[bookmark: _Hlk126239246]Coherent Laser Ranging of Deforming Objects in Fires at Sub-Millimeter Precision
Matthew S. Hoehlera*, Artur Chernovskyb, Matthew F. Bundyc, Esther Baumannd,e
aNational Institute of Standards and Technology, 100 Bureau Drive, Gaithersburg, USA, matthew.hoehler@nist.gov 
bNational Institute of Standards and Technology, 100 Bureau Drive, Gaithersburg, USA, artur.chernovsky@nist.gov
cNational Institute of Standards and Technology, 100 Bureau Drive, Gaithersburg, USA, matthew.bundy@nist.gov 
dNational Institute of Standards and Technology, 325 Broadway, Boulder, USA, esther.baumann@nist.gov
eDepartment of Physics, University of Colorado Boulder, Boulder, USA,
*Corresponding author 

Highlights: 
Coherent laser ranging to capture three-dimensional point clouds of objects in fires
Position uncertainty due to beam steering caused by flames is characterized
A method to increase position precision while ranging through fire is implemented
Case studies for structural connection and vegetation response to fire are provided

Abstract: 
Light Detection and Ranging (LiDAR) is a powerful tool to characterize and track the surface geometry of solid objects. In a fire, however, no method has excelled at measuring three-dimensional shapes at millimeter precision while offering some immunity to the effects of flames. This paper applies coherent Frequency Modulated Continuous Wave Light Detection and Ranging to capture three-dimensional measurements of objects in fire at meters of stand-off distance. We demonstrate that despite the presence of natural gas flame depths up to 1.5 m obscuring the target, measurements with millimeter precision can be obtained. This is a significant improvement over previous work making the technique useful for many fire research applications. An approach to achieve sub-millimeter precision using spatial and temporal averaging during post-processing is presented. The technology is demonstrated in case studies of structural connection and vegetation response in fires.
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1. Introduction
This study presents coherent laser ranging as a measurement method to capture three-dimensional (3D) shapes meters away with high precision in all three spatial dimensions (X, Y, and Z) and a frame rate suitable for many fire research applications. This technique provides new possibilities to characterize the position and geometric change of objects engulfed in fires. Such measurements are critical to study the influence of fire on structures and to identify research, technology, and regulatory needs to improve structure performance [1–4]. Such measurements are also of interest to determine flow resistance through vegetation canopy [5–7] where volumetric loss measurements are vital but so far cannot be obtained by existing means during the burning process.
McAllister [8] includes a review of methods used to measure displacement in structural test assemblies under fire conditions used at major fire testing laboratories around the world. Typically, single-point displacement of a structural member is measured using an electro-mechanical sensor located outside of the heated zone with a temperature-resistant probe extending into the fire. This approach is limited to pre-selected points on an object and may be subject to significant error caused by the thermal expansion of the probe. While measurements can be made of objects before and after a fire using conventional Light Detection and Ranging (LiDAR) [9–11] or photogrammetry [12,13], it has historically been challenging to find a method that can capture in situ an object subjected to flames and measure 3D shape and motion with sufficient precision. 
While laser-based methods have had success to measure single point distance through hot environments and even flames [14–16] or imaging through smoke and flames using far-infrared digital holography [17], preliminary results for coherent Frequency Modulated Continuous Wave (FMCW) LiDAR [18] are promising for applications where high-precision is required. However, past studies [18] were limited to small (50 mm) flame depth. Three key impediments to using laser-based sensors to measure displacement in the presence of fire are detector sensitivity to thermal radiation emitted by the flame and target, refraction of the laser beam by the heated gasses, and extinction of the beam by airborne particulate (soot) [14]. These effects become more challenging as fire size increases.
FMCW LiDAR systems obtain range measurements by mixing the light returning from a target with a local copy of the frequency modulated laser beam. The frequency of the detected mixed light is proportional to the time-of-flight difference between the local oscillator path and the target light path, and a range is obtained by applying the speed of light in the medium. 
Coherent laser ranging in the form of FMCW LiDAR has excellent performance for capturing  3D point clouds at meters of stand-off distance at micrometer ranging precision, and high ranging resolution which is given by the laser frequency modulation bandwidth [19,20]. It can capture multiple targets in one ranging scan, has inherent immunity against erroneous signal detection due to the heterodyne nature of its ranging against a local oscillator path, and has very high photon efficiency [20–24]. The immunity against erroneous signal detection makes the technique insensitive to errors caused by thermal radiation emitted by the flame and target. However, the performance when capturing 3D point clouds through fire is impacted by the refraction of the ranging beam due to the flames and a high soot environment will attenuate the laser light.  Here, we investigate the first effect in relatively clean-burning natural gas-fueled fires up to 600 kW. 
Looking forward, a test bed that measures 3D and volumetric shapes with high and repeatable precision during large, controlled fires will have a significant impact on our understanding of thermal-mechanical interaction, specifically geometry changes, resulting from heating. Data obtained using this approach can be used for computational model verification and materials characterization.

