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ABSTRACT

An artillery shot is accompanied by the release of combustion products of powder gases from the barrel. It is proposed to use
muzzle ejection to classify the level of barrel wear during firing. A full-scale experiment was carried out with high-speed video
recording in the visible and infrared ranges of the dynamics of the development of muzzle ejection when firing guns with a defect-
free and worn barrel. Muzzle ejection when fired from a large-caliber gun consists of three spatial regions: frontal and two side,
associated with the emission of powder gases through the openings of the compensators. A technique for analyzing three
synchronized video streams has been developed. The technique made it possible to quite fully investigate the processes of muzzle
ejection development dynamics in defect-free and worn barrels. Informative signs are chosen, which are different for the dynamics of
muzzle ejection from defect-free and worn barrels. This made it possible to build a binary classifier of the condition of the trunks by
the level of wear based on the support vector machine with least squares. In contrast to the classical SVM classifier, this allowed us
to reduce the calculation time and reduce the required size of the training set. To assess the quality of classification, it is proposed to
rely on only errors of the first and second kind, but also an integral indicator — the probability of error-free classification. To increase
the reliability of the classification, the concept of a universal binary classifier is proposed, which uses both video recording of the
muzzle ejection and acoustic fields of the shot — ballistic and muzzle waves — to diagnose the state of the barrel. On the basis of
experimental data, it is shown that the use of all physical fields accompanying an artillery shot for the binary SVM classification
allows obtaining a high value of the error-free classification probability.
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special equipment for the operational assessment of
9INTRODUCTION wear. In registration of physical fields accom-
panying the shot are especially promising. From this
point of view, the study of such methods for
assessing the wear of artillery barrels is an important
scientific and practical task.

Intense military operations in the liberation war
of the Armed Forces of Ukraine against the
aggressor state once again demonstrated the decisive
role of large-caliber artillery in achieving combat
success. Combat experience showed hitherto LITERATURE REVIEW
unprecedented intensity of artillery fire. The high
intensity of fire is associated with high
wear of artillery gun barrels, which requires constant
monitoring of wear [1, 2]. A special role is played
by methods of monitoring barrel wear, which do not
require the removal of the gun from combat
formation and do not require the use of expensive
this regard, wear assessment methods based on the

The task of diagnosing the state of the trunk can
have two approaches. The first of them is the
examination of the barrel itself as an element of the
tool that is subject to wear [3]. Various endoscopic
methods for examining the trunks require moving
the tool to the technical unit [4]. Despite the high
quality of diagnostics, such methods reduce the
combat power of an artillery unit and cannot be
considered operational. Another variant of barrel
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diagnostics is based on the assessment of the initial
velocity of the projectile at the moment of its exit
from the muzzle of the barrel. This option is based
on the fact that eventually the wear of the gun barrel
or charging chamber leads to a decrease in the
muzzle velocity of the projectile [5]. The most
modern way to estimate the initial velocity of the
projectile is the use of artillery ballistic stations
(ABS) [6, 7]. Artillery ballistic stations are
centimeter-wave Doppler radars. Their shortcomings
are well known. Artillery ballistic stations are active
devices, which increases the unmasking effect of the
firing position. In order to accurately measure the
muzzle velocity of a projectile, ABS requires precise
installation, which requires additional time. Finally,
ABS are quite expensive equipment. An alternative
approach to diagnosing the state of barrels is the
registration and processing of physical fields that
occur during an artillery shot. Consistently physical
fields look like this. When the projectile exits the
muzzle of the gun at supersonic speed, a ballistic
wave arises and moves along with the projectile, the
parameters of which depend on the initial velocity of
the projectile and, consequently, the state of the gun
barrel. Then there is a muzzle ejection (ME) of the
combustion products of gunpowder in the barrel and
combustion chamber and unburned carbon. Muzzle
ejection parameters also depend on the state of the
trunk. Muzzle ejection generates an acoustic low-
frequency muzzle wave. In [8, 9], [10], it was
proposed to use ballistic and muzzle waves to assess
the level of barrel wear. For this, it is proposed to
use a trainable binary SVM classifier [11, 12], [13,
14]. An analysis of the literature showed that ME
analysis was not used anywhere to determine the
state of the trunk, although ME is accompanied by a
powerful optical flash and can be recorded quite
simply. The most effective option for diagnosing the
condition of the barrel could be an automatic
classifier based on the analysis of all the listed types
of physical fields, including the visual manifestation
of muzzle blast.

