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Abstract

In experiments deploying underwater blast sensors, measured data is always disturbed,
expressed as analog peaks in the obtained signal form. Except for pressure peak pmax, Other
parameters of an underwater explosion such as positive impulse 1%, positive phase duration
T+, negative impulse I and negative phase duration 1~ are difficult or almost impossible to
extract from this signal type. This article studies developing an algorithm called Kalman-
EMD with the combination of Kalman filter and empirical mode decomposition for
processing this signal type. The algorithm is applied in 6 data sets measuring the shockwave
pressure of underwater explosions by PCB W138A05 sensors with the same condition that
184 grams of A-1X-2 explosive is detonated underwater. The results show that noise in
signals is significantly eliminated. For the blasting parameters of processed signals, which
can be compared with theory such as 1" and t*, although it witnesses a small trade-off when
errors of 1" enhance from about 3% to 6%, errors of t* are significantly decreased from about
over 30% to only about 3%. Especially other pieces of information, such as I and " can be
extracted from the processed signal, so this trade-off can be acceptable. Hence, this algorithm
can be applied to denoise and extract parameters from shockwave pressure signals of
underwater explosions.

Keywords: Underwater explosions (UNDEX); denoising; Empirical mode decomposition (EMD);
Kalman filter.

1. Introduction

Explosive energy has been widely used both in the world and in Vietnam to save
costs and time. Still, the explosive efficiency of the best explosives today has only about
20% of the explosive energy becoming effective power to break soil and rocks [1, 2], the
rest of that transforms into heat and vibration, affecting the surrounding environment.
Controlling explosive energy to destroy objects at will while limiting negative impacts
on the surrounding environment is an important research area in the blasting work.
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The research direction inclined to analyze the dynamic effects of the blasting load,
which is expressed by the parameters of the explosion, is one of the aforementioned
solutions above. Many scientists in the world and Vietnam have researched in this
direction. Typically, the research of author D. T. Thang et al. [3-5] conducted numerous
experiments measuring many parameters of the explosion, including underwater
shockwave pressure. However, there are several reasons [6] leading to distortion of the
original waveform, obscuring important characteristics of the explosion signal, and
making it difficult to further analyze.

Fortunately, there are several denoising methods proposed by scientists. Filtering
algorithms such as Empirical Mode Decomposition (EMD), Ensemble Empirical Mode
Decomposition (EEMD), Complete Ensemble Empirical Mode Decomposition with
Adaptive Noise (CEEMDAN), Kalman filter, Savitski-Golay filter, etc., are effective in
eliminating noise in the field of signal processing. Explosion signals, particularly those
that occur underwater, are a unique type of non-stationary signal that changes its
frequency suddenly and in a short amount of time. EMD and its advanced algorithms,
such as EEMD and CEEMDAN, have been applied by many scientists to denoise
explosion signals. Sun et al. [7], Peng et al. [8], Liu and Peng [9] studied to establish a
model denoising the blasting vibration. Research of V. T. Lam et al. [6] studied noise
reduction of shockwave pressure signal induced by underwater explosions. The authors
admitted that the proposed denoising models are only suitable for certain types of signals
in the research, other types of signals still need further study. It is uncontroversial that
these studies obtained remarkable results, though. Especially, the study [6] effectively
denoised the shockwave pressure signal induced by underwater explosions with a
combination algorithm called EMD-CEEMDAN. However, there is a singular jump that
occurred in the pressure drop form of explosion signals in this study, this is the reason
that the results lack comparisons between the denoised signal and the theoretical pressure
drop law.

This article studies the Kalman-EMD combined algorithm for processing the
shockwave pressure signal when detonating an explosives charge A-1X-2 in an infinite
underwater environment. The denoising model is fine-tuned by the theory of blast wave
propagation underwater, the obtained result is the significant elimination of high-
frequency noise, and the signal is transformed into a typically smooth explosion signal,
close to the theoretical law of pressure drop [10]. Besides, the typical characteristics of
blasting parameters such as the peak pressure pmax, the positive phase duration t*, and the
impulse 1" are also optimized to be closer to theoretical law than calculated values from
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the original signal, notwithstanding a tiny trade-off about the error of I*. In addition, other
parameters such as I” and 1~ can also be extracted.