2. Laser Ranging Setup to Capture 3D Point Clouds in Large Fires
Figure 1 shows the typical measurement setup located under an exhaust hood. In this example, the target is placed behind the flames. The FMCW LiDAR system, hereafter FireLiDAR, is placed on an optical table separated from the burner by a heat shield made of 16 mm thick gypsum board covered with a 13 mm thick thermal ceramic fiberboard. The laser ranging beam exits the heat shield through a 100 mm × 100 mm × 6 mm (length × height × thickness) quartz glass window. The glass prevents convective heat from reaching the optics. Quartz has a low coefficient of thermal expansion that resists thermal strain-induced fracture and offers high transmittance at the ranging optical wavelength (1550 nm) of the FireLiDAR. Moreover, quartz glass has low transmittance at wavelengths above 3000 nm which filters out unwanted radiant energy emitted by the fire. A significant advantage of the FMCW LiDAR technique is its intrinsic ability to discriminate different semi-transparent targets in the ranging beam path. Therefore, it is straightforward to remove any signal from a filter like the quartz window in the beam path from the data.
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[bookmark: _Ref124701674][bookmark: _Toc126335873][bookmark: _Toc126515800][bookmark: _Toc126590958][bookmark: _Toc126595703][bookmark: _Toc126744536][bookmark: _Toc126751904][bookmark: _Toc126756809][bookmark: _Toc126763985][bookmark: _Toc135061047][bookmark: _Toc135069681][bookmark: _Toc135119720][bookmark: _Toc135124118][bookmark: _Toc135664940][bookmark: _Toc135745827][bookmark: _Toc136373978][bookmark: _Toc136595054][bookmark: _Toc136603258]Figure 1: Photograph of the FireLiDAR behind a heat shield. The system is capturing a 3D point cloud of a 120 mm × 50 mm target placed at a 6 m stand-off distance. An approximately 90 cm wide natural gas fire is present in the ranging path.