PURPOSE AND OBJECTIVES OF THE
STUDY

The purpose of the study is to develop a
universal automated classifier of the state of barrels
in terms of wear level based on the analysis of all
types of physical fields accompanying an artillery
shot, including video recording and analysis of
muzzle ejection.

To achieve this goal, the following tasks were
solved:

—a preliminary field experiment was carried out
with firing from guns with a high level of barrel
wear and a practically unworn barrel with multi-
view video recording of muzzle ejection, as well as
registration of a ballistic wave and muzzle wave;

— a technique was developed for analyzing
video recordings of muzzle ejection with the
formation of informative signs for diagnosing the
state of the barrel;

— a universal classifier was built based on the
use of informative features formed on the basis of
physical fields of various origins.

VIDEO RECORDING OF MUZZLE
EJECTION

Muzzle ejection when firing from a modern
large-caliber gun has a rather complex three-lobed
shape (Fig. 1).

Fig.1. Muzzle ejection formed when firing
from a 152 mm gun 2A36 “Hyacinth-B”[10]:
1 — projectile; 1a — mach cone accompanying the
projectile; 2 — frontal ejection of powder gases;
3 —side ejection of powder gases through the

holes of the compensator (muzzle brake ) tools
Source: compiled by the [10]

The frontal ejection of powder gases is
associated with their eruption from the barrel, the
left and right side ejections are formed when the
combustion products exit through the holes of the
gun compensators. From the point of view of
diagnosing the state of the barrel, it is important to
extract maximum information from the observed
dynamics of the development of the muzzle burst.
This can be achieved by high-speed video recording
of the muzzle burst from various angles.

A field experiment was set up during training
firing of 152 mm 2A36 “Hyacinth-B” trailed guns.
In the experiment, shots were fired from two guns:
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gun No.1, from which 91 shots were previously
fired, i.e. a gun with a practically new barrel, and
gun No.2, from which 1968 shots were previously
fired, i.e. a gun with a barrel that has a very high
level of wear. Further, in the process of training
firing, physical fields from 59 shots were recorded,
namely, 34 shots were fired from gun No.1 from a
defect-free barrel, and 25 shots from gun No. 2 with
wear exceeding the allowable.

The shooting video recording scheme is shown
in Fig. 2.

Fig. 2. Scheme of video recording of muzzle
ejection during a shot:

1 —gun barrel; 2 — projectile; 3 — frontal ejection;
4 and 5 - left and right side ejections; 6 — visible
range ground video camera for recording a
horizontal side view; 7 — infrared range video
camera; 8 — visible video camera for recording

vertical angle
Source: compiled by the authors

In the scheme (Fig. 2) the origin of coordinates
O is aligned with the muzzle of the gun barrel (1).
The axis OX is aligned with the direction of fire.
Projectile (2) leaves the muzzle of the gun at an

initial speed Vyand moves along the trajectory.

When the projectile exits, frontal (3) and lateral (4,5)
muzzle ejections are formed. On a line perpendicular
to the direction of fire at a distance of l; =60-100 m,

a ground-based high-speed wide-angle video
complex is located. The video complex consists of a
video camera in the visible range (6) and an infrared
(IR) video camera (7). The task of the video
complex (6,7) is to record the dynamics of muzzle
burst development in the ground side view. A high-
speed wide-angle video camera (8) is placed on an
inclined line lying in a plane perpendicular to the
horizontal one at an inclined distance of |, =60-

100m. In the experiment, video camera 8 was
located on an unmanned aerial vehicle in the
hovering mode. The task of the video camera 8 is to
register muzzle ejection in a vertical perspective.

Video streams from cameras (6,7,8) are
synchronized and transmitted via radio and wire
channels to the processing computer.

The following equipment was used in the
experiment:

1. IR Camera: High-Speed MWIR Science-
Grade Camera FLIR X6980; resolution 640x512px;
shooting frequency up to 1004 Hz; a standard ND2
filter was used: (250...2000)°C; dynamic range 14
bits; real time connection via Ethernet port.

2. Visible spectrum cameras: blast-proof
FASTCAM MINI WX camera, resolution
1920x1080 px; shooting frequency from 240 Hz;
linear image (no lens and perspective distortion);
connection of a video signal in real time.

3. Computer for processing the recorded
information: video card: RTX 3080, processor: 4.5
GHz, 12 cores, storage: SSD 4 TB M.2 NVME
RAM: 64GB, OS: Windows 10.

Note that for all shots, acoustic fields were also
recorded — a ballistic wave and a muzzle wave.
Since the issues of their registration are covered in
sufficient detail in [8, 9], [10], here the detailed
issues of registration of the acoustic fields of shots
are omitted.

