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Jlocniosceno Mmoscausicmo OuinKu pieHs 3HOCY CMEONI6
apmunepiiicoKux apmam 3a aKycCmuMHUMU NOJSIMU NOCMPINIE.
Heseasicatouu na eaxcaugicmos 3Hanns nomo1H020 Cmamy cmeo-
Y, ICHYI0I MemoOU OUIHKU 3HOCY HeOOCMAmMHbLO ONePamueHi.
ITi memoou oaromo documo nabausiceni ouinku abo sumazaomo
dopozozo ycmamxyeanns. Ha eiominy 6id eéidomux memodis,
npononosanuil 6 cmammi mMemoo onepamueHull, He GUMAZAE
6eUKUX eumpam, moce Gymu noOcOHaAHUll 3 MPEHYBANLHUMU
cmpinvbamu ma neeko asmomamusyemocs. focnioxceno xapax-
mepucmuxu 6anicmuutoi i OYyabHOT X6UNL, WO YMEOPIOIOMbCS
npu nocmpini 3 zapmamu, noxazami ei0Minnocmi ix napamempie
011 cmeoJlie Ge3 3HOCY i CMBONI8 3 KPUMUMHUM PiGHEM 3HOue-
nocmi. Kpumepianvnum noxasnuxom 3nocy cayjcums nouamxo-
6a weuoxicmo cnapsoa. Illoxazano, wo 3a akycmuunumu xapax-
mepucmuxamu nocmpin 3i cmeona, wo mae 6yov-aKy cmynexsv
3HOCY, eK6ieareHmHUll NOCMPINY 3 2apMaAMU MeHUL020 KATiOpY.
IIposedeno obuucosanvHUll excnepumenm Ha PearvHux aKy-
CMUMHUX CUZHANAX, WO 3apeccmposani npu cmpinvoi 155 mm
eayouyi. Obpano iHDopMamueni 03HAKU AKYCMUMHUX CUZHATIG
610 nocmpinie, w0 00360AI0Mb AGMOMAMUMHO KAACUPIKYEA-
mu cmeonu Ha 064 KACU — CMEOJU, NPUOAMHI 00 6UKOPUCTAH-
Hs, i cmeosu 3i 3nocom, wio nepesuwye kpumuunuii. Iloxazano,
wo 3acmocyeanns memooy onoprux eexmopise (SVM) 00360.15¢€
6neeHeno Kaacudixyeamu cmeou 3a pieHem 3HOCY HA NiOCcMaesi
4ACOBUX | CNEKMPATLHUX 03HAK OANICMUMHOT i 0YIbHOT XU,
ITpu ananizi axycmuunux cuenaie 6i0 NOCMPINié 3acMoCcoBanUL
KYMYJASAMUSHUL aHa€i3 cnexmpaivHux xapaxmepucmux. ILle
0aJ10 MONCIUBICMb CYMMEBO NIOSUWUMU UMOBIPHICID NPABUIIL-
Hoi kaacuixauii cmeonie. Ompumani pe3yavmamu KOpUCHi 0st
npaKmuMio20 3aCMOCYEAHHS 68 APMUNEPICOKUX NiOpPo30iiax 6
noavosux ymosax. Pesynomamu docnioxcenv 003601510mv po3-
PpoouUMmU ABMoOMaAmMu306amny CUcCmeMmy OUIHKU CMAHY CMEOJIE 3
8UCOKO10 OnepamueHicmio, wio 3abesneuye 00CMammio 6 60t06iu
npaxmuyi mouHicms OUIHKU PI6HS 3HOCY CMEOJII8
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1. Introduction

The barrel is one of the main units in present-day

artillery systems. It is a part of an artillery gun designed
to direct a shell during shooting and impart the required
velocity to it [1].

The barrel condition largely determines the combat qual-
ities of the gun in general. Barrel wear refers to all irrevers-
ible changes in the surface of the barrel channel caused by
the impact of shots on it. The barrel wear is not only a change
in the size and shape of its channel but also a change in the
roughness of its surface, the formation of a network of sur-
face cracks, chemical, and structural transformations in its
material. Wear is usually divided into erosion wear arising
from thermomechanical effects of powder gases; mechanical
wear caused by mechanical effects of leading elements of
the shell on the channel surface and chemical wear brought
about by chemical interaction of powder gases and the barrel
metal [2]. Wear of the barrel channel entails the worsening
of combat qualities of the gun and the effectiveness of its
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use [3]. Ultimately, wear can be considered as an integral
process leading to the final result: a decrease in initial shell
velocity and an increase in its spread from shot to shot as a
random variable [4].

In addition to the military-applied aspect, the artillery
barrel wear has a material economic aspect. The cost of bar-
rels of current large-caliber artillery systems is estimated
at 30—35 % of the cost of the system in general. Further op-
eration of the barrel which has reached the maximum level
of wear can lead to its complete, irrecoverable failure. In this
case, the measures of replacement and disposal of out-of-ser-
vice barrels lead to large economic and time losses.

The methods used today for assessing wear of artillery
barrels are either obsolete and rather approximate or based
on modern technologies requiring expensive job-dedicated
equipment. The latter methods are very costly and time-con-
suming. At the same time, it is known that an artillery shot
creates powerful acoustic fields that can be recorded at
sufficiently large distances. According to [5], analysis of the
acoustic fields accompanying firing can be used to find out




the type of guns, shell caliber, and other data characterizing
the artillery system. Unfortunately, such prospects are pre-
sented in [5] at a level of general considerations. According
to the preliminary estimates, methods of acoustic analysis
are simple, economical, requiring no expensive equipment
and applicable in the field. Therefore, study of the possibility
of assessing wear of the artillery gun barrels by the acoustic
fields generated by shots is a fairly relevant scientific and
applied problem.