A photograph of the FireLiDAR ranging instrumentation is shown in Figure 2. The laser ranging and detection system is a commercial, fiber-based, SLM-IM unit from Bridger Photonics, Inc.[footnoteRef:2],[footnoteRef:3] emitting light around an optical wavelength of 1550 nm. After exiting the polarization-maintaining PM-1550 fiber, the light passes through a collimator into a free-space beam expander designed to focus the light onto targets at a distance between 2 m and 8 m. During ranging measurements, photons that are diffusely reflected from the target are collected by the same beam expander and coupled into the fiber for range calculation by the ranging unit. The beam expander free-space aperture is 40 mm. Given the current optics, at a 6 m stand-off, the depth of field, or Rayleigh range, where photons are most efficiently collected from a target, is approximately ±80 mm for a focused beam of 0.4 mm 1/e2 diameter. [2:  Commercial products are identified in this paper to specify the procedures employed. In no case does such identification imply endorsement or recommendation by the National Institute of Standards and Technology (NIST), nor does it indicate that the products are necessarily the best available for the purpose.]  [3:  The standard SLM-IM unit was upgraded from a 1 kHz measurement rate and maximum range of 2 m [18] to a 4 kHz measurement rate and maximum range of 8 m by the manufacturer at the authors’ request.] 
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3D point clouds are acquired by rastering the ranging beam across the target using a steering mirror; see Figure 2. To achieve timing synchronization between the ranging beam measurements and the steering mirror position, both signals are sampled at 4 kHz using an external trigger pulse. Each data point, consisting of a range measurement and a corresponding mirror position is timestamped for synchronization during post-processing. Corrections for the spherical distortion caused by the rastering of the mirror are initially characterized with a known geometrical target and applied when processing the measured 3D point cloud.
The 3D image frame rate is critical when characterizing deforming objects in a fire. The image frame rate is governed by the size of the region of interest (ROI), the image resolution (measurement point density), and the measurement rate. The rastering pattern to map a target can be prescribed using the steering mirror input voltage. For the studies in this paper, the authors use a sawtooth function in the Y-direction and a sine or triangle wave in the X-direction. Care is taken to not scan across an object too fast to avoid moving speckle noise [18,20] that can occur when the beam moves more than one-half of the focused spot diameter during a single sample; e.g. for a 0.4 mm spot diameter at 6 m distance, a roughly 36 cm distance can be scanned (one full cycle) in the X-direction in 1 s given the range measurement rate of 4 kHz. Different raster scanning optics could alleviate this limitation.
The fire sources are natural gas diffusion burners. For experiments where the target is placed behind the fire, an array of up to five 30 cm × 30 cm burners (long direction along the ranging beam path) are used. Each of the burners can be ignited separately to vary the fire length and pattern in the laser ranging path. For experiments where the target is directly engulfed in the fire, a single 1 m × 0.5 m burner is used. Natural gas fires are frequently used for large-scale experiments in the National Fire Research Laboratory (NFRL) where these experiments are conducted, due to their ease to be controlled, characterized, and extinguished, and importantly here, are relatively clean burning. Coherent laser ranging will degrade significantly with the presence of soot in the ranging beam path. 
[bookmark: _Hlk135080666][bookmark: _Hlk135080721]The stand-off distance between the FireLiDAR and the target is a tradeoff between preventing thermal damage to the FireLiDAR optics (overheating of the mirror steering mechanism) and having sufficiently precise 3D measurements. Total heat flux measurements made using a water-cooled Schmidt-Boelter sensor (Medtherm 64-1-20) at the steering mirror position are below 0.5 kW/m2 for a 300 kW natural gas diffusion fire with a 90 cm × 30 cm rectangular base centered 2.5 m from the steering mirror. The largest fires investigated are 600 kW located 5 m from the steering mirror. Sustained total fluxes below 1 kW/m2 are deemed to be acceptable but the limits of performance are not studied.

3.  Results
3.1 Effects of fire volume on coherent laser ranging
It has been shown that laser ranging is affected by the presence of flames in the beam path; first by beam steering (or refraction) due to the air density changes in and around the flames and second, from the loss of photons due to soot [14,18,25,26]. Here we study the impact of both these effects on the FireLiDAR at a larger scale.
We first consider the achievable statistical precision in the extracted range measurements based on the collected return from a diffusely reflecting target. Considering a range precision of 10 μm to exceed the demands for the below-described applications, we can set a signal-to-noise ratio (SNR) limit of 20 dB to the range signal. This limit is based on the ranging-system parameters, like the required range precision, and the fact that the authors observed that most range signals, even in the presence of flames, exceed a value of 20 dB. Figure 3 depicts the influence of 1.5 m of natural gas flames on the ranging precision using modified Allan deviations obtained at a 6 m stand-off distance and ranging to a single location on a static target. The figure shows that sub-millimeter ranging precision is achieved, and time averaging reveals a range precision of 10 μm at 0.5 seconds. That is, a maximum of 10 μm precision could be achieved if 0.5 s of data could be averaged at each measurement location, i.e., this is the best achievable performance for the FireLiDAR system under these conditions.

[bookmark: _Ref124785436][bookmark: _Toc135119722][bookmark: _Toc135124120][bookmark: _Toc135664942][bookmark: _Toc135745829][bookmark: _Toc136595056][bookmark: _Toc136373980][bookmark: _Toc136603260]Figure 3: Range precision (modified Allan deviation) obtained when measuring through 1.5 m of flames to a single location on a static target 6 m away (range measurements with a signal-to-noise ratio below 20 dB are omitted in this calculation). 