2. Noise reduction algorithms

This article uses the main algorithm called Kalman filter [11-13] along with a part
of the EMD-CEEMDAN algorithm presented in the document [6], which are combined
into an algorithm called Kalman-EMD.

The Kalman filter is among the most significant and popular estimation algorithms.
The Kalman filter algorithm depends on the rule of a system to predict a priori of a new state
and also depends on an actual measurement value to adjust and make a more accurate value
of this state. The operation of the Kalman filter is described in the following figure below:
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Fig. 1. Flow chart of the Kalman filter.

K,=o xH' ><(H><c5;><HT +R)71 (3):

Within iteration

In Fig. 1, F is the state transition matrix from the previous step k-1 to the current
step k; H is the observation matrix that converts the state of measurement space into that
of the observation space; Q and R are the system noise, and the measurement noise,
respectively; X indicates the value of a state estimate; o is an estimated error variance; K
is a Kalman gain; z is an actual observation of a state; subscripts consisting of “k”, k-1,
“-” indicate a current state, a previous state and an estimated priori, respectively;

(Y32

quantities without subscript “-” are considered as posterior ones.

The Kalman gain is a key component of the Kalman filter algorithm, it is used to
determine how much the new measurement data should be trusted relative to the
prediction, a high Kalman gain indicates that the measurement values should be more

trusted than that of prediction, and a low Kalman gain indicates vice versa.
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3. Experiments on site

The layout diagram and actual photos of the field experiment, including the location
of the explosive charge and the sensor, are shown in Fig. 2 as follows:
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Fig. 2. The layout diagram and actual photos of the field experiment.

In Fig. 2, the floating raft is made from dry bamboo sticks, tied into bundles,
ensuring a straightness and length of 18 m. To increase the buoyancy of the raft, foam
bars with a cross-section of (10x10) cm are added along the length of the bamboo bundle;
at the locations where explosives and sensors are hung on the floating raft, foam floats
with the size of (30x30x%30) cm are attached. The floating raft is fixed at both ends with
cables connected to fixed landmarks on the shore. The explosive charge and the sensor
are suspended by steel cables with $3 mm diameter; a 2.5 kg weight is suspended at the
bottom end of the cable to tension the hanging rope, ensuring it is not skewed by the water
flow. This hanging method is also proposed by PCB manufacturer in their installation and
operating manual. The meter is arranged on the boat which is anchored at a position of
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50 m far from the foam buoys, in the opposite direction; the detonating electrical wire
and sensor wires are connected to the boat.

The sensors used in this experiment are the type of underwater blast sensor 138A05
of the PCB Piezotronics manufactures. The measured data is obtained by a multichannel
portable measurement instrument DEWE-3020. Similar to the document [6], a suitable
sampling frequency of 200 kHz is chosen. The depth of the experimental area is measured
by a Hondex PS-7 portable depth sounder and a measuring tape. The distance is measured
by a Nikon laser rangefinder and a measuring tape. The explosive charge used in this
experiment weighs 184 grams, including the detonator, which is made from A-1X-2, with
the heat of explosion being 1540 kcal/kg, and the explosive density being 1.7 g/cm?.