2. Literature review and problem statement

Known methods for assessing barrel wear can be divided
into two classes: firing methods, that is, those requiring
firing from the diagnosed barrel and firing-free methods.
The simplest and oldest method of a rough wear estimation
implies firing at vertical shields installed at a distance of
40-60 m in which oval holes are broken [1]. The hole oval-
ity is estimated as a ratio of the size of the long axis /,,,, to
the size of the short axis [, — K, =1, /.- 1f the va-
lue K,,,, exceeds 1.5 for at least one hole, the barrel is re-
jected. The method is empirical, theoretically insufficiently
substantiated and the obtained estimates of wear are very
approximate. More modern methods for assessing the barrel
wear are based on ascertaining the barrel condition by ac-
curate measurement of the muzzle shell velocity by means of
specialized radar devices. In Russian and Ukrainian sources,
these devices are called ballistic radar stations (BRS) or ar-
tillery ballistic stations (ABS) [6]. In English literature, the
name muzzle velocity radar (MVR) is used [7].

The BRSs are centimeter range Doppler radars mounted
on a tripod in the immediate vicinity of the muzzle section or
on the gun cradle [8]. These methods provide the high accu-
racy of prompt measurement of the initial velocity. However,
they have a series of shortcomings. The high cost of an equip-
ment set is the main shortcoming. In addition, a substantial
amount and weight of equipment, low noise immunity, in
particular, low stealth and resistance to mutual interference
when working in battle formations [9] are also the BRS
drawbacks. Advanced designs of the BRS operating in the
millimeter-wave range [10] are free from the latter draw-
backs but the high cost is the main obstacle to their mass
introduction in artillery units. Firing-free barrel diagnostic
methods are divided into the calculation and instrumental
methods. Calculation methods are based on calculating
residual barrel life according to statistical models and the
history of combat use of the gun (the shots number, charge,
ammunition) [11, 12]. These methods are rather laborious [13]
and the reliability of their results in relation to a concrete
gun has not been confirmed [14]. Instrumental methods
imply the inspection of the inner barrel surface to assess
wear [15]. The oldest method of inside barrel examination
implies a mechanical examination. When examining barrels
in this way, control discs or other calibrated gauges attached
to a rod are inserted into the barrel bore from the breech.
When using mechanical measuring tools for assessing wear,
the subjective aspect, that is the operator qualification is of
great importance. Besides, such methods of instrumental
wear control are characterized by high complexity and in-
sufficient accuracy [16]. Endoscopes are the next generation
of instrumental methods of wear control [17]. They enable
a fairly detailed study of the condition of the inner barrel
surface, presentation of its image in any projection [18], and

quantitative processing of the measurement data [19]. Endo-
scopic methods of barrel control were brought to a robotic
level [20]. These methods make it possible to get complete
and accurate information about the degree of barrel wear,
however, they have a disadvantage of high equipment cost
and laboriousness. The integration of instrumental methods
of various types is presented in [21] in the form of an artil-
lery control and check machine. However, such a solution is
costly that makes it inapplicable in the troops.

Characteristics of acoustic signals arising from shots
were analyzed in [22-24]. For example, characteristics of
shock waves from artillery shots are studied in [22]. Arti-
cle [23] addresses the recognition of howitzer caliber from
acoustic signals of the shot. The results of finding out the
location of the artillery firing position by the acoustic meth-
od are presented in [24, 25]. Although the studies [22-25]
do not directly address the issue of assessing the barrel wear,
they create prerequisites for the studies in this direction.

Analysis of data published in [1-25] makes it possible
to establish the following. Existing methods for assessing
the degree of wear of artillery barrels are diverse. However,
the methods available for widespread use in the military are
ideologically outdated, provide low accuracy of assessment,
and practically are unsuitable for automation. The methods
based on modern technologies require expensive equipment
which is an obstacle to their practical implementation in
military units. At the same time, there are prerequisites for
applying a prompt, inexpensive, and easily automated meth-
od of analyzing the acoustic signals accompanying artillery
shots to solve the problem of the barrel wear assessment.
However, this issue has not been sufficiently studied both in
theoretical and practical terms. Such a study has become the
subject of this paper.

3. The aim and objectives of the study

The study objective concerns development of a method
for identifying the condition of artillery barrels based on an
analysis of acoustic signals accompanying shots to deter-
mine maximum allowable wear levels.

To achieve this objective, it was necessary to solve the
following tasks:

—to develop a simulation model of acoustic signals of
artillery shots from barrels with various wear levels based
on experimental data and form sets of synthesized records
for various barrels;

—to extract informative attributes of signals for auto-
matic assessment of barrels by the degree of their wear;

— to develop a method of binary classification of artillery
barrel wear level based on the extraction of informative at-
tributes of acoustic signals during automatic classification;

— to conduct a computational experiment with the clas-
sification of the level of barrel wear and assess qualitative
indicators of classification.

4. A simulation model of acoustic signals when firing from
worn barrels

A gunshot is accompanied by the formation of two
types of acoustic waves: a shock wave (SW) and a muzzle
wave (MW) [26]. When a shell moves along a certain tra-
jectory, the shock wave with a conical front (Mach cone) is



generated. Its center moves with the moving shell. The cone
opening angle is

0, =arcsinl/ M, M >1,0<0,, <n/2, )
where M is the Mach number equal to M=V/s; V is the initial
velocity of the shell and s is the velocity of sound in air at
current meteorological parameters.