Fig. 3 shows sequential frames of muzzle burst
development dynamics in the upper vertical view.
Analysis of sequential frames demonstrates the
obvious difference between muzzle bursts from
shots from a defect-free barrel and a worn barrel.
This gives grounds for constructing an automatic
classifier of the state of the barrel based on the
analysis of the video recording with the recorded
dynamics of the development of the muzzle burst.

ANALYSIS AND METHOD OF FORMING A
VIDEO RECORDING OF MUZZLE
EJECTION

Step 1. Video recording starts synchronously
with all video cameras, and then a shot is fired with
a slight delay. Two digital video streams of the
visible spectrum are transmitted to the processing
computer from cameras (6) (file_1) (horizontal
view) and (8) (file_2) (vertical view) and an infrared
spectrum video stream from IR camera (7) (file_1ir).

Step 2. The specified video streams (file_1),
(file_2), (file_1ir) are converted into a synchronous
sequence of frames grouped by discrete time counts.

Step 3. Each frame is analyzed in order to find
a projectile display in the frame. Further, those time
frames are selected into a separate array, on which
the image of the projectile is located from the
moment of its separation from the image of the cut
of the gun barrel or exit from the cloud of powder
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gases of the muzzle ejection to the moment where
the image of the projectile is absent.

Step 4. For each time frame, the projection of
the temperature zone is analyzed if the required
information is found in the frame after processing
the infrared video stream from video camera (7)
(file_1ir). All time frames of the three video streams
are synchronized in time and represent two
geometric projections of the muzzle blast, in
addition, if available, a geometric view of the
average temperature field of the current volume of
muzzle blast powder gases is possible.

Step 5. A search is being made on the side view
frame for the location of the center of mass of the

t=0,04 s

projectile. At this point, the coefficient of geometric
conversion of linear quantities is determined by a
priori known projectile dimensions (diameter and
length).

Step 6. The natural linear distance between the
center of mass of the projectile and the cut of the
cannon barrel bore is determined from the image of
the cut of the bore of the gun barrel and the point of
the center of mass of the projectile, taking into
account the geometric conversion factor. The
average speed of the projectile in this segment is
determined.

t=0,04 s

Fig.3. Sequential frames of muzzle burst development dynamics in the upper vertical view:
a—shot from a barrel with wear exceeding the allowable level;

b — shot from a defect-free barrel
Source: compiled by the authors
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Step 7. The statistically reliable initial linear
velocity of the projectile is calculated after analyzing
all the side view frames.

Step 8. From the time frame of the video
stream of infrared radiation, the length of the curved
line is determined - the boundary between the
projection of the surface of free carbon and powder
gases and the atmosphere that got from the cannon
barrel into the atmosphere and the area of this
projection, if they exist.

Step 9. From the time frames of video cameras
(6) and (8), the current areas of projections of the
volume of muzzle blast gases are estimated and,
based on them, the current volume of muzzle blast
gas is calculated.

Step 10. For each time frame, the current
pressure of powder gases at the front of the shock
muzzle wave is calculated. The current pressure of
the muzzle blast gases is determined by the average
temperature, the current volume of gas, and the
thermodynamic  characteristics of the gas
concentrated in the muzzle blast. The equality of the
design pressure and atmospheric pressure indicates
the disappearance of the shock muzzle wave in the
understanding of the loss of the sound source as a
diagnostic feature.

Step 11. Analysis of the received calculated
vectors. During the entire analysis of video streams,
two vectors of values are formed. The first vector is
the value of the current pressure of the muzzle gas
volume for each frame from the video sequence. The
general property of such a vector is inherent only in
a monotonic decrease in pressure to the atmospheric
value. The second vector is the value of the current
temperature of the muzzle gas volume for each
frame from the video sequence. The general
property of such a vector is characterized by: a
monotonic decrease in temperature; a jump followed
by a monotonic decrease in temperature;
monotonous decrease in temperature with current
temperature stabilization in a separate area.

The presence of the formed volume of free
carbon in muzzle powder gases is determined either
by a jump in temperature or by its stabilization. This
property of the temperature of the volume of muzzle
powder gases confirms that when they expand and
mix with atmospheric oxygen, additional oxidation
of free carbon is formed with the release of
additional energy, which leads to such a temperature
characteristic.

Fig. 4 shows the processing diagram of the
information video stream corresponding to the above
methodology.