We next consider the impact of the increasing fire depth on the range measurement. Figure 4a shows a schematic of an experimental setup where a target is placed behind an array of five 30 cm × 30 cm natural gas burners centered 2.5 m from the steering mirror. The target is at a 6 m stand-off distance, and we measure to a single point on a stationary brushed aluminum plate first in the absence of flames and then while increasing the fire volume in the ranging beam path by igniting each of the five burners consecutively. Thus, once the first burner is ignited there are approximately 0.3 m of flames centered 1.75 m from the steering mirror. When all burners are ignited there are 1.5 m of flames in the beam path. 
Figure 4b shows the impact of the increasing fire depth on the range measurement (Z). The most obvious impact is that when the first burner is ignited and the ranging is performed through flames, the obtained range measurements become significantly noisier; this is due to beam steering [27]. The range scatter however increases only marginally when subsequent burners are added to the ranging beam path. The range scatter decreases abruptly after the burners are extinguished; however, it takes time to return to the pre-fire level because the burners, and the air above them, remain warm and turbulent. A second impact of the fire is the immediate drop in the extracted mean range value, consistent with the immediate drop in refractive index when the environment becomes hot due to the fire. This mean offset increases as the subsequent burners are ignited however the total offset remains less than 200 μm with all five burners ignited. Simultaneously, there is a slow thermal expansion in the measurement setup, most probably thermal bending of the target away from the heat, that counteracts the shorter measured optical range and becomes the dominant feature when the fire is extinguished, where the extracted range is slightly above the pre-burn value. 
The authors also investigate the loss of valid range measurements. As explained above, for these performance characterization experiments we set a SNR cut-off based on the required range precision to 20 dB. This determines the lower limit on the signals recorded by the FireLiDAR system. From the acquired signal, invalid measurements, defined as a range of zero, are set to not-a-number (NaN). The loss percent is the NaN count divided by the number of samples during 120 s (480 000 samples) of steady state heat release rate; the shaded regions in Figure 4b.
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Figure 5 and Table 1 summarize the effects shown in Figure 4. Before burner ignition, the mean range distance is (6012.44±0.012) mm. The addition of the first flame interface has the largest impact on the ranging measurement. This agrees with previous findings [14] that the standard deviation, or range measurement scatter, is mostly affected by the first flame interface the ranging laser beam intercepts and the position of this interface with respect to the target. The mean range value drops by 0.06 mm (consistent with refractive index change due to a hotter environment) and the standard deviation increases to ±0.174 mm. Additionally, 2.2 % of the signal is lost. By igniting additional burners in the ranging beam path, the mean offset and standard deviation increase compared to the pre-fire case but remain well below 1 mm, and the maximal range outliers are at millimeter-level precision. The amplitude of this fire-induced ranging error is acceptable for many fire research applications as illustrated later in the paper. Critically, the distribution of the scatter is largely normally distributed which allows for a reduction of the range uncertainty as discussed in the next section.
The above findings are for clean-burning natural gas fires. While the impact due to refractive index change should be similar for different fires, soot, which is negligible here, will have a big impact. As is indicated in Table 1, signal loss is dominated by the first interface of flames, adding up to 1.5 m only amounts to a sub-percent additional loss attributed to soot. This method is not expected nor intended to work in sooty fires, however.
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[bookmark: _Ref126241043]Table 1. Signal loss, mean range, and standard deviation for 120 s (480 000 samples) of range measurements at steady state heat release rate.
	Test phase
	Total flame depth
[cm]
	Signal loss
[%]
	Mean range
[mm]

	[bookmark: _Hlk126241238]Pre-Fire
	0
	0.0
	6012.44 (±0.012)

	Burner 1 
	30
	2.2
	6012.38 (±0.174)

	Burner 2
	60     
	2.7
	6012.36 (±0.219)

	Burner 3
	90     
	2.9
	6012.34 (±0.253)

	Burner 4
	120     
	3.1
	6012.30 (±0.280)

	Burner 5
	150     
	3.1
	6012.24 (±0.300)

	Post-Fire
	0    
	0.6
	6012.51 (±0.049)