The acoustic signal of the SW has a characteristic
N-shape with rising and falling fronts of about 1 us duration
at the beginning and end of the signal. The SW signal is
broadband, its total duration for artillery shots is 3—8 ms.
The bandwidth of the SW signal is from 1 kHz to 10 kHz.
The shock waveform is determined by the Wightman mo-
del [27], which describes its parameters as follows:
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is the duration of the rise (fall) front; A is the SW ampli-
tude; Ty is the duration of the main section of the pulse;
Py is the atmospheric pressure; ¢ is the shell caliber; /
is the shell length; d,,, is the shortest distance from the
recording point to the Mach cone; ¢, =¢, is the duration of
the SW pulse rise and fall fronts, respectively; A is the mean
free path of an air molecule (A=6.8x10~8 m for air under
normal conditions).

Fig. 1 shows a typical SW signal (a) and its energy
spectrum calculated by the method of Welch periodo-
grams (b) [28].

Attributes of the SW:

—the SW is observed and recorded by a microphone
installed on the ground surface only if the observation point
lies inside the Mach cone;

— the velocity of the shell during its flight decreases and,
at some trajectory point, it may become less than the velocity

of sound and the SW will disappear, so it must be recorded at
small distances from the firing point;

— due to the short front of the SW rise, it must be record-
ed with a high sampling rate.

The muzzle wave (MW) is created by the expansion of
high-pressure gases after the shell leaves the barrel. The
acoustic signal of the MW propagates with the velocity of
sound ¢ from the muzzle section of the gun barrel into the
environment. The sound pressure level of the MW is about
150 dB near the barrel muzzle section. The MW is a pulse
signal with a duration of 30—50 ms having a frequency spec-
trum in the range from 8—-10 Hz to 100 Hz [29]. The MW
signal is also broadband, however, its frequency bandwidth
in the spectral region is an order of magnitude smaller than
that of the SW. The MW form is described by the Friedland-
er-Reed model [30]:

t
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where A is the pulse amplitude; Ty, p are the pulse form

parameters.

Due to the frequency-dependent sound attenuation
in air, the MW form quickly turns into a damped vi-
brational pulse [31]. Experiments with the MW records
of real artillery shots have shown that this waveform is
well approximated by the Berlage model widely used in
seismology at distances greater than 50 m from the barrel
muzzle section [32]:

Pl =A,t"e"sin(fr), )
where nr is the indicator of the rate of rising of the front
edge of the MW, a is the indicator of attenuation rate of
the oscillatory process of the MW; f, is the dominant fre-
quency.

Fig. 2 shows the MW signal described by the Friedland-
er-Reed model with the following parameters: A,,,=300 Pa,
To=50 ms, B=28 (line 1). The same signal calculated with
taking into account atmospheric attenuation [33] at a dis-
tance of 10 m from the muzzle section is shown by line 2. The
same signal approximated by the Berlage model with param-
eters A=300 Pa, nr=5, 0=0.52, f,=20 Hz is depicted by
line 3. It can be seen that the Berlage model quite accurately
describes the MW form.
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Further, the Berlage model (5) will be used to describe
the MW. Its attributes are as follows. In contrast to the
Friedlander model (4), it is described by a continuous
function which makes it more convenient for mathematical
operations. In addition, it was shown that the pulse-shaped
signal described by the Berlage model is the minimum
phase signal [32]. For such signals, their main energy is
concentrated in the initial section of the pulse. Therefore,
when analyzing the minimum phase signals, it is suffi-
cient to analyze the first period of the oscillatory process.
Fig. 3 shows a typical form of the SW pulse-shaped signal (a)
and its energy spectrum ().

Attributes of the MW: the MW propagates from the
point of its formation with the velocity of sound c¢. The
MW front is spherical, however, with a sufficient degree of
approximation, it can be considered flat at distances greater
than 50 m from the muzzle section. It has been practically
established that for distances less than 2—3 km, the MW
amplitude is 2—3 times higher than the SW amplitude [26].

Let us consider some definitions from the theory of
artillery firing [34]. Muzzle energy E, =qV>/2 is the
kinetic energy of the translational motion of a shell having
mass g at the moment of it leaving the barrel bore with
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velocity V. When assessing a gun, the magnitude of the
muzzle energy is considered as a comparative character-
istic of the gun might. (When calculating, the rotational
motion of the shell is not taken into account). The coeffi-
cient of the gun might C,=E, /¢* expresses the ratio of
the muzzle energy to the cube of the gun caliber ¢. The
coefficient of the gun might shows how much energy falls
on a conventional unit of the barrel channel volume when
firing from a given gun.

Introduce the concept of barrel wear coefficient:

n=VvV'/V, 0<n<{, (6)
where V" is the initial velocity of the shell when fired from
the worn barrel. The maximum permissible minimum n is 0.9
for ground artillery in armies of post-Soviet countries [12],
and 0.85 in the armies of NATO and China [3]. Then, the
gun might for the worn barrel is

Co=a(v') /2(o) 7
that is, a shot from a gun with a wear coefficient n, ceteris
paribus (gun type, charge, firing conditions) is equivalent to
a shot from a gun of reduced caliber ¢". To fulfill the con-
dition C,=C, (muzzle energy is determined by the energy
of the given type of charge), we can introduce the concept of
conditional equivalent caliber (CEC) ¢, which, proceeding
from (7), is equal to

0" =on*". ®

Obviously, ¢ <¢, since n<1. It was indicated above
that according to the experimental data, the SW and MW
parameters depend on the gun caliber, that is, the smaller
caliber the shorter pulse of the SW and duration of its first
half-period. Thus, the last expression provides prerequisites
for modeling the barrel wear according to parameters of
the SW and MW accompanying the shot.