The experiment area was selected carefully, it was a tidal area possessing silent
water flow and also checked by divers to ensure experimental conditions close to the
model described in Fig. 2. Then, a total of 6 underwater explosions were carried out. The
most important in these experiments is to ensure all the blasting parameters such as the
mass, the size of explosives, and the depth of explosive placement meet the blasting
conditions of an infinite medium, allowing the phenomenon of deep underwater
explosion, where the effects of the waterbed and water surface do not exist. These
conditions are tested through 2 coefficients corresponding to water surface influence km
and waterbed influence kg as the following Table 1:

Table 1. Calculated results of ky, and kq

Equations for km and kg [1, 2] Results

) 0.314[Hj23 (l+ 4.2:) ©
H

kn=1768>1

ky = (7) | kg=7232>1

ﬁ 0.77
H, L. 3 H, (322
H, - 2 H 0.435 H ’ r, “ltan g
rtan g7 1| 2t 2l —Lo | ——
R rtang r

In Table 1, r is the distance from the explosive center to the waterbed, averaging
equal to 2.2 (m); R is the distance from the explosive center to the sensor, equal to
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14 (m); ro is the radius of explosives, r,=0.035 (m); H and h are respectively the distance
from the water surface to the explosive center and the interested point, equal to 10 (m)
and 10 (m); Hi and h; are the distance from the waterbed to the explosive center and the
interested point, equal to 5 (m) and 5 (m) respectively; g~ is the critical angle that
reflection coefficient equals 0, chosen as 22°.

As shown in Table 1, the results indicate that both km and kq are much greater than 1,
meaning that the blasting conditions of an infinite medium are satisfied, and the location,
where the sensor is placed, is not affected by the water surface and the waterbed.

4. Criteria for evaluating the noise reduction effectiveness

Because the blasting conditions of an infinite medium are satisfied, the efficiency
of noise reduction is directly evaluated by theoretical blasting parameters such as the peak
pressure of wavefront pmax, the positive phase duration t*, and the impulse I*. These
values, which are calculated from the initial signal, the denoised signal, and the blasting
theory, are then compared to each other, leading to the final evaluation.

Transform the experimental formula calculating the maximum pressure on the front
of shockwave pmax [10, 14] when blasting in an infinite water environment considering
the conversion to TNT explosive equivalent, and its time course p(t) as follows:

1.13
3k, xC
mX:523x(—Jgi—J (8)

t
p(t) =P xe ’ 9
where pmax IS the peak pressure (MPa); kr is the TNT explosive equivalent; C is the mass of
the explosive (kg); R is the distance from the explosive to the sensor (m); t is the time (ms);
@ is the time exponential coefficient (ms). & is calculated through the following equation:

P

-0.22
sk xC
0=0.093x 3k, xC (T—XJ (10)

R

The formula calculating the time constant for a spherical explosive [1, 2]:

0.24
8,x 9 :1.4><[Lj (11)

To o

where a; is the acoustic velocity in the water, a, = 1500 (m/s); r, is the radius of spherical
explosive (m) - the explosive of 184 grams A-1X-2 with the heat of explosion as
1540 (kcal/kg) can be transformed into a spherical equivalent explosive that has a radius
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of 0.035 (m) through the equation r, = 3/k; C /18.7; r is the distance from the center of
the explosive to the interested point (m).

From equation (11), the time constant is derived, $=1.380x107*.

Meanwhile, the positive phase duration can be approximately taken as follows [1, 2]:
7" =5x93=6.898x107*(s).

The impulse of the positive phase can be calculated by the following equation:

|+:](p(t)_7/nhn>dt=(pmax_7nh )‘9{1_92} (12)
0

where vy is the density of water, yn= 981 (N/mq); hy, is the depth of explosive placement,
hn = 10 (M); pmax in this equation has to be transformed into (N/m?); other parameters are
as equations (8), (9), (10), (11).

The blasting parameters calculated from equations (8), (10), (11), (12) are
summarized in Table 2 as follows:

Table 2. The summary table of theoretical underwater blasting parameters

Explosive TNT Mass (kg) Distance from | Pmax 0] T I+
type equivalent 9| the sensor (m) | (MPa) | (ms) | (ms) | (N.s/m?)