Below are the individual operations of the
methodology that require an illustrative explanation.
Fig. 5 shows a typical video sequence of
combined synchronized images of vertical and side
views. After reformatting the video stream files
(file_1) and (file_2) into frame sequences, for each
joint pair of frames file_1 1.i and file_2_2.i using
the Open CV library, which implements a filtering
method based on the gradient method and a closed
loop detection method based on chain approximation
of the contour, and determining their geometric
dimensions according to the
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Fig.4. Scheme for processing information
video streams:

1 - IR video camera; 2 — side view vide camera;
3 — vertical view video camera; 4 — preprocessing
of the IR video stream; 5 — pre-processing of the
visible spectrum video stream; 6 — combi-nation
of frame images; 7 — detection in frame of
analysis regions; 8 — detection in the image frame
of the IR spectrum of the region of powder gases
of muzzle ejection;

9 — calculation of the perimeter and area of the

volume of powder gases of muzzle ejection:

a — horizontal video stream of the IR spectrum;
b — vertical video stream of the visible spectrum;
¢ — horizontal video stream of the visible spect-
rum; d —a normalized set of IR image frames;
e —a normalized set of visible spectrum image
frames; f — an array of time sets (time, frame,
position); g — an array of numerical characteris-
tics; h —an array of numerical characteristics;

i — two generated vectors characteristics
Source: compiled by the authors

accepted base (the outer diameter of the bore), the
current values of the dimensions of the muzzle
ejection elements were determined. By processing
the camera frame file_1 1.i, the values of the
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diameter D; and length L; of the frontal muzzle
ejection were determined. The values of the
diameter D, of the muzzle ejection to the left side
from the muzzle brake were also determined. It was
assumed that the diameters of the right and left
outliers are the same on the current frame. By

file_1_1.10

file_1_1.12

file 1 1.13

processing the frame of the vertical camera
file_2_2.i, the values of the length L, of the muzzle
ejection to the left side of the gun from the muzzle
brake and Ls to the right side of the gun from the
muzzle brake were determined (Fig. 6).

b

file_2_2

12

N

file 2 2.13

Fig.5. A typical video sequence of combined synchronized images of vertical and side views

(the arrows on the images mark the projectile)
Source: compiled by the authors
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It was assumed that the obtained geometric
dimensions of the “petals” of the muzzle ejection
correspond to bodies that have the shape of
ellipsoids of revolution. Then the total current
muzzle ejection volume was determined as the sum
of the volumes of three geometric bodies:

Vi =4/3z(L4-Df +L,-DZ +L3-D2).

The current pressure P; in the volume of gas Vi
with an average temperature 7; is determined from
the following assumptions.

The model is based on the state of an ideal gas,
for which the Mendeleev-Clapeyron equation is
applicable [15]:

Fig. 6. Determining the size of muzzle
gjection gases:
a — determination of geometric dimensions from a
side view video camera; b — determi-nation of
geometric dimensions from a video camera of a

vertical view
Source: compiled by the authors

As long as the gas expands after exiting the
barrel into the air atmosphere, it is assumed that no
chemical reactions occur in the muzzle blast gas,
that is, the mixture of vent gases has a constant gas
composition. For this reason, the molar mass (M) of
the gas mixture in the charging chamber, bore,
muzzle blast system is unchanged. Therefore, the
mass of the gas mixture (m) of the muzzle ejection
located in the entire muzzle system “charging
chamber + bore + muzzle ejection” is unchanged.
For the same reasons, the universal gas constant is

unchanged. The product %R is a constant for

calculation, and its detailed calculation is shown in
[16]. At the same time, it should be borne in mind
that for each value of the shot, this product has its
own value and depends on the charge, brand of
gunpowder, its gerontological properties and the
state of wear of the barrel system.

The temperature T; is determined by horizontal
recording with an infrared video camera, which
records the temperature in a file (file_1ir). From the
correspondence of video frames file 1 1.i and
file_1 Zliri, the property of the measured
temperature extends to the entire area of muzzle
blow gases of this fragment.

Fig. 7 shows the results of joint processing of
frames from the video sequences (file_1), (file_2),
(file_1ir), demonstrating changes in the pressure and
temperature of gases in the muzzle blast. Note that
Fig. 7 corresponds to the video sequence processed
according to the above method, shown in Fig. 3. (the
left column corresponds to a shot from a barrel with
high wear, the right column corresponds to a shot
from a defect-free table).

The results of joint processing of frames from
video sequences (file_1), (file_2), (file_1ir),
demonstrating changes in pressure and temperature
of gases in the muzzle ejection (lines a, b, ¢, d) for
two different states of the barrel, line shows the gas
pressure gradient in muzzle ejection, in the first
case, the shock wave turned into a sound wave in the
time interval from 0.08 to 0.12 s after the exit of the
projectile, and in the second case from the beginning
of the exit to 0.04 s.