Next, it is necessary to experimentally verify the pos-
sibility of classification of barrels by the level of their wear
based on the assumptions made. To this end, at the next
step of the study, it is necessary to form a set of records of
acoustic signals corresponding to shots from standard and
worn barrels.
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Fig. 3. Signal of the muzzle wave: a — temporal pattern; b — energy spectrum



5. Formation of sets of the synthesized Actual signals

Classification

L. . A set of Extraction of a
records of acoustic signals for various (M109 howitzer) thesized | set of SVM results
barrels syfecgjézse informative classifier A g
A|> attributes | L *

To ascertain the possibility of as- Models  x
sessing the barrel wear by the acoustic »  Training
signals from shots, a computational ex- SW W
periment was carried out. The general (Wightman) (Barlage) N
diagram of its stages is shown in Fig. 4. | Testing

Based on the considered Wightman Worn o
and Berlage models for the MW, CEC for barrel (¢*)

the MW and actual signals, a set of syn-
thesized records was formed. At the next
stage of the study, informative attributes
are extracted for constructing an auto-
matic classifier for defect-free and worn

barrels. Next, a classifier is built, trained, ’\cgvzée
and tested on a test sample of classifica- , ’
tion results and their quality. o

Actual records of acoustic signals [
made during the M109A3GN howit- Sun =
zer [35] firing were taken as the study N

basis. The howitzer barrel (NATO des-
ignation: 1025-25-136-2638) was
6045 mm (39 calibers) long. The M107
shell was used, the maximum charge was
5 DM72 modules, initial velocity (tabu-
lar) was 684 m/s. Signals were recorded
by broadband measuring microphones
at distances of 20 m and 250 m from the
firing position. Besides, the characteris-
tics of howitzer shots given in [36] and
actual records of the shock wave signals
from howitzer shots [37] were used.

Based on the digitized records of signals, a set of 300 re-
cords was formed. The records simulated acoustic signals
from artillery shots in real conditions.

The procedure for forming a record set. Fig. 5 shows a gener-
al geometric diagram of a simulated real firing situation (plan
view where lateral shell drift was not taken into account).

Microphones in a quantity of N=>5 that recorded the SW
and MW from the shots were installed on the ground at a
distance of D=250 m from the barrel muzzle section along a
line perpendicular to the projection of the firing trajectory
at a distance of =20 m from each other. The microphone re-
cording start was synchronized with the shot. After the shot,
each microphone recorded acoustic signals for 0.6 s. The use
of several microphones is explained by the following:

1) since random normally distributed noise implemen-
tations and random recording parameters are specified for
each of the microphones, the use of N microphones enables
an N-time increase in the data set volume;

2) the reliability of finding and estimation of the SW and
MW parameters against the noise background increases;
this is especially important in real field conditions.

The distance D=250m was taken from the following
considerations. Assessment of the degree of barrel wear by a
drop of initial shell velocity should be made close enough to
the firing position while the shell velocity is close to the initial
velocity. In addition, the phenomenon of refraction of sound
rays can be observed during the propagation of acoustic waves
in the surface layer of the atmosphere. It is caused by the pres-
ence of vertical temperature and the wind velocity gradients
that can greatly distort parameters of acoustic signals.

Fig. 4. Diagram of a computational experiment for studying the assessment of

barrel wear by acoustic signals from shots

D

A

Shock
wave

Fig. 5. Geometric diagram of the simulated situation

According to [38], the neutral nature of sound propa-
gation is always observed at a distance of less than 500 m
from the wave source and the refraction effect on acoustic
signals is excluded for sure. The distance =20 m between
microphones was taken from the following considerations.
On the one hand, they can have different observation con-
ditions concerning the signal-to-noise ratio (SNR). On the
other hand, all microphones used for SW recording must
be within the Mach cone created by the flying shell. With a
microphone line size of 80 m, the last condition is satisfied at
any initial shell velocities.

For each of the simulated shots, an acoustic signal was
synthesized on a microphone with a sampling frequency
of 10 kHz.

Taking into account the additive nature of noise, the syn-
thesized record was constructed according to the following
model:

(€)=, (0)+ 5, (€5, (0) ©
where s, (¢) is the signal fragment including the SW pulse;
S, (¢) is the signal fragment including the MW pulse;
S, (£) 18 the realization of a 0.6 s long noise signal.

The procedure of synthesis of a record simulating a shot
from an unworn barrel is as follows. Since the SW always
arrives at the microphone earlier than the MW (as V<c), the
SW signal is placed at the beginning of the record as a 5 ms
fragment cut from a real record. Next, there is a 200 s “blank
section” corresponding to the time delay of the SW and MW
arrival to the microphone. Then, a 0.395 ms fragment with
the MW record is placed at the end of the “blank section”.
The general diagram of the formation of the synthesized
record is shown in Fig. 6.

For the most complete simulation of a real situation
when forming a record fragment with the MW, a phenom-
enon of the MW reverberation was taken into account,
that is, the reflection of the MW from the earth’s surface
which lengthens the real MW signal [39]. The reverber-



ation was modeled by pinning two MW reflections to its
pulse “tail”:
szt‘ireverl) (t) = SmbO (t) + SrrIvirefM (t) + Smbirefl2 (t)’ (10)

where s, ..., (¢) is the MW signal taking into account the
reverberation; s,,,(¢) is direct MW signal;

sz,virefli (t) = SmbO (t - Ti ) : Krefli’ (l = 1’ 2)’

K, is the coefficient of the MW reflection from the earth’s
surface taken equal to 0.6 according to [39]; T, is the time
delay of arrival of the i-th MW reflection taken from the
relation t;€rand [5, 20] ms; rand is the standard operator
of generating a pseudo-random number within the range
of [0; 1].

