberometer was tested at the NIST National Fire Research Laboratory (NFRL).
The experimental layout and procedure, similar to those described in Ref. [53], are further
detailed below. The emberometer was set downstream of a firebrand generator, following the
arrangement shown in Fig. 18a. The generator, designed according to some of the
specifications given in Ref. [58], is operated to produce firebrand “showers” whose particle
number densities are visually consistent with field observations. The firebrand generator is
made of a centrifugal blower (Cincinnati Fan PB-9) connected in line with cylindrical
stainless-steel duct elements (149 mm 1.D.). Additional details regarding the duct assembly,
including the fuel load location and key dimensions, are provided in Fig. 18b. In the present
case, the fuel was made of Douglas fir cuboids (side lengths: 7.8 mm, 8.1 mm, and 12.9 mm,
+ 0.4 mm). The fuel moisture content was measured with a handheld moisture meter
(Delmhorst J-2000) and was confirmed to be less than 6 %.

y Exit plane |
| X
z
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Fuel load =
305
Ignition port
686
From blower — |II 322

(@) (b)

Fig. 18. Experimental layout for NFRL tests: (a) Top view of test setup, (b) Cross-sectional
view of firebrand generator duct assembly (all dimensions in mm).

The test with firebrands was run as follows: (1) 350 g + 1 g of pristine fuel was introduced
in the firebrand generator (see Fig. 19a); (2) the blower speed was set to 5 Hz and two propane
torches (Bernzomatic TS8000) were ignited and inserted slightly below the fuel batch, on
opposite sides. Ignition was maintained for 45 s; and (3) After 45 s, the propane delivery was
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stopped, and the blower speed was set to 20 Hz. Shortly after the blower speed adjustment, a
large flame settled at the generator output. The flame length slowly decreased until complete
flame disappearance after = 48 s. The first firebrands were produced ~ 16 s after the flame
onset, and generation continued for about 74 s. The analysis presented in the next section
concentrates on a 35 s time window (beginning 38 s after the flame onset), when the peak
production of firebrands occurred. Most landing firebrands were collected in aluminum pans
filled with water covering an area of about 2.4 m? and starting 0.56 m downstream of the
firebrand generator exit plane. Collected firebrands (999 count) were dried and their sizes
measured to provide an independent dataset for firebrand size distribution comparison. An
example of a cold ember image used for the 2D size analysis is provided in Fig. 19b.

3 ¥ ] 107 .
@.) Qe = .53 - ’ 101“17
‘%98 Q % i '!ﬁaoﬁﬂr QZ(

!
1363’31 47- ’69.77 g*’S*) 19
2o, l37 .51%0.71 ¢ e :os ‘9

(b)

Fig. 19. Firebrands: (a) pristine fuel batch loaded in firebrand generator vs. (b) cold firebrands
collected for 2D image size analysis (the multicolor bounding boxes are used to extract 2D
ember dimensions).

4.2. Results
4.2.1. Firebrand 3D tracking and firebrand flux metric development

Figure 20 shows an example of the four-camera views at t = 8.375 s. Particles tracked
in the current timestep are circled in red and their trajectories (in each 2D image plane) are
shown by the blue lines using tracking information computed during the previous timesteps.
Although more complex to implement than the “classic” stereoscopic setup, the quad-view
approach chosen in the present work is particularly suited to the firebrand problem: firebrand
visibility might vary significantly depending on the imaging angle (e.g., background
interference), therefore multiple views are highly desirable to ensure robust particle tracking.
This is illustrated in Fig. 20 where the trajectory of Particle #145 is found to be incomplete in
the image plane of Camera #1. This lack of information has no impact on the successful
reconstruction of its 3D trajectory since the information is not lacking in the other image planes
(hence photogrammetry principles, as described in Sec. 2.1, can be successfully applied). Note
that non-circled firebrands seen close to the firebrand generator exit on the camera view #4
have not entered the system control volume yet and are therefore not tracked.
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Fig. 20 Example of the quad view during operations (t = 8.375 s) with data processing
overlays: red circles and numbers: firebrand identifiers, blue lines: firebrand trajectories in
each image plane. Top left and right views taken from Camera #1 and #2, bottom left and right
views from Camera #3 and #4, respectively.