3.2 Reducing the impact of fire on range measurements using spatial averaging
In the previous section, the authors showed how the fire increases the scatter (standard deviation) of the FireLiDAR range measurement and that this scatter is normally distributed. Hoehler [14] showed that for single point distance measurements if the movement of the target object is slow relative to the flame flicker frequency – typically 10 Hz to 20 Hz (0.1 s to 0.05 s) for diffusion flames [28] – time averaging of the signal can reduce measurement uncertainty without significant loss of information about the target position. The averaging window must include a sufficient number of uncorrelated samples; i.e., samples that are farther apart in time than the inverse of the flicker frequency.
For 3D imaging using the FireLiDAR, the authors apply the above insight to improve image quality through a combined spatial and temporal averaging process depicted in Figure 6. In this example, we scan over a profiled metal plate without any fire. The FireLiDAR rasters in the horizontal (X) direction with a triangular wave at 0.5 Hz and in the vertical (Y) direction with a sawtooth function at 0.01 Hz (Figure 6a). Thus, the complete scan over the target (one frame) shown in Figure 6b takes 100 s to capture and has 400 000 points. Zooming in on a region of interest at the center of the plate, Figure 6c shows that if one overlays the range measurements with a 1 mm grid, there is one pass of the ranging beam in the X-direction per grid point tributary area (grid cell). For the mirror raster speed used, the ranging beam traverses the 1 mm grid cell in 0.007 s, which is shorter than the flame flicker duration, and the refraction effects for the data points in each grid cell are highly correlated and spatial averaging does not reduce the range uncertainty. If we increase the grid size to 5 mm (Figure 6d), there are four to five passes across each grid cell where each pass takes 0.03 s and occurs staggered in time because the lasers sweeps across the full target before returning to that grid cell. Spatial averaging across the 5 mm grid cell will reduce range uncertainty. However, the larger grid cell reduces the in-plane resolution of the point cloud. Thus there is a tradeoff between the increase in precision of the range measurement in the out-of-plane (Z) direction and the spatial resolution in the in-plane (X,Y) direction. For very slow-moving or stationary targets, one can perform multiple scans over the same area and reduce the uncertainty of the range measurement without affecting the in-plane spatial resolution of the point cloud. Optimization of the raster pattern and grid cell shape to maximize ranging precision with minimum in-plane resolution loss was out of scope for this study but recommended. 

[bookmark: _Ref126330171][bookmark: _Toc126335878][bookmark: _Toc126515805][bookmark: _Toc126590963][bookmark: _Toc126595708][bookmark: _Toc126744541][bookmark: _Toc126751909][bookmark: _Toc126756814][bookmark: _Toc126763990][bookmark: _Toc135061052][bookmark: _Toc135069686][bookmark: _Toc135119725][bookmark: _Toc135124123][bookmark: _Toc135664945][bookmark: _Toc135745832][bookmark: _Toc136373983][bookmark: _Toc136595059][bookmark: _Toc136603263]Figure 6: Scan over a stationary 2D profiled plate in the absence of fire: (a) photograph of the plate annotated with a schematic of the scan path, (b) 3D scatter plot of the scanned area, and region of interest (ROI) showing grid points (×) and the associated range measurements for (c) a 1 mm grid (42 samples per grid cell on average), and (d) a 5 mm grid (520 to 650 samples per grid cell).

Figure 7 demonstrates the averaging technique applied to a 120 mm × 50 mm × 25 mm (width × height × depth) stepped aluminum block. Figure 7b shows a single scan over the block at 6 m without fire. The features on the block can be distinguished to a precision of 50 μm depth. When one places 90 cm of flames in the beam path (see Figure 1) and scans over the block five times one can make out the features with a depth larger than 1000 μm in the raw data (Figure 7c). The decrease in precision is due to the beam steering by the flames. Figure 7d,e show grid averaging of the five scans at 0.5 mm and 1 mm grid spacing. The features in the Z-direction become visible and one can see features with a depth larger than 100 μm; a ten-times improvement. The out-of-plane (range) precision can be seen more clearly in Figure 8 which shows a cross section along the block for the cases without fire and for 90 cm of flames in the beam path with and without grid averaging. It can be seen how the averaging improves the range (Z) resolution but at the cost of loss of the in-plane (X, Y) resolution. The tradeoff is dictated by the application requirements and can be set by the user during post-processing. 
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[bookmark: _Ref135665145][bookmark: _Toc135664947][bookmark: _Toc135745834][bookmark: _Toc136373985][bookmark: _Toc136595061][bookmark: _Toc136603265]Figure 8: Points along a 1 mm wide cross section in the Y-direction: (a) a single scan without fire, (b) five scans with 90 cm of flames in the beam path without averaging, and (c) data from the 0.5 mm grid averaging with fire present.