THE CHOICE OF INFORMATIVE SIGNS FOR
THE CLASSIFICATION OF THE CONDITION
OF ARTILLERY BARRELS

By analogy with classification by acoustic
fields, for classification by video recording of a
muzzle ejection, the main task of analyzing a video
recording is to select informative sign (IS) that are
different for a worn and defect-free barrel. The
analysis of the obtained video sequences made it
possible to select the following informative
parameters for the binary classification of defect-
free and worn shafts.

The following were chosen as the main features
for classification:

15/19€° _ i the perimeter of the curved line that

limits the area of muzzle ejection on the frame
recorded at the time t s after the shot — L the
perimeter was calculated for the time points t=0.04
s, 0.08 s, 0.12 s, 0.16 s, thus forming four IS

videol video?2 video3 ideo4
IS{ 004+ 1S1008  + 151012+ IS1016 -
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ISYi9€0 _ is the projection area of the muzzle

gjection area on the frame plane at the time moment
t s after the shot — S;, it was calculated for the same

time moments, four 1S were formed: IS%’,'8'825,

vsdeo6 video7 video8
1S5008 + 1S2,012" + 152,016 -

The volume of the muzzle ejection area at the
time points t=0.04 s, 0.08 s, 0.12 s, 0.16 s was
chosen as information features from the ninth to the
twelfth: 1SYISE99 ISYIgeal0 |gyideoll | jgyidedl2 _
V.

Since in preliminary experiments there is a
difference in the dynamics of changes in the volume
of the muzzle ejection area, the following derived
features were formed:

|3Xf28‘11f’20 — estimation of the growth rate of

the volume of the muzzle ejection area from 40 ms
to 120 ms;

I5yide014 .o — estimation of the growth rate of

the volume of the muzzle ejection area from 120 ms
to 160 ms.
These signs were calculated as follows:
V120 —Vao
80
V1o ~Vizo
40

For all video recordings of shots, the indicated
fourteen information signs were calculated.

Vo 120 =

V120 160 =

t=0,04 c; t=0,04 c;
, T=1020K & T=1420K Q
t=0,08 c; t=0,08 c;
T=910K T=1330K
b
t=0,12 c; t=0,12 c;
T=950K T=1250K
C Cfb
t=0,16 c; t=0,16 c;
T=1180K T=1100K
d
Fig.7. Results of joint processing of frames
Source: compiled by the authors
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BINARY CLASSIFIER FOR DIAGNOSING
THE CONDITION OF BARRELS

Since a classifier based on the SVM (Support
Vector Machine) [10] has proven itself well in
classifying the state of the barrel according to the
acoustic fields of the ballistic and muzzle waves
[10], the same classifier was tested to assess the state
of the barrel from the video recording of the muzzle
burst. In contrast to [10], in this case, a more
efficient type of SVM was chosen — the Least
Squares Support Vector Machines (LSSVM) method
[17]. LSSVM is a modified SVM method that
reduces to solving linear systems of equations and
ultimately leads to solving a linear programming
problem, while the classical SVM method leads to
solving a quadratic programming problem. The
LSSVM method reduces the computational time by
almost an order of magnitude with the same
classification quality indicators. The use of the
LSSVM method also makes it possible to
significantly (2-4 times) reduce the size of the
training set [18]. The LSSVM method is
implemented as a toolbox of the Matlab system [19].

For a binary classification of the state of the
barrels according to video recordings of the muzzle
burst dynamics for 59 records obtained as a result of
the experiment, vectors of informative sign were
calculated. Next, the standard procedure for training,
tuning and testing the LSSVM classifier was
performed [17, 18]. All the informative signs listed
above are normalized to the interval [0;1]. The
training sample for setting up and training the
classifier was formed from vectors of informative
signs with a size of 30 randomly selected records.
After training the classifier, an experiment was
conducted to assess the quality of the classification.
To do this, a test sample of vectors of informative
signs for 25 records was fed to the input of the
classifier, 13 of which were recorded when shooting
from a defect-free barrel, and 12 from a worn barrel.