Fig. 21a shows a cumulated plot of 691 3D trajectories reconstructed in the present
case. The system allows for the characterization of a wide range of firebrand dynamics,
including low-velocity motion (< 0.4 m s) of small embers (air draft/lift force sensitive) as
well as projectile-like motion (> 4 m s?) of gravity-driven embers. An example of both types
of trajectories and velocity magnitudes is given in Fig. 21b.

The firebrand exposure can be quantified by monitoring the number of particles
crossing a reference surface of defined geometry and location within the experimental control
volume, therefore yielding a Cumulative Particle Count (CPC, unit: particles m?). In the
present case, the reference surface is a disk, whose center is located at X = -150 mm,
Y = 1000 mm, and Z = 0 mm and with a radius r equal to 200 mm (see Fig. 21a). Both location
and size of the reference surface are carefully chosen so that the characterization stays
representative of the exposure conditions met in the core flow. Figure 22 shows the CPC versus
time given the reference surface. The total CPC over the test period is close to 1281 particles
m2. The CPC time-resolved data can be used to derive the corresponding Particle Number
Flux (PNF, unit: particles m2s™), which represents a number of particles per unit surface area,
per unit time. It can be seen in Fig. 22 that the PNF peaks up to 111.3 particles m2statt=9s,
most values being within the 25-65 particles m s range throughout the test. At this point, it
IS important to recognize that both CPC and PNF distributions, such as reported in Fig. 22,
depend on the reference surface orientation and that the firebrand exposure perceived in the
core flow cannot be fully characterized on the basis of a single surface orientation. As an
example, a fictitious case, for which the firebrand flow is identical to the one described above,
but with additional firebrands with trajectories parallel to the reference surface shown in
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Fig. 21a, would yield identical CPC and PNF distributions, despite obviously different
exposure levels.
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Fig. 21. (a) Cumulated plot of firebrand 3D trajectories (trajectories are plotted with dotted
lines to enhance legibility. The red circle defines the perimeter of the reference surface chosen
for the particle number flux analysis, see Fig. 22. Center of the reference surface is located at
X =-150 mm, Y = 1000 mm, and Z = 0 mm and its radius is equal to 200 mm); (b) Examples
of reconstructed trajectories showing the range of firebrand dynamics resolved by the system
(inlay shows the corresponding velocity magnitudes, data is shifted horizontally so that the
first timesteps are matched). Note that the “slow” firebrand trajectory (blue line) does not show
on Fig. (a) since it is filtered out by the mean displacement operator (see Sec. 2.3.3).
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Fig. 22. Cumulative Particle Count and corresponding Particle Number Flux versus time
(derivations performed on a 30 timestep window, ~ 1s). The reference surface outline is shown
in Fig. 21a.
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A complete characterization of the exposure therefore implies mapping both CPC and
PNF distributions as functions of the reference surface orientation. To do so, the orientation of
the reference surface is gradually changed by fixed angular increments (keeping the center of
the surface constant — see additional details below) and the corresponding CPC/PNF datasets,
such as shown in Fig. 22, are retrieved. These can be used to generate a 3D histogram (see
Fig. 23), hereby referred to as “firebrand rose” (for its conceptual similarity with wind rose
graphics), which delivers a synoptic view of the firebrand exposure over the entire test duration
(in the present case, representative of the firebrand shower core). The properties of the arrows
that constitute the 3D firebrand rose are as follows:

1) orientation: indicate the reference surface orientation set by both polar (6) and
azimuthal () angles of the spherical coordinate system depicted in the insert of
Fig. 23; the reference surface lays in a plane parallel to the arrow top surface. The
center of the reference surface coincides with the origin of the spherical coordinate
system. The angular increment is 15° in all directions;

(2 length: total CPC over the entire test duration. The white circles in the sphere
median plane indicate CPC iso-lines and the corresponding values are provided.
The radius of the outer spherical mesh matches the highest total CPC in any
direction (i.e. 1329 particles m™).