A-I1X-2 1.54 0.184 14 1.649 | 0.120 | 0.690 | 224.626

5. Signal analysis and processing
5.1. The original signal of underwater blast wave pressure

The measured signal of shockwave pressure induced by 6 underwater explosions as
aforementioned experimental conditions are similar, Fig. 3 shows the signal of the 1°
blasting with the 1% incident wave is magnified on the upper right (a) and its segmented
version (b), considered as a typical signal.

Technically, the original signals are split into three segments. The first and the
second segments only need to show the signal trend, so the EMD algorithm is applied to
extract its residue and the beginning point of the pressure jump. The third segment is
processed by a Kalman filter assuming that the measured peak is correct, it means that

the initialized initial value of the posterior state estimate (X, ,) equals the peak pressure
Pmax, and the posterior error variance (o, ,) of the initial state equals 0. Then, the first
and last points of the 2" segment are assigned by the last and the first points of Segment
1 and Segment 3, respectively.
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Fig. 3. The typical signal of underwater blast wave pressure.
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5.2. Parameter initialization of the Kalman filter to fine-tune the pressure drop signal
line and denoise the Segment 3

The pressure of a certain point in the water environment, changing over time can
be described by the approximate equation [1, 2] as follows:
P-p, PP

= xe 9

13
Y Y (13)

where t is the time from the start of the impact to the moment under consideration; p is

the pressure on the shock wave front at the considered time; P, is the maximum pressure

on the shock wave front; pn is the pressure of the surrounding water environment; J is the
time constant, determined according to (11).

Due to p, < p,, for simplicity, equation (13) can be rewritten as follows:

t

p= p¢><e75 (14)

Consider any two continuous states in the pressure drop, which are called State 1
and State 2, peak pressures are p1 and p2, respectively:
t _teat
p=p,xe ?and p,=p,xe ? (15)
From equation (15), get the ratio of p2/p: as follows (16):
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1
et t A b 200000 %
P2 —p 9 9=—p 9 —p TN g L4da"003""

P
where parameters are as equation (11).

— e—0.041 (16)

Hence, the following peak pressure is estimated based on the previous peak
pressure, so the state transition process for the pressure drop area is that F =e %", On

the other hand, because the transition process of the following sequential area is unknown,
the state transition process returns to 1.

The system noise variance Q is chosen as the specification of sensor W138A05:
The measured maximum value for each explosion is pmax MPa, with the error of 2%FS.
Hence, it can be considered that the most inaccurate case has the highest variance, so

Q = ( Py X0.02°.

The observation error H is chosen as 1 because the output is the values of pressure,
which need to be measured.

The most difficult task in the algorithm is the selection of the measurement noise
variance R. This parameter needs to vary for each signal. This article develops a procedure
to choose a suitable value of R as follows: R must be as small as possible, and both the errors
of impulse I" and the error of positive phase duration " have to be small enough, but t* is a

priority. Consequently, the suitable value is the intersection between errors of impulse and
errors of positive phase duration. The results are shown in Fig. 4 below.
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Fig. 4. Error correlations of impulse and positive phase duration between Segment 3
of the 6 denoised signals and the theory.

The Kalman filter parameters for the case of this study are shown in Fig 5 below.

--------------------------------------------------------------------------------------
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Fig 5. The Kalman filter for the shockwave pressure signal of an underwater explosion.

In Fig. 5, the general system state x is replaced by values of pressure p, other
parameters, and subscripts are similar to that of Fig. 1.

5.3. The denoising results and evaluations

The result of denoising underwater blast waves when applying the Kalman-EMD
algorithm for a typical signal is shown in Fig. 6. The signal of the incident wave in the
red frame is magnified and separately shown in the upper right of the figure. It can be
seen intuitively that noises in the original signal are significantly eliminated. At the same
time, the general waveform is still preserved, looking quite close to the pressure drop law
of underwater explosion theory [10]. Results for the 5 remaining signals are similar.
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Fig. 6. The denoising result visualization of the typical signal.

