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Non-contact Measurement of BOS Shock Wave Overpressure
Based on Structure-Aware Variational Optical Flow Method
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Abstract: Backgrdun®Oriented Schlieren (BOS) technology is a pivotal non-intrusive measurement technique for explosion
mechanics, but its application is severely hampered by challenges such as intense light interference, product scattering, weak
shock wave signals, and complex morphologies. These factors make automated and accurate wavefront extraction from BOS
images extremely difficult. The purpose of this study was to develop a robust, automated system for quantifying shock wave
displacement fields from BOS images to enable non-contact overpressure measurement, thereby overcoming the limitations of
existing methods.

A novel Structure-Aware Weighted Variational Optical Flow method (SAW-VF) was developed to robustly quantify the
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high-speed transient displacement field of shock waves. The core of this method involved minimizing a carefully designed energy
functional, distinguished by three primary innovations. Firstly, its data fidelity term was uniquely constructed by integrating a
first-order photometric constraint with a second-order Hessian matrix invariance. This hybrid formulation significantly enhanced
sensitivity to the sharp, linear local geometric features of shock waves, which are often poorly captured by traditional intensity-
based models that fail under the weak signal conditions of BOS. Secondly, a spatially adaptive weighting mechanism, driven by
Normalized Cross-Correlation (NCC), was incorporated. This mechanism dynamically downweighted the influence of severely
distorted image regions—such as those obscured by smoke or saturated by fireball light—thereby preventing erroneous motion
estimations and improving the overall robustness of the optimization process. Thirdly, an anisotropic regularization term, inspired
by Perona-Malik diffusion theory, was employed. This term effectively preserved the sharp motion boundaries of the shock wave
by applying selective smoothing that was strong in homogeneous areas but inhibited across edges, At.h preventing the boundary

c@. mbedded within a
teristic of explosions.

blurring that plagues conventional isotropic regularization methods. The entire optimization p,

coarse-to-fine Gaussian pyramid framework to effectively handle the large-displacement metio

Building upon the resulting high-fidelity displacement field, a physics-model-driven wav ing technique was then applied.
This technique accurately extracted the shock wavefront by performing maximum inlier timization, which was constrained
by shock wave dynamics to ensure geometric plausibility. The precisely loeate vefront finally enabled non-contact

quantitative measurement of overpressure through the application of gas dynami heiples to the BOS configuration data.
In a series of TNT explosion tests, the overpressure measurements derived fro e automated system were benchmarked

against data from co-located pressure sensors. The results demonstrated\&%

a high level of agreement with the ground-truth sensor data. The §¥st;

from BOS images that were significantly degraded by explosim@

™ CIEor ranging from 0.93% to 9.85%, indicating

c/essfully extracted clear and accurate wavefronts
sk where standard methods failed.

The proposed SAW-VF method, combined with the physics I-driven fitting technique, provides an effective and
accurate solution for the non-contact overpressure measu t of shock waves. The integration of Hessian-based data fidelity,
NCC-driven adaptive weighting, and anisotropic regularizationnrepresents a significant advancement in the automated analysis
of BOS images for explosive dynamics. The validated accuracy confirms the system’s significant practical utility for field

experiments in explosion mechanics.
Keywords: BOS; shock wave; Variational&lomoverpressure measurement; wavefront extraction; non-contact

measurement \
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Fig.5 Comparison of results from multiple methods
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Fig.7 Comparison results of various methods in Category 2
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Fig.8 Pixel error map of the method's fitting cutve
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Fig.9 Result graph of the SWPM-CFA fitting algorithm
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Table 2 Comparison of evaluation metrics between various methods and the proposed method in this paper

2
Methods MAE(pixels) MSE(pixels) R
LSM 5.72 8.28 0.86
NSWPM-CFA 32 3.0 0.90
SWPM- 0.94
2.95 2.20
CFA(Ours)
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Fig.10 Piezoelectric pressure sensor
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Fig.12 Curve of measured overpressure of shock waves varying with radius
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Fig.13 Curve of the measured overpressure of shock waves as a funetiod @fradius
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Table 3  Errors of our measurement results under the condition of 0.85.kg explosive equivalent

Distance (m) ~ PSV (MPa) EFP (MPa) Ours (MPaj._ Etror (%)

9.85 (PSV)
3m 0.0936 0.0717 010844

17.71 (EFP)

5.69 (PSV)
4m 0.0504 0.0427 0.0474

11.01(EFP)

1.75 (PSV)
5m 0.0299 070290 0.0304

4.83 (EFP)

R4 12kg MEALHEEHT, AARVEBERIIRE PSV RERENEXFZNEE, EFP KRZEAXTUNE).

Table 4 Errors of our meastirement reésults under the condition of 1.2 kg explosive equivalent

Distance (m) PSV.(MPa) EFP(MPa) Ours (MPa) Error (%)
8.68 (PSV)
3m 04190 0.0895 0.1087
21.45 (EFP)
2.76 (PSV)
4m 0.0637 0.0521 0.0618
18.62 (EFP)
4.32 (PSV)
Sm 0.0414 0.0355 0.0396
11.55 (EFP)
0.93(PSV)
6m 0.2764 0.0262 0.0279
6.49 (EFP)
1.59 (PSV)
7m 0.0199 0.0207 0.0202
2.42 (EFP)
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