Until now, the quality of projectile barrel wear
classification has been quantitatively evaluated by
one quantitative indicator — reliability, which is the
ratio of correctly classified objects to the total
number of objects [20]. This assessment is not
complete enough. The logic and results of the
classification are presented in Table. 1. In columns 2
and 3 of the Table 1 shows the true classes to which
the state of the trunk belongs. In the rows of the
Table Fig. 1 shows the classifier's decisions showing
which of the two classes the classifier classifies the

shot to. In the cells of the table at the intersection of
the corresponding rows and columns, the number of
true or false solutions of the classifier is given. Since
the main task of the classification is to identify
barrels with wear above the allowable level (worn
artillery barrels), the “Barrel is really worn out” state
is taken as a true positive state. Then the opposite
state — “The barrel is really operable” is truly
negative. The classifier's decisions can be: “Barrel
worn” is a true positive decision, and the
classification result: “Barrel serviceable” is a true
negative decision. The meaning of erroneously
positive and erroneously negative solutions is clear
from Table. 1. Corresponding cells of the Table 1
show the quantitative results of the classification of
the studied sample.
Table 1. Logic of wellbore condition
classification results

Barrel states True positive | True negative
state state
e “The barrel is | “The barrel is
Classifier
o really worn really
decisions ), »
out workable
Classified as: . False
" .| True Positives .
Barrel is (TP) Negatives
worn” (FN)
Classified as: True
“Barrel is False Negatives
worn” Positives (FP) (TN)

Source: compiled by the authors

The classification quality was assessed by three
indicators. The first indicator is a classification error
of the first kind — the share of decisions of the
classifier that determines the worn barrel as workable

Fi= FP/NreaI,

where Nrear is the actual number of worn barrels.

The second indicator — the classification error
of the second kind is defined as the proportion of
decisions of the classifier that defines a workable
shaft as worn

F2: FN/Nwork,

where Nwork IS the actual number of workable
barrels.

Of course, a mistake of the first kind is more
critical in terms of consequences, but in combat
conditions an erroneous decision of the second kind
is associated with the removal of a defect-free
artillery gun from the battle formation and

transporting it to a technical unit for diagnostics.
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Therefore, a third indicator was introduced,
which is a generalized indicator of the quality of
classification and shows the probability of error-free
classification of the state of the barrel

Po=1-(F1+F).

The results of barrel condition classification
based on muzzle blast video recording are presented
in Table 2.

Table 2. The results of barrel condition
classification based on muzzle blast video

Table 3. Classification results for the acoustic
field of a ballistic wave

Barrel states True positive | True negative
state state
Classifier The barrel is “The barrel is
. really worn N
decisions out” really workable
Classified as: True Positives | False Negatives
“Barrel is worn” (TP) 8 (FN) 5
Classified as: | False Positives| True Negatives
“Barrel is worn” (FP) 4 (TN) 9

Source: compiled by the authors

The results of classification by the acoustic
field of the muzzle wave are presented in Table 4.

Table 4. Classification results according to
the acoustic field of the muzzle wave

Barrel states

True positive

True negative

recording
Barrel states True positive | True negative
state state
. “The barrel is | “The barrel is
Classifier
. really worn really
decisions , "
out workable
Classified as: True Positives N:;alt?\e/es
Barrel is worn (TP) 8 (FN) 2
Classified as: False Positives | True Negatives
“Barrel is worn” (FP) 4 (TN) 11

Source: compiled by the authors

Quantitative indicators of classification: error of
the first kind F1=0.33; error of the second kind
F,=0.15; probability of error-free classification
P¢=0.52. Quantitative indicators confirm the
possibility of a fairly accurate classification of the
state of the barrel by analyzing the video recording
of the dynamics of the muzzle burst.

DISCUSSION OF THE RESULTS OF THE
STUDY OF THE UNIVERSALITY OF THE
CLASSIFIER

Of great practical interest is the study of the
possibility of classifying the state of the trunk
according to various physical fields and their
combination. Below are the results of classification
by acoustic fields of ballistic and muzzle waves, and
their combinations. At the same time, for training and
testing the classifier, informative features were used,
which are detailed in [8, 9], [10]. The training and test
samples coincide with the classification based on the
video recording of the muzzle burst dynamics. The
results of classification by the acoustic field of a
ballistic wave are presented in Table 3.

Quantitative indicators of classification: error of
the first kind F1=0.33; error of the second kind
F»,=0.38; probability of error-free classification
Po=0.29.

state state
- “The barrel is | “The barrel is
Classifier
. really worn really
decisions . ”
out workable
Classified as: . False
“ . True Positives .
Barrel is Negatives (FN)
” (TP)9
worn 4
Classified as: False .
« : . True Negatives
Barrel is Positives (FP) (TN) 9
workable” 3

Source: compiled by the authors

Quantitative indicators of classification: error of
the first kind F1=0.25; error of the second kind

F.=0.31,
Po=0.44.

probability of error-free classification

The results of classification by acoustic fields
of ballistic and muzzle waves are presented in

Table 5.