To further analyze the effectiveness of the denoising process, the characteristic
parameters of the explosion in the water environment are calculated from the original
signal and the denoised signal, respectively, and then compared with the calculation
results from the theory. In particular, the peak pressure parameter pmax is easily found
from the signal with some available functions in Python, other parameters such as the
positive phase duration t* and the impulse I" of the explosion are illustrated in Fig. 7,
calculated by the Riemann integral.
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Fig. 7. lllustrations of 1" and t* of the original signal (a) and the denoised signal (b).
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The positive phase duration is determined as the total sampling points calculated
from where the pressure jump occurred to the first zero-crossing point and then multiplied
by the sampling cycle. The calculated results are summarized in the following table.

Table 3. The summary table of underwater explosion parameters

The original signal The denoised signal Obtained values
and difference compared | and difference compared from theoretical
No with the theory with the theory equations (8), (12)
pmax |Impulse I"|  1* pmax |Impulse I"| ¥ pmax |Impulse I"| ¥
(MPa)| (N.s/m?) | (ms) | (MPa) | (N.s/m?) | (ms) | (MPa) | (N.s/m?) | (ms)
1 1.669 | 218.788 | 0.465 | 1.669 | 211.557 | 0.670
1.21%| 2.60% |32.61% | 1.21% | 5.82% |2.90%
) 1.551 | 220.840 | 0.505 | 1.551 | 196.727 | 0.625
5.94%| 1.69% |26.81% | 5.94% | 12.42% | 9.42%
3 1.720 | 225.408 | 0.520 | 1.720 | 219.446 | 0.690
4.31%| 0.35% |24.64% | 4.31% | 2.31% | 0.00%
1.649 | 224.626 | 0.690
4 1.699 | 212,993 | 0.415 | 1.699 | 216.361 | 0.685
3.03%| 5.18% |39.86% | 3.03% | 3.68% |0.72%
. 1.740 | 221.384 | 0.475 | 1.740 | 221.409 | 0.690
552%| 1.44% |31.16% | 5.52% | 1.43% | 0.00%
6 1.621 | 210.932 | 0.405 | 1.621 | 202.556 | 0.640
1.70%| 6.10% |41.30% | 1.70% | 9.83% | 7.25%
Average |3.62% | 2.89% |32.73% | 3.62% | 5.91% | 3.38% | 0.00% | 0.00% |0.00%

By qualitative analysis of Fig. 7 combined with quantitative analysis of Table 3, it
can be seen that the pressure drop section of the denoised signal almost coincides with
the theoretical pressure drop law [10]. Because the study assumes that the measured
maximum pressure is accurate to simplify the Kalman filter algorithm, the errors of pmax
in both the original and the denoised signals are the same, averaging about 3.62%
compared to the theory. The errors of I" for the original and the denoised signals,
respectively compared to the theory, insignificantly rise from about nearly 3% to nearly
6%. However, corresponding t* parameters remarkably decrease from an average of 32%

to about a little more than 3%. In terms of technical problems, a small trade-off of about
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3% for one parameter, exchanging for more accuracy of another parameter up to 30%,
then this trade-off seems to be acceptable.

Additionally, the parameters I" and ™ can be extracted from denoised signals, which
cannot be done in the original signals. The results for the negative phase of 6 experimental
signals are shown in Table 4, along with a typical intuitive illustration in Fig. 8.

Table 4. The summary table for the negative phase of underwater explosions

No ImpUISe I T L7317 Original signal
. 2 1.50 o ----- Non-oscillation line
(N.s/m ) (ms) Las ----- Cole's theory
) —— Denoised signal

1 -108.172 2.635 | = 00+ Impulse of the denoised
o signal
= 075 Negative impulse

2 _129749 2590 x 050 of the denoised signal
&

3 -120.627 | 2.745 0231

0.00 +—b-——-m-—-T

4 -94.705 | 2.640 | -02s

8.3855 8.3860 8.3865 8.3870 8.3875 8.3880 8.3885 8.3890
Time (s)

5 -111.447 | 2.765

6 -97.061 | 2.645 | Fig. 8. Negative impulse illustration of a typical denoised signal.