3.3 Case Study: Structural connection in 500 kW fire
In this case study, the authors use the FireLiDAR to measure the time-varying response of a bolted structural connection in a fire. Figure 9a shows the test setup in which the connection assembly is rigidly supported approximately 80 cm above the center of a 1 m × 0.5 m natural gas diffusion burner; the second burner to the left in the photo is not ignited. The structural assembly (Target) consists of a 35 cm long aluminum American Institute of Steel Construction (AISC) S4×7.7 beam connected to an aluminum S8×18.4 girder using a 6 mm thick aluminum L-angle with two 10 mm diameter bolts on each leg. A 4.5 kg mass (Load) is suspended from the tip of the assembly. The burner is ignited and increased to a sustained heat release rate of 500 kW. 
The assembly is engulfed by flames (Figure 9b). A narrow-spectrum illumination imaging technique [29] is used to see the connection more clearly through the flames (Figure 9c), however, does not provide 3D point clouds. 
The target is placed at a 5 m standoff and a 180 mm wide by 120 mm high region is mapped by the FireLiDAR. The ranging beam is rastered in the horizontal (X) direction with a sine wave at 3 Hz and in the vertical (Y) direction with a sawtooth function at 0.03 Hz providing a frame duration of 33.3 s. The resulting point clouds captured shortly after fire ignition (Frame 4), 433 s after ignition (Frame 17), and just before fire extinction at 800 s (Frame 28) are shown in Figure 10 along with corresponding snapshots extracted from the video footage. The geometry changes of the assembly as the horizontal beam rotates and the bottom flange contacts the web of the girder (Frame 17) and the subsequent prying of the L-angle (Frame 28) can be observed. The maximum standard deviation of the range measurements within a 1 mm2 area when the fire was present is 109 μm; this provides an estimate of the fire-induced beam steering. No spatial averaging is used for the generation of the point clouds in this example.
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Following the experiment, measurements of geometry changes are extracted from 3D point cloud data. Figure 11 tracks the displacement of the top corner of the horizontal beam (indicated by the star symbol in Figure 10) in the longitudinal (X-direction) and out-of-plane (Z-direction) relative to the position before the ignition of the fire. The tracking is achieved using automated feature detection routines in MATLAB®. A volume of interest is selected around the desired feature that is sufficiently large to contain the feature as it moves during the experiment. The points within this volume are extracted for each frame, denoised to remove outliers more than half a standard deviation in distance from the 6 nearest neighbors, and then downsampled to speed processing. The points in each volume are segmented into clusters based on Euclidean distance, thereby producing distinct features. The edge of these features is tracked for each frame. Figure 11a shows that the relative displacement in the longitudinal direction increases slowly after ignition and the displacement rate increases after Frame 16 when the lower beam flange contacts the girder web. For measurements of the feature location before ignition, the position variation is governed by the uncertainty of the FireLiDAR position measurement and the automatic feature picking that selected slightly different data points in each frame to track. The FireLiDAR position measurement uncertainty roughly doubled with the addition of the flames (less than 50 cm in beam path) which would in turn double the X-position uncertainty after Frame 4. Figure 11b shows the relative displacement in the out-of-plane (Z) direction. The ability of the FireLiDAR to capture X, Y, and Z movements is a significant advantage over using image-based techniques.
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3.4 Case Study: Vegetation in fire
In this case study, shape changes in two types of vegetation supported approximately 80 cm above the center of a 1 m × 0.5 m natural gas diffusion burner are measured. The first specimen is an approximately 200 mm × 200 mm × 100 mm (width × height × depth) clipping from a blueberry bush (Figure 12a) placed at a 5 m standoff distance. 