3) colored bins: each arrow is divided in several bins whose colors correspond to the
PNF ranges specified by the color bar located to the right of the 3D histogram. The
length of each bin is proportional to the cumulative time for which a PNF in the
range indicated by the color was observed at the reference surface. The length of
an arrow represents 100 % of the test duration.

The firebrand rose displays an apparent symmetry about the xy plane of the spherical
coordinate system which is consistent with the experimental configuration and the fact that the
flow dynamics stay unchanged during the entire duration of the test. The most severe exposure
is obtained for orientations spanning (6 = 15°, ¢ = 225°-285°) where total CPCs up to 1329
particles m? are recorded. These orientations correspond to “optimal” situations where the
bulk of the firebrand trajectories is mostly normal to the reference surfaces considered. For
those cases, PNFs are higher than 40 particles m s for cumulated time periods exceeding a
third of the entire test duration. Taking the case (6 = 90°, ¢ = 270°), which corresponds to a
vertical surface parallel to the firebrand generator exit plane, the total CPC is found to drop
down to ~ 573 particles m?, with virtually no time period with PNFs higher than 40
particles m2 s, This comparison highlights the importance of scrutinizing the firebrand
exposure problem in 3D and hence the usefulness of the firebrand rose representation. This is
particularly relevant in practical situations whenever exposure severity assessment might be
desired, for instance investigating building components with various orientations in space (e.g.,
gable vents, decking elements, roofing elements, etc.). In addition, the firebrand rose
representation, because of its integrated format, is expected to facilitate comparisons between
firebrand shower exposures arising from complex field situations that would be otherwise
difficult to comprehend solely based on a 3D motion re-construction. These situations might
include strong multidirectional motions of firebrands caused by abrupt wind changes,
simultaneous lofting/deposition of small/large firebrands involving multiple generation spots,
etc.
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Fig. 23. 3D “firebrand rose” graphic applied to the case presented in Sec. 4. The 3D arrow
properties indicate the following: (1) orientation: orientation of the reference surface
considered (all references surfaces centered at X = -150 mm, Y = 1000 mm, and Z = 0 mm
with r =200 mm. Orientations are specified using a spherical coordinate system as depicted in
the upper right insert, using 15° angular increments); (2) length: particle number collected
per m? (total CPC) given a reference surface orientation (the radius of the outer spherical mesh
matches the highest number of particle collected, i.e. 1329 particles m2); (3) color-coded bin
width: percentage of the total test duration for which the reference surface considered
experiences a particle number flux magnitude included in the range specified by the color filler
(see color bar legend to the right).

4.2.2. Artificial versus real wildland firebrand exposure: a comparison

The time-resolved characterization of firebrand flows rendered possible by the present
system also sets an opportunity for assessing how realistic artificially-generated firebrand
fluxes are, with respect to prescribed or actual fire events. This is particularly relevant since
there has been a growing interest in using firebrand generators in recent fire studies (e.g., [59,
60]). However, it is generally unclear if the exposure levels generated match those encountered
in wildland/WUI fires and when looked at in more detail, the question is solely addressed
considering metrics that are uncorrelated with the firebrand flow dynamics and flux intensities
(e.g., particle projected area vs mass, see Ref. [58]). While one must acknowledge that field
data devoted to firebrand shower characterization is rather scarce at the moment, it is possible,
under certain conditions, to perform meaningful firebrand flux comparisons between
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artificially-generated and actual firebrand flows. An example is provided in the following by
considering the present case and the recent investigation of Thomas et al. [29], for which
firebrand generation was studied during a prescribed fire (the reader is referred to Ref. [29] for
details regarding the experimental configuration). In their work, the authors were able to
provide actual durations for the period of peak firebrand collection, and these were found to
vary between 67 s and 122 s depending on the collection site. These durations can be used,
instead of the more conventional “duration of collection” (defined in Ref. [29] as the time
elapsed between the arrivals of the first and last firebrands at monitored spots) to yield
conservative® firebrand flux estimates that are not biased by periods of low firebrand activity.
Doing so suggests that the highest firebrand flux experienced in Ref. [29] was at most
7 particles m? s, This exposure level can be compared to the one achieved in the present case
provided that the corresponding PNF (as defined previously) is extracted for matching
conditions: (1) the reference surface orientation matches a ground collection configuration, i.e.
(6 = 0°, ¢ = 0°); (2) the height at which the reference surface is located matches a collection
height of 120 mm (height of the collection cans in Ref. [29]). In the present case, data is not
directly available at this specific height, but the corresponding time-averaged PNF can be
extrapolated using PNF datasets obtained at various heights in the core flow to account for the
particle flow divergence. A PNF slightly higher than 24 particles m? s? is found, which is
more than 3 times the maximum exposure estimated for Ref. [29]. This result highlights the
need for proper characterization of artificially generated firebrand flows whenever specific
exposure conditions are to be replicated.