Table 5. Classification results for acoustic
fields of ballistic and muzzle waves

Barrel states True positive | True negative
state state
- “The barrel is | “The barrel is
Classifier
. really worn really
decisions " ,
out workable
Classified as: True Positives | False Negatives
“Barrel is worn” (TP) 10 (FN) 3
Sézsrsr:;'?g as: False Positives | True Negatives
workable” (FP)2 (TN) 10

Source: compiled by the authors
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Quantitative indicators of classification: error of
the first kind F1=0.17; error of the second kind
F,=0.23; probability of error-free classification
P0=0.60.

To demonstrate the versatility of the classifier,
the LSSVM classifier was trained and tested on a set
of information features of all three physical fields
that occur during a shot — the acoustic field of a
ballistic wave, the acoustic field of a muzzle wave,
and informative sings extracted from a video
recording of the muzzle ejection dynamics. The
results of such a combined classification are given in
Table 6.

Table 6. Results of classification by acoustic
fields of ballistic and muzzle waves and video
recording of muzzle burst dynamics

Barrel states

True positive

True negative

state state
e “The barrel is | “The barrel is
Classifier
decisions really worn really
out” workable”
Classified as: True Positives Ne a':ﬁ/tie (FN)
“Barrel is worn™ | (TP) 11 g A
‘(‘:]Istrsrgll?g as. False Positives | True Negatives
workable” (FP) 1 (TN) 11

Source: compiled by the authors

Quantitative indicators of classification: error of
the first kind F1=0.08; error of the second kind
F,=0.15; probability of error-free classification
Po=0.77. The results are given in Table 6 show a
significant increase in the accuracy of classifying the
state of the barrel when analyzing all the physical
fields that occur during an artillery shot.

Analysis of the results are given in Table. 6
show a significant increase in the accuracy of
classifying the state of an artillery barrel when
considering all physical fields from the acoustic
fields of ballistic and muzzle waves and video
recording of the muzzle burst dynamics that occur
during an artillery shot. The data obtained open up
broad prospects for the introduction of real-time
passive diagnostic systems to increase the efficiency
of field artillery.

CONCLUSIONS

A full-scale experiment on video recording of
the muzzle ejection of powder gases accompanying
a gun shot with high-speed video cameras in the
visible and infrared ranges with different viewing
angles showed significant differences in the
dynamics of muzzle ejection development when
firing from defect-free and worn barrels. This gave
grounds for the development of a classifier for the
state of the barrel according to the level of its wear
based on the video recording of the muzzle ejection.
A technique for analyzing synchronized video
streams has been developed. Based on the analysis,
informative signs were established that distinguish
muzzle ejection from defect-free and worn barrels.
This made it possible to develop a binary classifier
based on the least squares support vector machine.
To assess the quality of classification, it is proposed,
in addition to classification errors of the first and
second kind, to evaluate the integral indicator of
quality — the probability of error-free classification.
It has been established that for the obtained
experimental sample, the classification errors based
on the analysis of video recordings of the dynamics
of muzzle blast development are: error of the first
kind F1=0.33; error of the second kind F,=0.15,
probability of error-free classification Po=0.52. The
concept of a universal stem state classifier is
proposed. The concept assumes a classification
based on the video recording of the muzzle ejection
and the acoustic fields of the shot — ballistic and
muzzle waves. It is shown that in this case the
probability of error-free classification increases to
0.77.

As a direction for further research, one should
indicate the continuation of experimental studies in
the presented direction in order to refine the results
on large statistical samples. Another direction for
further research is to reduce the sets of informative
features by highlighting the most significant ones.
This will lead to a reduction in the cost of
computational time for training the classifier, which
is now quite significant.
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AHOTALIA