5 ms 200 ms 395 ms
Record of "Blank f o Record of the MW
the SW ank fragmen with reflections

Total length: 600 ms
Fig. 6. Diagram of synthesized record formation

Let us consider separately modeling the noise accom-
panying record of the SW and MW signals during their
propagation in the bottom layer of the atmosphere. The
signals of acoustic waves are of low-frequency during fir-
ing. Analysis of real signal records from [35] has shown
that the noise generated by the standard operators of the
generation of pseudorandom numbers rand and randn
poorly simulates the noise component actually observed
in the records since they form a spectrum of uniform fre-
quency. In fact, the noise of wind around the microphones
is the main real acoustic noise in the low-frequency region
(below 500 Hz) [40]. As shown in [41], wind noise is a
special random process in the stationarity interval with a
spectral density falling with a frequency f as 1/f. This is
the so-called “pink noise”. The noise interference spectrum
is shown in Fig. 7, a.

In this regard, pink noise was specially generated for
modeling the wind noise with the use of the Teager—Kaiser
filtering algorithm given in [42]. The resulting spectrum
of the generated noise is shown in Fig. 7, b. Analysis of real
shot records has shown that the model of wind noise as a

1/f

Strong wind

851

80
Light wind
751

Wind noise level, dB re 20 mkPa

701

65 L L
10" 10? 10°
Frequency, Hz

a

pink noise is in a good agreement with the noise realizations
observed in the experimental records.

Formation of records simulating a shot from a worn bar-
rel is harder. In accordance with [2], the maximum permis-
sible value of the coefficient of barrel wear n=0.9 was chosen
for the experiment. To synthesize a concrete record, the
value of n;=rand[0.9; 0.95] was chosen where ie[l, NRF];
NRFis the total number of records simulating a worn barrel.
For the obtained value of n;, the conditional equivalent cali-
ber ¢;. for a given shot was calculated from relation (8). At
the SW modeling stage, the SW parameters were calculated
for the obtained value of CEC ¢; from relations (2) and (3)
and the SW signal was constructed with a sampling step
0f 0.0001 s. After constructing the SW signal, its parameters
(amplitude, duration of the rise and fall fronts, and total du-
ration) were compared with the corresponding experimental
tabular values from [37]. If the deviations did not exceed
20 %, then the SW signal was included in the synthesized
record. Otherwise, a new value of n; was generated and the
step of SW formation was repeated. In the formation of the
synthesized MW signal based on the ¢; calculated for a giv-
en i, an empirical expression [36] relating the caliber and the
dominant frequency f was used:

£ [Hz]=1,850 / o[mm]. (1)

For the given ¢;, f, was calculated from the last ex-
pression. Next, the MW signal selected from real records
was approximated by the Berlage model (5) in which f, was
replaced by f;. The MW signal which was embedded in
the record was calculated by the Berlage model modified
in this way.

After the formation of all records, wind noise in the form
of the additive pink noise described above was superimposed
on these records. The SNR was calculated as:

/0
> 5*(J)
SNR=L

2
Y pink

.

(12)

where s(j) are counts of the generated record (nonzero only
in the intervals of the presence of SW and MW); NO is the
length of the window corresponding to the duration of the
SW and MW in the counts; o, is the dispersion of the
pink noise.
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Fig. 7. Spectral density of the wind noise: a — theoretical, according to [41]; b — obtained in modeling by pink noise



Taking into account the additive nature of the wind
noise, each synthesized record was constructed according to
the following model:

$(0)= 00 (€)+ 80 () 8, (1),

where s, (¢) is the signal fragment including the SW pulse;
Suw(t) is the signal fragment including the MW pulse;
S, (£) 1s the implementation of a noise signal with a length
equal to the record length.

According to the described procedure, two arrays of
digital data were formed constituting a set of signal records
including two classes. Class 1 contained records of acous-
tic signals of the shots from barrels with a coefficient of
wear s, (¢). This class will be called SB (serviceable bar-
rel). Class 2 contained records of signals with a coefficient
of barrel wear above critical value: n*=0,9, that is the WB
class (a worn barrel). The data set consisting of 150 records
in each class was broken into training and test samples.

Taking into account the additive nature of the wind
noise, each synthesized record was constructed according to
the following model:

$(0)= 00 (€) 4 80 () 8, (1),

where s, (¢) is the signal fragment including the SW pulse;
Sy (t) is the signal fragment including the MW pulse;
S, (£) 1s the implementation of a noise signal with a length
equal to the record length.

Fig. 8 shows a typical synthesized record for SNR=10 dB
(a defect-free barrel, n=0.98). The arrows in Fig. 8 show the
areas of the SW and MW reflection. Red marks indicate the
time of arrival of the SW and MW. Section SW of the same
record is shown in Fig. 1, @ in an enlarged time scale.

matic barrel classifier according to the level of wear, the
records were pre-processed to form informative attri-
butes. To extract informative attributes of the signals, it
is important to identify the moment of the SW and MW
arrival in the record as accurately as possible. Since the
SW and MW signals are random broadband signals, the
Kailats-Price-Urkovits energy detector was used to detect
and assess the moment of the SW and MW arrival [43].
Such a detector is described in sufficient detail in [44]. Tt
has shown good results in extracting acoustic signals on
the noise background. The moments of the SW and MW
arrival extracted by such a detector are shown in Fig. 8 by
red marks.