Before subjecting the specimen to fire, FireLiDAR scans are made of the specimen rotated to 0° (front), 30°, 90°, 180°, 240°, and 270° around the vertical (Y) axis. The resulting point clouds are denoised, downsampled, and the three best-quality images are registered to each other using an iterative closest point (ICP) algorithm to minimize the difference between clouds of points. An alpha shape-bounding polygon is generated around the resulting aggregated point cloud as shown in Figure 12b. The alpha shape allows one to estimate the volume (25,916 mm3) and surface area (41,094 mm2) of the specimen. Although no physical volume measurement is made for this specimen for comparison, the above-described procedure was used to estimate the volume of the aluminum block in Figure 7 using the FireLiDAR ((139,098±87) mm3) and by measurement with a digital height gauge ((136,748±91) mm3) and the measurements agreed to within 1.7 %. The FireLiDAR measurement of the vegetation will be less accurate due to the area in the image occluded by leaves.
With the specimen at 0° rotation, the burner is ignited, and the fire is increased to a sustained 200 kW heat release. This causes the specimen to dry over several minutes before burning. The laser is rastered in the horizontal (X) direction with a sine wave at 3 Hz and in the vertical (Y) direction with a sawtooth function at 0.03 Hz providing a frame duration of 33.3 s. The resulting point clouds captured 67 s after fire ignition (Frame 5), 100 s after fire ignition (Frame 6), 267 s after fire ignition (Frame 11), and after fire extinction (Frame 23) are shown in Figure 12c. Due to shrinkage of the stem as the vegetation dries and updrafts during heating, the specimen rotates approximately 90° in its holder during Frame 6 and stays in that position for the remainder of the experiment. For this reason, the loss of area over time is not evaluated for this specimen, however, can be seen qualitatively in the sequence of point clouds. 
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The second specimen is an approximately 200 mm × 150 mm × 75 mm (width × height × depth) conifer clipping at a 5 m standoff distance. Rotation of the specimen is prevented using a set screw added to the holder. No volumetric model is generated for this specimen. With the specimen at 0° rotation (front view), the burner is ignited and increased to a sustained 100 kW heat release. The laser is rastered in the horizontal (X) direction with a sine wave at 3 Hz and in the vertical (Y) direction with a sawtooth function at 0.03 Hz providing a frame duration of 33.3 s. The resulting point clouds captured shortly after fire ignition (Frame 4), 367 s after fire ignition (Frame 15), and 566 s after fire ignition (Frame 21) are shown in Figure 13 along with corresponding snapshots extracted from the video footage. 
Figure 14 shows the approximate areas obtained from the point cloud in the XY-plane for each frame. The figure shows the loss of area as the burning progresses. Before ignition of the fire, the standard deviation of the XY-area is ±55.4 mm2 (±0.7 % of the total) limited by the uncertainty in the FireLiDAR measurement, movement of the specimen by ambient air, and the area estimation method used(2D histogram of the point cloud in the XY-plane with 1 mm2 bin size). After the fire is ignited, but before the vegetation begins to burn (Frame 5 to Frame 8) the standard deviation of the XY-area measurement variation increases to approximately ±10 % of the total area due to the movement of the specimen caused by the air turbulence in the fire plume. This movement reduces as the fire progresses and the reduction of the area can be seen in Figure 14. The heat release rate is increased to 200 kW 508 s after fire ignition causing combustion of the remaining branch and a rapid loss of area.
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4. Conclusions
Coherent Frequency Modulated Continuous Wave (FMCW) Light Detection and Ranging (LiDAR) can be used to capture three-dimensional images (point clouds) of objects engulfed in flames. The paper shows that beam steering due to density changes in the air in and around the flames is mostly caused by the first air-flame interface in the beam path and that despite signal loss due to up to 1.5 m of fire, FMCW LiDAR can capture 3D point clouds with the precision of around 1 mm or higher. That precision can be improved through a process of spatial and temporal averaging. 
The technique is applied to case studies of a bolted structural connection and vegetation specimens. Quantities of interest such as local displacement of the structural connection and area loss of vegetation during the fire are extracted from point cloud measurements during post-processing. 