4.2.3. Firebrand 3D sizing

Figure 24 shows firebrand size distribution comparisons based on the emberometer
measurements (Airborne firebrands, white histograms) and the measurements taken on the
firebrand population collected in the water pans (Collected firebrands, black histograms). In
the latter case, given the 2D nature of the size analysis (see Fig. 19b), only two dimensions,
respectively labelled Collected y and Collected z, are used for the comparisons. Results
pertaining to the combusting cuboids case detailed in the present section are displayed in the
column (a). Results obtained for combusting sticks (pristine particle diam.: 6.6 mm £ 0.3 mm,
length: 50.6 mm = 0.1 mm) detailed in a preliminary study [53] are displayed in the column (b).
The side by side comparison of the size distributions obtained for fuel batches with drastically
different particle geometries allows to build confidence in the approach by identifying common
areas of success and failure. It can be seen in Fig. 24 that the firebrand size distributions agree
very well for two of the firebrand dimensions considered: the longest dimension, measured
along the particle y-axis (1% row of Fig. 24) as well as one of the smaller dimensions (airborne
x — see 3 row of Fig. 24). This agreement is remarkable given the very narrow size class width
selected (1 mm). Size distributions along the particle z-axis (2" row of Fig. 24) suggest
however that some of the emberometer measurements overestimate the actual firebrand size in
this specific direction. This discrepancy, observed for both combusting cuboids and sticks, is
the result of the nonsystematic artifact affecting the particle 3D reconstruction, as described
earlier in Sect. 3.2. Note that in the present case, particle shrinkage due to combustion is not
likely to be a factor that could explain the mismatch of the z-axis distributions, since the
average flight time of a particle from the center of the control volume to the ground is on the

5 The total number of firebrands collected for the entire duration of collection is used since no count of
firebrand is provided for the firebrand shower peak events only.

33



order of 0.3 s. Particle breakage is also unlikely to play a significant role since size distribution
in the other directions would have been equally affected.
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Fig. 24. Firebrand size distributions measured by the 3D-PTV/PSR system (airborne
measurements, in white) versus 2D ground collection analysis (water-quenched embers, in
black), histogram overlap is shown in gray; case (a): combusting cuboids, case detailed in
Sec 4; case (b): combusting sticks, results taken from Ref. [53] and re-plotted for ease of
comparison. Schematics in the first line provides an example of particle orientations used for
sizing operations.
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5. Final Remarks

While the discussion provided in Sec. 4.2 essentially tackles the firebrand shower
exposure in term of number fluxes, the ability of the system to resolve individual particle
volumes permits mass flux estimations provided that a particle average density is known. This
knowledge could be inferred from previous firebrand studies, e.g. [61, 62]. Alternatively,
investigating possible scaling relations between the mass of a particle and its morphological
attributes might be rewarding: Tohidi et al. [63] pointed out that the mass and surface area of
cylindrical firebrands produced from the burning of coniferous trees were correlated and this
result was used in Ref. [26] to yield mass flux estimates. Since the approach developed in this
work allows for the use of complex 3D particle shape descriptors, developing an analysis
similar to that presented in Ref. [63] and that would include some of these descriptors, deserves
further scrutiny. In a real WUI fire context, the unknown nature of the firebrands (vegetative
and/or structural matter) and their unknown thermal history (char vs pristine fuel content)
renders accurate mass flux estimates extremely challenging.