For automatic classification of barrels according to a
set of informative attributes, the method of support vec-
tors, or a support vector machine (SVM), was chosen [45].
The SVM is the algorithm of learning with a teacher. The
algorithm is ideally suited for the task of diagnosing bar-
rels since it was originally created to break the statistical
samples into two classes. The main idea of the SVM method
is as follows. Each object to be classified is represented by
a point (or a vector describing the point coordinates) in
an n-dimensional space. A point can belong to one of two
classes. As a result of applying the SVM, a hyperplane of
dimension (n—1) that separates the classes is constructed.
As a result of applying the method, an optimal separating
hyperplane is formed in such a way as to ensure maximum
margin between the classes which guarantees the best
quality of classification. Parameters of the SVM classifier
are chosen in the training set. Next, the classifier param-
eters are checked on the test data sample. The method is
described in sufficient detail in [46]. The SVM method
has been successfully used to classify acoustic images [47]
including artillery sound signals.

Let us proceed to the construction of the attri-
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Muzze Wave reflections

bute space for classification. This space is used in
the training and test samples. After identification
of sections containing the SW and MW signals,
a set of informative attributes is formed in each
record. The informative attributes can be divided
as follows:

1. The shock wave: attributes in the time do-
main (Fig. 9, a).

1. 1. The SW amplitude, Ay, .

1. 2. The rate of growth of the SW front edge,
d/deT,,.

1. 3. The moment of the first intersection of the

400 0.1 0.2 0.3 0.4 0.5

Time (s)
Fig. 8. Typical synthesized record (SNR=10 dB)
At the next study stage, informative attributes were ex-

tracted and a method for automatic binary classification of
barrels by the level of their wear was developed.

6. Extraction of informative attributes of signals.
Development of a method of binary classification for
determining wear of artillery barrels

All automatic classifiers require sets of informative
attributes that must be extracted from synthesized sets
of records. To proceed with the construction of an auto-

first zero by the SW signal, Tyy,.
0.6 2. Shock wave: attributes in the spectral region
(it can be seen from Fig. 9, ¢ that general patterns
of the SW and MW spectrum are similar. Pat-
terns of the spectra are schematically represented
in Fig. 9 by one illustration although the frequency scale of
the SW and MW spectra differs by an order of magnitude).

2. 1. The central frequency of the SW spectrum, fj.

2. 2. The width of the SW spectrum by level is 3 dB from
the maximum Af value.

Cumulant apparatus (CA), a progressive tool for study-
ing spectra of pulsed random processes [48], turned out to be
an extremely useful instrument for analysis of the SW and
MW signals in the spectral domain. The CA is based on the
calculation of cumulants (central moments of the 3rd and 4th
orders), kurtosis of the signal spectrum, that is, “sharpness of
the peak” of the spectral power density. For a discrete signal



x(n), an N-point discrete Fourier transform X(m) is calcu-
lated. The kurtosis (the central moment of the 4th order) is
calculated as in [49]:

M
o (M+1)Y|X,
KS= AN | 3)
M1 )
Z |X i (m)|
i=1
Ssu(t) _
Aw
—»| gﬁ’ T
Tswo
0 t
a
Smw(t)
Amw|
1
0 t
b
Ssw,mu(f) \
-3dB
af
0 fo f

c

Fig. 9. Informative attributes of signals: a — the shock wave,
time domain; b — the muzzle wave, time domain;
¢ — the shock wave and the muzzle wave, spectral domain

In terms of the kurtosis content, there is a measure of
the difference between the shape of the signal spectrum and
the Gaussian curve. Further development of the CA was a
kurtogram [49] which is a graphic image of successive kur-
tosis values calculated over the pulse duration in a sliding
window. To illustrate the information content of the CA,
Fig. 10 shows the SW kurtograms of shots from the unworn
barrel: n=1 (a) and the worn barrel for n=0.87 identified
from the synthesized records. The kurtogram was calculat-
ed using the standard function of the MATLAB kurtogram
system.

K. =40.8123 at level 4, Optimal Window Length=32,
Center Frequency=0.15625 kHz, Bandwidth=0.3125 kHz
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Fig. 10. Kurtograms of the SW from shots: a — firing from an
unworn barrel; b — firing from a worn barrel

It should be noted that the kurtogram function also
calculates the center frequency and the spectrum bandwidth
already selected above as informative attributes of signals in
the spectral domain. Since the kurtogram as a graphic image
cannot be used directly for the SVM classifier, then based
on the CA, integral cumulant attributes were included in the
number of informative attributes in a separate subset of the
frequency domain:

3. Shock wave: cumulant attributes in the spectral do-
main.

3. 1. Kurtosis of the SW spectrum, KS.

3. 2. The skewness of the SW spectrum [50], the central
moment of the third order:

M —\3
SkewS=CY (X, - X,

i=1

(14)

where

m(m+1)
(m—l)(m —2)(m —S)Gﬁ( ’

X and o, are the mathematical expectation and standard X,
respectively.

SkewS can be either positive (skewness of the spectrum
to the left relative to the vertical axis of the Gaussian curve)
or negative (skewness to the right).

4. Muzzle wave: attributes in the time domain (Fig. 9, b).

4. 1. The SW amplitude, A, .



4. 2. Duration of the first half-cycle of the oscillatory pro-
cess, 1/2f,, for the MW, this is fy, the dominant frequency.

4.3. Assessment of nr parameter of the Berlage model
obtained by approximating the SW signal.

4. 4. Estimation of the o parameter of the Berlage mod-
el obtained by approximating the SW signal.