Compared to techniques where sensors are in direct contact with the measurement object at discrete points, this approach based on coherent laser ranging provides a new measurement capacity to quantify surface geometry and shape change of objects in situ during a fire. This method is not expected nor intended to work in sooty fires. Future development could allow for more sophisticated scanning patterns to extract high-precision measurements for a specific feature. Such measurements are critical to study the influence of fire on structures and to identify research, technology, and regulatory needs to improve structural performance and are also of interest to determine flow resistance through vegetation canopy where volumetric loss measurements are vital but so far cannot be obtained by existing means during the burning process.
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Figure captions
Figure 1: Photograph of the FireLiDAR behind a heat shield. The system is capturing a 3D point cloud of a 120 mm × 50 mm target placed at a 6 m stand-off distance. An approximately 90 cm wide natural gas fire is present in the ranging path.
Figure 2: Photograph of the FireLiDAR system. The laser detection and ranging system is a commercial FMCW system. The laser output is fiber coupled and launched into a beam expander adjusted to focus the beam on a target meters away. A second alignment fiber is provided for use with a visible (red) laser for beam alignment.
Figure 3: Range precision (modified Allan deviation) obtained when measuring through 1.5 m of flames to a single location on a static target 6 m away (range measurements with a signal-to-noise ratio below 20 dB are omitted in this calculation).
Figure 4: (a) Schematic of the ranging laser beam steering while passing through the five sequentially ignited diffusion burner flames ≈ 30 cm deep each (not to scale; fire images by Freepik) and (b) Time series plot of range measurements for a stationary target 6 m away located behind a series of five 30 cm × 30 cm natural gas diffusion burners.
Figure 5: Range distribution normalized to zero while measuring through varied depths of fire.
Figure 6: Scan over a stationary 2D profiled plate in the absence of fire: (a) photograph of the plate annotated with a schematic of the scan path, (b) 3D scatter plot of the scanned area, and region of interest (ROI) showing grid points (×) and the associated range measurements for (c) a 1 mm grid (42 samples per grid cell on average), and (d) a 5 mm grid (520 to 650 samples per grid cell).
Figure 7: (a) Photograph of aluminum block annotated with step heights and point clouds of: (b) a single scan without fire, (c) five scans with 90 cm of flames in the beam path without averaging, (d) with 0.5 mm grid averaging, and (e) with 1 mm grid averaging.
Figure 8: Points along a 1 mm wide cross section in the Y-direction: (a) a single scan without fire, (b) five scans with 90 cm of flames in the beam path without averaging, and (c) data from the 0.5 mm grid averaging with fire present.
Figure 9: (a) Test setup for imaging a bolted aluminum structural connection with an applied dead load (4.5 kg) and subjected to a 500 kW fire from a natural gas diffusion burner. NIST narrow-spectrum illumination imaging technique [29]: (b) photograph taken with white light and no filter and (c) photograph taken with 450 nm illumination and a bandpass optical filter on the camera.
Figure 10: Point clouds (top row) and video snapshots with narrow spectrum illumination (bottom row) of bolted aluminum structural connection heated over a 500 kW fire: (a) shortly after fire ignition, (b) 433 s after fire ignition, and (c) 800 s after fire ignition.
Figure 11: Displacement of the top corner of the horizontal beam (indicated by the starred symbol in Figure 10) relative to the position before ignition of the fire determined from a feature tracked in the 3D point clouds: (a) in the X-direction and (b) in the Z-direction.
Figure 12: Blueberry bush branch heated over a 200 kW fire: (a) photograph of branch, (b) XY‑plane view of a three-dimensional alpha shape generated from the point cloud of the branch before heating, and (c) point clouds measured during heating at 67 s after fire ignition (Frame 5), 100 s after fire ignition (Frame 6; specimen rotated 90 degrees during frame), 267 s after fire ignition (Frame 11), and after fire extinction (Frame 23).
Figure 13 Point clouds (top row) and video snapshots with narrow spectrum illumination (bottom row) of a conifer branch heated over a 100 kW fire: (a) shortly after fire ignition, (b) 367 s after fire ignition, and (c) 566 s after fire ignition (fire increases to 200 kW 508 s after fire ignition causing rapid combustion).
Figure 14: Approximate area obtained from the point cloud in the XY-plane.
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