As discussed in the course of this work, the performance of the Visual Hull technique
is related to a broad range of factors (particle- and system-specific). Among these, the camera
3D positions and their orientation angles play an essential role. While the present camera layout
has been selected to ensure system compactness (enhanced portability for deployment) and
minimize measurement intrusiveness, it does not necessarily lead to the smallest hull
reconstruction errors. Bringing one of the cameras away from the current acquisition plane can
substantially improve the reconstruction process. This is illustrated in Fig. 25 where a fictitious
spherical particle (25.4 mm diameter) is moved across the control volume and its visual hull
systematically reconstructed. The operation is performed for two different positions of
Camera #4, including its original position (0.934 m, 0.312 m, 1.24 m) and a new “out-of-
plane” position (0.934 m, 1.033 m, 0 m) located to the right end side of the system control
volume. The normalized particle volume (ratio of the reconstructed to the actual volume) is
plotted as a function of the effective distance D, defined as the average of the distances from
the camera perspective centers to the center of the particle. It can be seen in Fig. 25 that most
of the datapoints for the new Camera #4 location are contained below the 15 % volume
overestimation level. This constitutes a marked improvement as compared to the results
obtained for the original location (see inlays in Fig. 25 showing examples of reconstructed
hulls). Future work will focus on optimizing camera placements to reach optimal hull
reconstruction accuracy while maintaining system portability/non-intrusiveness. Some of the
criteria proposed by Forbes in Ref. [44] will be further investigated.

For a chosen camera configuration (finite number of cameras, known camera locations
and known optical arrangement), the accuracy of the Visual Hull approach only depends on
the particle specifics, i.e. the shape and size of the particle, its position within the monitored
volume and its orientation. Except for the 3D position, these characteristics are unknown a
priori for a random particle in motion, hence the extent to which the visual hulls are affected
by reconstruction artifacts, as described in Sec. 3.2, is also unknown. Better understanding
reconstruction errors introduced at each time step is essential to correct/remove any bias
affecting the particle outline plots and, in fine, increase particle sizing robustness. Based on
the discussion above, it is clear that the particle sizing methodology developed here could
greatly benefit from the following iterative approach involving particle shape classification:
(1) the methodology detailed in Sec. 2.4 is applied. The particle visual hull is reconstructed at
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each time step and the particle cumulative outline plots, as shown in Fig. 11b, are generated:;
(2) Similar to the work described by Rajagopalan et al. [47], relevant 2D/3D particle shape
descriptors are applied to the outputs of Step 1 and the results are fed to a particle shape
classifier adequately trained using supervised learning; the particle shape is matched to that of
a generic class (e.g., sphere, quasi-equant, platelet, stick, etc.). A look up table for the
measurement errors would be pre-computed by performing series of visual hull reconstructions
of a representative fictitious particle, with the particle 3D position, orientation and a size
magnification factor as input variables. The metric considered could be the particle volume
(hence the data contained in the look-up table would be similar to that shown in Fig. 25 for a
sphere) or the particle characteristic sizes, as addressed in the previous sections. (3) The shape
of the studied particle being now identified, the proper look-up table can be selected, and the
hull reconstruction quality assessed at all timesteps. Data processing strategies to minimize the
influence of the reconstruction artifacts can then be applied. These include, for instance,
discarding particle hulls that are likely to be prone to substantial reconstruction errors or
developing sets of correction factors for the metric considered; (4) Final particle measurements
are extracted from the high-fidelity output of step 3. The validity and ease of implementation
of such an approach needs further confirmation. Some of the Machine Learning tasks involved
in step 2 (e.g., training of the shape classifying algorithm using real firebrand populations)
would require dedicated field data collection.
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Fig. 25. Normalized volume (ratio of the reconstructed Vmeas to the known Vire volumes)
versus D (average of the distances from the camera perspective centers to the particle center)
for a 25.4 mm fictitious sphere walked through the system control volume. Black dots:
Camera #4 coordinates are (0.934 m,0.312 m, 1.24 m) — original position; gray dots:
Camera #4 coordinates are (0.934 m, 1.033 m, 0 m) — new position. Figure inlays show actual
(blue) and reconstructed (red) volumes over imposed.
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6. Conclusion