5. Muzzle wave: attributes in the spectral domain
(Fig. 9, ¢).

5. 1. Central (dominant) frequency of the MW spec-
trum, fo.

5.2. Width of the MW spectrum by the level: 3 dB from
the maximum Af value.

6. Muzzle wave: cumulant attributes in the spectral
domain.

6. 1. Kurtosis of the MW spectrum, KS.

6. 2. Spectrum skewness, SkewS.

Thus, 6 subsets of informative attributes (IS): {ISf{f,‘fi},
{15 b, {asime 3 {15l b {1Stmez "} with powers:

card {185y } =3, card{IS/i"} =2, card{ISf;"""} =2,
card{IS;n 1 =4, card{IS}ie 1=2, card{IS}pe:"}=2

were obtained for each record, respectively.
The complete set of informative attributes:

{18} ={isie Yolasgm Y olis oo
olisi folisi, polisii .
card{IS,} =15.

The formed sets of informative attributes make it possi-
ble to conduct a computational experiment to confirm the
possibility of barrel classification by the level of wear and
assess indicators of the classification quality.

7. A computational experiment with
the classification of the barrel wear
level

The IS subsets formed in Section 6
were further used in the classification

are the vectors in which each element contains a sequence of
normalized informative attributes estimated by the i-th record
of each set; K is the number of records for each type of barrels
(K=150). Within the corresponding sets, the record numbers i
were randomly chosen with the exclusion of repetition.

The training data matrix XC (that is, rows of the XC ma-
trix correspond to the attribute descriptions of the training
objects and columns of the matrix correspond to the attri-
butes identified in each record) [51] was defined as

(17)

XC= {xf”,xg”, e X X x (9 ,xfn”’)},
where
) — (@) _
X; _(Sbi,i’SbiQ’ ...,sbm) and x| _(wbi,i’wbil’ ...,wbl.)s),
i=1,m;

3 is the length of the x; vector taken equal to 100.

The XT test matrix was formed in the same way but the
vector length x; was assumed to be 40. The SVM signal
classifier was trained and the classification quality was
tested using the MATLAB system Statistics and Machine
Learning Toolbox. In this case, the MATLAB svmtrain()
and svmclassify() functions were used [52]. To assess the
information content of the selected attributes, several sets
of training and test data were compiled from various IF
subsets. The used sets of informative attributes for SVM
classification were conventionally called SVM i, i=1,9.
Since the classification results are binary, the only indicator
of the classification quality is the probability of correct clas-
sification assessed as

ﬁcoﬂ_(lass =N*/Ny, 18)
where N * is the number of objects correctly assigned to the
corresponding classes; N, is the total amount of the test
sampling.

Description of the classification results for various at-
tribute sets is given in Table 1 (the amount of the training
sampling is 100, the amount of the test sampling is 40).

The indicators of classification quality are graphically
presented in Fig. 11.

problem. The training and test sets of
informative attributes for the classifier
were formed on the basis of their esti-
mates normalized to the interval [0, 1]
for the records of signals from shots
of defect-free and worn barrels corre-
sponding to two classes of the objects
being classified. Denote the sets of

e o ©°
o N ® ©
T T T T

Probability of correct identification
o
[

estimates of informative attributes of 0.4
defect-free and worn barrels as follows: 03
SB={SB,,SB,,...,SB, }, sy °*

0.1

WB={WB,WB,,..WB,}, (16) o

Il Temporal attributes
-Temporal+frequency attribute
|:|Temporal+frequency+cumulant attributes

where

2 3

Sets of information attributes: 1 - only SW; 2 - only MW; 3 - SW+MW

Fig. 11. Probabilities of correct barrel classification:

SB; = (sbi,1’8bi,2’ ’Sbva)T ’

1 — a set of informative attributes based on the SW analysis only;

2 — a set of informative attributes based on the MW analysis only;

WB, = (wbm,wbiyz, ,wb,.yK)T

3 — a set of informative attributes based on the SW+MW analysis



Description of sets of informative attributes of the SVM classifier

Table 1 — despite theoretical equivalence of

temporal and spectral representation of

SWM i: sets of informative attributes

SWM1: SW, only temporal attributes {I ;;;;'i}

SWM2: SW, temporal+frequency attributes {IS g;’,”l}

SWM3: SW, temporal+frequency-+cumulant attributes {IS é’lj,"’y;“”"}

SWM4: MW, only temporal attributes {I ;ﬁ,’;ﬁ,}

SWM5: MW, temporal+{requency attributes {IS Af;;gl}

SWM6: MW, temporal+frequency+cumulant attributes {IS Jreq ;”"”}

SWM7: SW+MW, only temporal attributes {I ;ﬁ,’:ﬁl}

SWMS: SW+MW, temporal+frequency attributes {IS/’” }

MW,i

SWMO:

SW+MW, temporal+frequency+cumulant attributes {IS ,{;;‘Z;”"”}

- the signals, the combination of these attri-
N/ Peondtass b : : :
utes also makes it possible to improve the
52/0.43 quality of barrel classification;
—cumulant spectral attributes (spec-
68,/0.58 trum kurtosis and spectrum skewness)
used in the analysis of acoustic signals
79/0.67 from shots in combination with conven-
57,/0.48 tional indicators can significantly improve
the quality of classification.
76/0.63 Thus, all objectives of the study were
90,075 fulfilled. The .possibility of assessing
the wear of artillery barrels by the SW
73/0.61 and MW signals arising from a shot was
demonstrated in the study.
98/0.82 The proposed method of identifying
110,092 worn barrels has positive qualities in com-
parison with other known methods of wear

Fig. 11 clearly demonstrates the main result of the study:
the use of a full set of informative attributes makes it possible
to classify defect-free and worn barrels with a probability of
correct classification of 0.94.

