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Supersonic detonation waves propagating through gaseous or heterogeneous mixtures of fuel and oxi-
dizer can produce complex cellular structures. These detonation waves have numerous applications in
engineering, such as rocket and jet propulsion with high thermal efficiency [1]. However, if not handled
correctly, such detonations can be a safety hazard and lead to destructive explosions [2]. Consequently,
a deep understanding of such detonation processes can both further their applicability and justify reg-
ulations for storage of liquid fuels in dedicated facilities [3]. Following these applications and safety
concerns, and given the high-costs of real-world experiments, there is a need for reliable high-fidelity
numerical simulations that can replicate real-world detonation conditions. One significant challenge that
limits the validity of existing numerical simulation results is the uncertainty in their evaluation. Specif-
ically, ambiguity in cell size measurements derived from both experimental and numerical soot foils.
Common measurement methods, such as manual measurements, can display errors exceeding 50% [4].
Although different objective methods were suggested in the past, see [4—6], there is still no standard
automated method for soot foil analysis.

Filling this gap, our work suggests a new method for cell size measurement and statistical analysis from
soot foil images that is based on a computer vision approach. We present a fully automated cell size
detection algorithm that consists of four primary steps: (1) image preprocessing, (2) cell contour detec-
tion, (3) parameter optimization, and (4) statistical analysis.

The first step applies image preprocessing techniques on a given soot foil image. Specifically, applying
local contrast enhancement using Contrast Limited Adaptive Histogram Equalization (CLAHE), which
make subtle features, such as cell boundaries and details within the cell structures, more distinguish-
able. Subsequently, a gray-scale dilation operation, which expands bright regions within the image, is
performed on the contrast-enhanced image using a flat structuring element with dimensions of 8 x 8 pix-
els. Then, a pixel-wise division operation between the contrast-enhanced image and the dilated image is
performed to normalize illumination variations in the image. Finally, the image undergoes thresholding
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using Otsu’s method [8]. This step converts the image into a binary format (0 for black and 1 for white),
effectively distinguishing foreground and background based on intensity. Lastly, we perform non-local
image denoising. Figure 1 demonstrates the image preprocessing, showing both an original soot foil
image and the resulting manipulated image.
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Figure 1: (a) Original numerical soot foil image, and (b) final output image after preprocessing stage.

Following preprocessing, the second step utilizes the Suzuki and Abe algorithm for cell contour detection
[7]. However, this step may result in the identification of unwanted artifacts, as shown in Fig. 2a. To
remedy this issue, the third step sets appropriate minimum and maximum area threshold values for the
contour detection algorithm. As a result, structures that fall outside of this range are automatically
filtered out. Thus, we aim to find these optimal minimum and maximum area values by using the
proposed optimization algorithm. The algorithm utilizes a modified brute-force search over a range
of minimum and maximum area values, A, and Ay, respectively. For this purpose, we define a
junction as the situation where the bottom, left, top, and right corners of the top, right, bottom, and
left cells, respectively, are found within a specified radius, r = y/A/m, where A is the minimum or
maximum area value. For each pair of values, following the contour detection procedure, the algorithm
computes the total number of junctions. The optimal area values are those who yield the maximum
number of junctions. Figure 2b shows the final resulting artifact-free soot foil image. Subsequently,
the length and width of each identified cell are measured by determining the x and y coordinates of the
right and left corners, and the top and bottom corners, respectively, and then calculating the Euclidean
distance between each pair (in pixels). The final fourth step introduces statistical analysis, including
a histogram of (1) cells size, (2) cells length, and (3) cells width, along with Cumulative Distribution
Functions (CDFs) for each (normalized) histogram, and the average cell size (a scalar).

We demonstrate below the ability of the proposed computer-vision-based approach to automatically
identify and measure detonation cell dimensions in [don’t make a general claim. we can only make
a specific claim. e.g., ’in one representative numerical soot foil and one representative experimental
soot foil] numerical and experimental soot foils. An example of a numerical soot foil image analysis
is presented in Figs. 3-4. In particular, Fig. 3 illustrates the identification of cells in a nearly-regular
patterned numerical soot foil (Fig. 3(a)) and the corresponding cell width and length measurements (Fig.
3(b)). These results show that the new approach can successfully detect cellular structures. Detailed
statistical analysis based on these measurements is shown in Fig. 4. Specifically, Figs. 4a and 4b
present histograms and Cumulative Distribution Functions (CDF), respectively, for both the cell width
and length. Another example is shown in Figs. 5-6 for analysis of an irregular experimental soot foil
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Figure 2: (a) Contour detection before applying area filtering, showing the identification of amorphous
artifacts (an example is shown in circle), and (b) final contour detection image after optimization proce-
dure.

from the work by Radulescu and Lee [9]. Figure 5a shows the contour detection algorithm results
indicated in red color. Also, Fig. 5b presents the cell width and length measurements indicated by
pink and green arrows, respectively. More detailed statistical analysis of both the cell width and length
that includes histograms and CDFs is shown in Figs 6a and 6b, respectively. The aforementioned cases
highlight the advantages of the proposed method for analyzing both numerical and experimental soot
foil images with a wide range of cell regularity levels.

Figure 3: (a) Contour detection (red lines) of a nearly-regular numerical soot foil image, and (b) Com-
puter vision approach cell width and length measurements.

We expect that the presented framework will contribute to standardization of detonation cell measure-
ments and analysis. Future work will demonstrate and validate the applicability of the proposed ap-
proach across a variety of numerical and experimental soot foil images.
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Figure 4: Statistical analysis for a nearly-regular numerical soot foil image, as shown in Fig. 3: (a)
Histograms, and (b) CDF.

Figure 5: (a) Contour detection (red lines) of an irregular experimental soot foil image from [9], and (b)
Computer vision approach cell width and length measurements (green and pink arrows).
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Figure 6: Statistical analysis for an irregular numerical soot foil image, as shown in Fig. 5: (a) His-
tograms, and (b) CDF.
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