A new three-dimensional (3D) measurement diagnostic tool, devoted to the
characterization of airborne firebrands in the context of wildland and Wildland-Urban Interface
(WUI) fires, has been developed. This tool, referred to as “emberometer”, merges the following
two imaging techniques: 3D Particle Tracking Velocimetry (3D-PTV), allowing for the time-
resolved mapping of firebrand trajectories, and 3D Particle Shape Reconstruction (3D-PSR),
used to build 3D models of individual firebrands based on the Visual Hull concept. This
emberometer, designed as a self-contained/field-deployable system, offers the possibility to
study time-resolved firebrand fluxes and firebrand size distributions to the full extent of their
three-dimensional nature, for the first time removing the limitations of the ground collection
approach.

The methodologies used in the present work were first validated in laboratory scale
experiments, two of which have been reported herein: (1) a particle tracking validation,
involving a setup with a lit punk stick with known trajectory and speed, and (2) a particle sizing
validation, performed on a series of randomly released spheres (gravity-driven motion) with
known diameters. In both cases, measurements were found to closely agree with the benchmark
values, with the exception of the sphere size distribution along the particle y-axis for the sizing
validation (measurement overestimation). The observed discrepancy was traced back to the
presence of extra volumes along the y axes of the particle hulls, a reconstruction artifact due to
the current camera layout.

The emberometer was applied to a firebrand shower artificially generated at NIST
National Fire Research Laboratory. The motions of nearly 700 firebrands were successfully
reconstructed in 3D over a narrow time frame (35 s). The system was able to resolve a wide
range of firebrand dynamics, with particle velocities ranging from tens of cm s to several
m st A novel 3D graphic representation that provides a synthetic view of the firebrand
exposure magnitude was introduced. This representation incorporates both the Cumulative
Particle Count (CPC, particles m?) and Particle Number Flux (PNF, particles m? st) as
orientation-dependent metrics, and hence is expected to facilitate exposure comparisons across
different experiments. Its usefulness was illustrated by comparing the exposure level achieved
in the present case to that of an experimental outdoor fire. Firebrand size distributions were
also investigated and compared to a case previously discussed. Results showed that excellent
agreement between the airborne (emberometer) and ground collection approaches is generally
achieved for two of the three firebrand characteristic dimensions. However, size distributions
for the third dimension were found to be skewed towards larger sizes, which was attributed to
the Visual Hull reconstruction artifact previously mentioned. Strategies to minimize this
artifact, by modifying the current camera layout and performing systematic firebrand shape
classification, were detailed.
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Appendix A — Estimation of Variable Uncertainties

Table A1 Uncertainty estimates for the main variables considered in the present work. All estimates provided correspond to
expanded uncertainties with a 95% level of confidence or greater.

Variable

Particle 3D
position
X, Y, 2)

Particle speed

Cumulative
Particle Count
(CPC)

Particle
Number Flux
(PNF)

Particle size

Uncertainty

+1.5mminall
directions

1%

-0%,+4%

-0%,+4%

+ 2 mm (x- and y-axes)

-5 mm, + 0 mm (z-axis)

Notes

Estimated during the spatial calibration procedure.
Assumes uniform pixel intensity across particle silhouettes (i.e., no bias in particle centroid detection).

Major contribution arises from particle positioning uncertainty (negligible temporal shifts).
Applies to most common firebrand trajectories discussed in Sec. 4.

Major contribution arises from broken particle trajectories (negligible temporal shifts).

Occurrence of broken trajectories assumed to be random in space and time.

Value might be affected if experimental conditions significantly deviate from the current ones (e.g.,
change in tracking efficiency).

Same as above.
Valid given a fixed temporal derivation window.

Applies to the measurements given in Fig. 24a (cuboid firebrands).
Uncertainty to depend on particle size/shape and motion, therefore, requires case by case consideration.
z-axis measurements are affected by the Visual Hull reconstruction artifact.
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