8. Discussion of results of the assessment of barrel wear
using acoustic signals from shots

Let us consider the main results of this study.

A simulation model of acoustic SW and MW signals
resulting from artillery shots of barrels with various levels of
wear has been developed (expressions (7), (8)). The model is
based on the assumption that a shot from a gun with a worn
barrel, ceteris paribus (the type of gun, charge, firing condi-
tions) is equivalent to a shot from a gun of reduced caliber.
For a simulated real firing situation presented in Fig. 5, a set
of 300 synthesized records has been formed. They simulated
signals of shots from barrels with various levels of wear.
Field records [35], the Wightman model (2), (3) for SW and
Berlage model (5) for MW were used in the formation of the
synthesized records. In addition, the formation of synthe-
sized records took into account the phenomenon of MW re-
verberation (12) and additive wind noise (Fig. 7). A typical
view of the synthesized record is shown in Fig. 8.

Informative attributes of signals for automatic identifi-
cation of barrels by the degree of their wear were extracted.
Informative attributes for the SW and MW were identified
both in the time domain and in the spectral domain (Fig. 9).
Cumulant spectral attributes (spectrum kurtosis and spec-
trum skewness) (13) and (14) based on kurtograms of the
shot signals (Fig. 10) were also extracted.

A method of binary classification of artillery barrel by
the level of wear was developed based on the extraction of
informative attributes (15) to (17) and the SVM classifica-
tion algorithm.

A computational experiment was carried out to classify
the level of barrel wear. Classification quality indicators are
shown in Fig. 10. A computational experiment has shown
that the selection of attributes for dividing the barrels into
two classes was done correctly. The following facts were
established in the experiment:

— quality of barrel classification improves when using
both SW and MW attributes;

assessment:

—a minimal set of auxiliary equipment is required for
its implementation in the field: several microphones, a wired
communication line, and a computer of a field make;

— the proposed method is prompt. It is assumed that its
software has a pre-trained SVM classifier. Then an assess-
ment of belonging of the barrel to one of two classes can be
obtained practically in real time. It is only necessary to shoot
the number of shots necessary for the formation of a test
sample for the assessed gun;

— the method of assessing barrel wear can be used in par-
allel with the solution of other firing tasks having different
objectives but carried out with significant use of shells, for
example, during training firing;

—in order to improve the quality of identification, the
training sample can be accumulated previously for a long
time if guns of the same type are operated at this firing
position.

The main limitation of the method proposed as the study
result consists in its applicability to only one type of guns
with the same barrel model. For other types of guns, it is
necessary to form a new training set and train the SVM
classifier. However, taking into account the minimum set of
equipment necessary for the practical use and availability of
numerous software tools for SVM classification, this limita-
tion is easily overcome.

The study results are not yet exhaustive. In particular,
the study did not touch upon consideration of meteorology
of the bottom layer of atmosphere although it is known that
sound velocity in air, frequency-dependent attenuation of
acoustic waves, etc. largely depends on meteorological pa-
rameters. Assessment of the effect of meteorological param-
eters on the results of barrel classification using the acoustic
fields of shots is the subject of further studies.

9. Conclusions

1. Analysis of models and available experimental data on
the SW and MW has shown that they differ significantly.
The SW has a characteristic N-shape, duration of 3—5 ms,
and a spectrum in the range from 10 to 500-700 Hz. It exists
only within the Mach cone formed by a shell flying at super-
sonic velocity. The MW is a form of a damped oscillatory
process lasting 20—50 ms. It is quite accurately described by



the Berlage analytic model. The width of the MW spectrum
is 40—60 Hz. Parameters of both SW and MW significantly
depend on the initial velocity of the shell. This has made it
possible to relate the level of the barrel wear to the parame-
ters of acoustic waves accompanying the shot.

2. Based on the experimental data recorded in the firing
of a 155 mm howitzer, a set of 300 synthesized records of
acoustic signals simulating shots from barrels with various
levels of wear was formed. When forming the data set, actual
factors existing during recording the shot sound signals in
the bottom layer of the atmosphere were taken into account
as much as possible. It was shown that the wind noise with
a characteristic spectral density is the main type of interfer-
ence in this situation. Wind noise was modeled by the “pink
noise” model and additively overlaid on the records. The ef-
fect of surface reverberation on the MW waveform was also
taken into account.

3. Three groups of characteristic attributes were ex-
tracted for the classification of barrels by acoustic signals
for the SW and MW. The first group includes attributes in
the time domain and the second group includes attributes
of the spectral domain. For analysis of acoustic signals from
shots, cumulant attributes in the spectral domain were used

in addition to conventional attributes: a spectrum kurtosis
and a spectrum skewness which were attributed to the third
group of attributes. Vectors of informational attributes of
the SW and MW were formed according to the attributes
in all groups.

4. A computational experiment with a binary clas-
sification of barrels was performed. The support vector
method (SVM classifier) was used as a classifier. It was
established in the course of the experiment that the best
classification results are achieved by applying the full
(temporal and frequency) attribute-based description for
the SW and MW. It should be emphasized that the cumu-
lant attributes can significantly improve the classification
quality. In terms of correct recognition, the achieved qual-
ity of dividing the barrels into defect-free and worn classes
was assessed as 0.94.

The study results make it possible to recommend the
proposed method for assessing the barrel quality based on
the analysis of the acoustic signals accompanying the shot
for practical application in the front-line artillery units. The
method under study combines minimum requirements for
special equipment, efficiency, and high reliability of classi-
fication.
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