6. Conclusion and recommendation

A measured signal of an underwater explosion is often disturbed by noise sources
surrounding the environment, causing waveform distortion. This article develops the
Kalman-EMD algorithm combining the Kalman filter and empirical mode decomposition
for processing this signal type. The state transition parameter F of the Kalman filter is
applied differently for two stages, corresponding to the positive and the negative phases
of signals. The results when using the algorithm for 6 underwater explosion signals show
that the signal form becomes smoother, close to the pressure drop law of Cole’s theory,
meaning that the noise is significantly eliminated. There has been a small trade-off of
about 3% for the error of the negative impulse 1™ compared to the theory in detail, the
error of the positive duration t* decreases a huge number by about 30%, though. The
algorithm also helps extract information about the negative phase from signals, which is
almost impossible for original signals.

The article is considered one of the preliminary studies about denoising the
shockwave pressure signal of underwater explosions. The results show that positive
phases of signals are processed fairly well. Quantitative data is close to theory, showing
the reliability of the denoising model for this phase. Besides, although negative phases
can be extracted, further studies are still necessary to obtain the final confirmation.
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PHAT TRIEN THUAT TOAN KET HOP KALMAN-EMD
PE XU LY TIN HIEU SONG XUNG KiCH DO NO LAN TRUYEN
TRONG MOI TRUONG NUGC

Vii Tung Lam?, Tran Bac Viét?, Bui Ngoc Lam?, Pam Trong Thing!

Wign Ky thudt cong trinh dac biét, Trirong Dai hoc K thudt Lé Quy Dén, Ha Noi, Viét Nam

2Téng cuc Cong nghiép quoc phong, Ha Noi, Viét Nam

3Nha may X28, Hdi Phong, Viét Nam

Tom tat: Dix liéu do trong céc thi nghiém cd trién khai cac cam bién do ap suat n6 dudi nudc

ludn bi nhiéu, biéu hién & cac dinh ring cua cta dang tin hidu thu dugc. Ngoai trir 4p sut dinh Prax,

cac tham s6 khac ciia mot vu nd dudi nude nhu xung nén I*, thoi gian pha nén t*, xung dan I,

thoi gian pha dan t la rat kho hodc gan nhu khong thé trich xuat tir nhitng tin hiéu nay. Bai béo

nghién ctru phat trién mot thuat toan Kalman-EMD la sy két hop cua bo loc Kalman va phén tach

dang thuc nghiém dé xir 1y loai tin hiéu nd nay. Thuat toan duoc &p dung vao 6 bo dit liéu do ap

Suat séng nd dudi nudc bang cam bién PCB W138A05 véi cling mot diéu kién kich nd lugng thude

184 gam A-1X-2, két qua cho thay nhiéu trong tin hiéu duoc loai bo dang ké. D4i véi cac tham sé

nd ¢ thé so sanh duoc vai ly thuyét nhu I* va t¥, mac di cd su danh d6i nho vé sai s cua I khi

tang tir khoang 3% 18n 6%, nhung sai sb t* lai giam dang ké tir trén 30% xudng con khoang 3%.

Dic biét, cac théng tin khac nhu I va v ¢6 thé trich xuét dwoc tir tin hiéu sau xir Iy nén sy danh doi

nay c6 thé chap nhan duoc. Nhu vay, thuat toan nay c6 thé duoc sir dung dé xir Iy khir nhiéu, trich
Xuét cac tham s6 nd tir tin hiéu thu dugc khi kich né mét lwong thude dudi nuéc.

Tir khoa: N6 dudi mieéc; khir nhiéu; phan tach dang thyc nghiém (EMD); bé loc Kalman.
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