ApTUIEpIHCHKUIA TOCTPLT CYHMPOBOIKYETHCS BUKHIOM 31 CTBONY MPOAYKTIB 3TOPSHHS IOPOXOBUX Ta3iB. 3amponoHOBaHO
BHUKOPUCTOBYBATH JyJIbHUH BUKUZ A1 Kiacugikanii piBHS 3HOCY CTBOJIY B Iporieci cTpiisOu. [IpoBenieHo HaTypHHI eKCIIEpUMEHT 3i
[IBHKICHOIO BiJICOPEECTPAIIIEI0 Y BUIUMOMY Ta iHGPadepBOHOMY Jiala30HaxX JHHAMIKH PO3BUTKY IyJIHHOTO BUKUAY MPH CTPiIBOi
rapMar 3 0e3eeKTHUM Ta 3HOILIEHUM CTBOJIOM. JIyNbHMI BUKHJ NPU MOCTPIJi 3 rapMaTH BEJIUKOTO KaliOpy CKJIANAEThCs 3 TPHOX
MPOCTOPOBHX oOnacTeil: GpoHTaIBHOI Ta ABOX OIYHMX, TOB'SI3aHHUX i3 BUKUIOM TIOPOXOBHX Ta3iB 4epe3 OTBOPU KOMIICHCATOPIB.
O6nacti IyJApHOTO BUKHIY PEECTPYBAIHCS y OIYHOMY Ta BEPTUKAILHOMY pakypcax. Po3poOiieHO METOAMKY aHali3y TPhOX
CHHXPOHI30BaHMX BiJIEONOTOKIB. MeToanKa J03BOJIMIIA JOCHTh TIOBHO JOCHIIANTH MPOLECH ANHAMIKH PO3BUTKY IyJIbHOTO BUKHAY Y
0e3me(eKTHOMY Ta 3HOUICHOMY CTBOJIaX. BuOpaHo iH(GOpMaTHBHI O3HAKH, Pi3HI A AWHAMIKH TyJHHOTO BUKHUIY 3 0e31e(eKTHOTO
Ta 3HOIIEHOro cTBOMIB. Lle mo3BOMMIO MOOYyAyBaTH OiHApHUI KiacH(iKaTOp CTaHy CTBOJIIB 3a PiBHEM 3HOCY Ha MiJCTaBi METOAY
OTIOPHUX BEKTOPIB 3 HallMEHIIMMH KBaapaTamu. Ha BigmiHy Bin kimacuaHoro SVM ximacudikaTopa e JT03BOJIHIO CKOPOTHTH Yac
PO3paxyHKiB 1 3MCHIIMTH HEOOXiTHUN po3Mip HaBYaIbHOI BUOIpKH. [y OIHKK SKOCTI Kiacudikaiii 3ampornoHOBaHO
pO3paxoByBaTH HE JHIIE MOMHJIKH IEPIIOTO i JAPYroro pony, a i iHTETpallbHHH IOKa3sHHK — HWMOBIPHICTh OE3MOMHIKOBOT
kiacudikamii. Ha mixcraBi pe3ysibTaTiB IOJBOBOIO eKCHEPHMEHTY IOKa3aHO MEpPCIEKTUBHICTh 3aCTOCYBaHHS BijeopeecTpartii
JIMHAMIKH PO3BUTKY JIYJIBHOTO BUKHMIY AU KiacH(ikamii CTBOJIBIB 3a piBHEM 3HOCY. J[ysi MiABUIEHHS DOCTOBIPHOCTI Kiacudikarii
3allPOIIOHOBAHO KOHIICTIIIII0 YHIBEPCATbHOrO OiHApHOTO Kiacudikaropa, KA BUKOPHUCTOBYE IUIS JIarHOCTHUKH CTaHy CTBONY SIK
BiZICOPEECTpAIlil0 JAYJIBHOTO BHKHIY, TaK 1 aKyCTHYHI MOJs TMOCTpimy — OamicTuHy Ta aynbHy xBwi. Ha migcrasi
EKCTIEPIMEHTAIBHUX JIaHUX T[IOKa3aHO, IO 3acTOCyBaHHA s OiHapHoi SVM kiacudikamii Bcix ¢(i3MYHEX OB, IO
CYNPOBO/DKYIOTh apTHIIEPIChKUI MOCTPiN, AO3BOJISIE OTPHMATH BHUCOKE 3HAYEHHS WMOBIpHOCTI 0Oe3moMmikoBoi Kinacuikarii.
3anpornoHOBaHa KOHIIEMIIs J[iarHOCTHKK 3HOCY CTBOJIIB HE CYNPOBOJDKYETHCS JOJATKOBUMH BHIIPOMIHIOBAaHHSMHM, 3aCHOBaHA Ha
peectparii Gi3UYHKUX MOJIB, [0 BUHUKAIOTH MPHU ITOCTPLII, 1 MOXe 31iiicHIOBaTHCs Oe3MocepeIHhO Ha BOTHEBIH MO3ULIT IpH CTPiibOi
rapMaTy.

Kiio4oBi cjioBa: 3HOC CTBOIY; AyJIbHUI BUKU; IBUIKICHA BiZIe03HOMKaA; YHIBEepCcaIbHUN Kiacu(ikaTop; AKicTh knacudikarii
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