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Abstract:

A geometric interpretation of single shot hit probability (Pnz) is a volume of
the 3D space under the surface f(y,z) described by the bivariate normal
distribution and bounded from below by the YOZ plane with the target’s
contour (T-region). The Py is proposed to be estimated by a method
based on the numerical integration of the double integral. The double
integral integrand is the 2D normal distribution of the Y, Z system of
random variables. The dispersion characteristics and the coordinates of
the dispersion center are known in advance. The limits of the first and the
second integral are described by the analytic functions which characterize
the geometric shape of the T-region. The implementation of the offered
method is as follows: the selected shooting target is partitioned into N
geometric subregions and then analytic formula(s) for each subregion’s
boundaries is/are determined and each double integral is defined. The Py
estimations are produced using a numerical integration in the computer
software Mathcad. The results of the calculus of all Py values (for
subregions) are added up (or subtracted) depending on the geometric
relationships between the regions. The schema for solving Py numerically
makes it possible to calculate the likelihood for targets with arbitrary
geometric shapes and not just for rectangular-shaped silhouettes. For
illustrating the operability of the proposed method, the Py; for two kinds of
head-type shooting targets has been evaluated. The developed method
has been compared with the already existing works.

Key words: hit probability, numerical solution, shooting target, double
integrals, shot dispersion, Mathcad.
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Introduction

Computational methods for single shot hit probability estimation by
shooting to targets were proposed in works (Rodney, 2012), (Svateev,
2014) and (Khaikov & Popovnin, 2018). The problem is solved by using a
special tabular function or the mathematical function «erf», which is also
known as the Gauss error integral (Zwillinger & Kokoska, 2000).

If the target contour is associated with a geometrical T-region and if
it is replaced by a group of rectangles so that the area of the original T-
region and the area of a new rectangle group are equal and the sides of
all rectangles are parallel to the main dispersion axes, then, in this case,
the hit probability of the T-region is equal to the sum of hit probabilities
each of rectangles obtains after the «replacement» procedure (Abezgauz
et al, 1970, pp.162-163), (Vodorezov, 2017, p.332).

The subjective side of the «replacement» method is an uncertainty
in the methodology of its conduct, so it is often said that the breakdown
of the T-region into rectangles is carried out «by eye». For example, in
(Rodney, 2012, p.4), where the hit probability for RPG grenades fired at a
helicopter is estimated, there is no explanation why the 2D
representation of the Boeing CH-47 consists of six rectangles. Quite
often in practice, there is a situation where it is necessary to assess hit
probabilities for targets with complex contours.

The aim of the article’ is in the first place to overcome the deficiency
of the «replacement» method; and, in the second place, to develop a
more accurate path for estimating the single shot hit probability in a
target with an arbitrary contour. The main tool for solving this problem will
be the double integral® and its geometric and physical interpretations.

The hit probability estimation process

Double integrals for hit probability determination. The calculation of
the probability that a bullet (projectile) impacts a target is reduced to
computing the hit probability into some region T of a complex geometric
shape. Let the random point (Z, Y) in the plane be subject to the normal

! This article continues the cycle of works devoted to the use of the MATHCAD computer
software for ballistic tasks of small arms and tubed artillery armament.

2 It is known that, thanks to the use of the double integral, the area of a geometric figure and

a mass of a flat plate with variable density can be calculated as well as the static moment
and the center of gravity of a plate and its moment of inertia.
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distribution. In this case, the axes of dispersion are parallel to the
coordinate axes.

If the T region (letter « T» means a target) is a plane figure, and the
probability of hit of the random variables Z and Y is determined by the

normal (Laplace-Gauss) distribution f(z,y), then the target hit
probability is defined by the formula (1) (Venttsel', 2006, p.196)

P[(Z’Y)CT]=”f(Z’)/)dZdy 1)
T
where T — the region of integration in the zy-plane; z, y — the Cartesian
coordinates; o,, o, — the standard deviation of the continuous random
variables Z, Y; m_, m, — coordinates of the center of dispersion (the

mean of Z and Y); f(z,y) — the integrand and the bivariate normal
distribution law:

_ _ (Z_mz)2 (y_my)z
fz.7)= 270.0, exp{ [ 207 ’ 20'y2 @)

The correlation coefficient (r) between Z and Y is 0 (Venttsel', 2006,
p.191). In (1), the axes of dispersion are parallel to the coordinate axes.
If the contour of a planar T region is placed in the Cartesian

coordinates and bound above and below by functions y, = (oz(z),
= (pl(z), and to the left and right by lines z=a, z="5 (Fig. 1a), if each
point inside T is described by equation f(z,y) with parameters m_, m,
and o, o, (Fig. 1b), then the hit probability in T is determined by the
double integral (Piskunov, 1985):

1] 5o sy -

92(2) b o2)
(2 y)zdy = [dz [ f(z,y)dy.
ol

o (z) o(z)

Qe >
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Olz=a
a) b)

Figure 1 — 2D geometric interpretation of the double integrals (a) and a target hit
probability (b)
Puc. 1 - Neomempudeckas uHmeprpemauyusi 080LiIHO20 UHMezparna (a) u eeposimHocmu
rnonadaHusi (b) 8 nnockue MuweHu
Cnuka 1 — [Jeo0umeH3uoHasnHo rpedcmasrbatbe 080CMPYyKUX UHMeeparna (a) u
seposamHohe nozomka yusrba (6)

The limits of integration for gol(z) and @, (z) correspond with the dy.

Similarly, the limits of integration a and b correspond with the dz. In this
way

20 20

z y

P[(Z,Y)CT]=2;M](Z)eXp [(Zmz)z ; (y_my)z} d=dy.

The geometric interpretation of target hit probability is the volume
under a surface f(y,z) (A'B’'C’'D’E’F’ region), which is a part of the
bivariate normal distribution, limited from below the YOZ-plane the part of
which the target contour borders (ABCDEF is the T-region).

A three-dimensional geometric interpretation of hit probability is
shown in Figure 2a. Figure 2b shows that the volume of the 3D-figure
(A'B’'C’D’E’F'FABCDE) is equal to the hit probability in a target, the shape
of which is equal to the base of the 3D-figure (ABCDEF polygon = T
region).

In the case that the calculation of the double integral is performed
with respect to the QY axis, it is necessary to consider the following
calculation scheme (Fig. 3). If the region T is correct in the direction of
the OZ axis, then (Piskunov, 1985)

[ 1z yzdy = ? [ff(})) (= y)dZde :

Aly

c
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where z = fy(y), z = f5(y) are the equations of the curves that bound the
region T to the left and to the right, respectively. The segment [c; d] is the
projection of the region T onto the axis OY.

Q

el
(R
oS ,{?‘. CEET

a) b)

Figure 2 — 3D geometric interpretation of hit probability
Puc. 2 — lNpocmpaHcmeeHHasi 2eoMempuyeckasi UHmeprnpemauyusi 8eposimHocmu
rnonadaHusi 8 yesb
Cnuka 2 — TpoOumeH3UoHaHo npedcmassbarbe 8epogamHohe noeomka

Figure 3 — The scheme for calculating a double integral with respect to the OY axis
Puc. 3 — Cxema ebi4qucrnieHusi 080UH020 uHmMezpasia omHocumesibHo ocu OY
Cnuka 3 — Lllema 3a uspadyyHagaH-e 080CmpyKoe UHmezpana y odHocy Ha QY ocy

A general region T has the property of «correctness» in the direction
of the axis OY (0OZ) if any line passing through any interior point of this
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region (T) is parallel to the axis OY (OZ) and intersects each of the two
boundaries of the region at only one point, and each of the intersected
boundaries is specified by one equation.

In addition, the following conditions must be fulfilled (see Fig. 1-3):

for OY axis (Fig. 3) T=A{(z,y)| csy=d, fi(y)szsfy(y)}

for OZ axis (Fig. 1) T={(z,y)| asysb, @4(2)<y=< @,(z) }.

The triangle shows the point of the intersection of a line with the axis
OY (0O2). The squares are the points of the intersection of a line with the

functions fi(y), fa(y) or @+(z), @2(2).

A hit probability estimation algorithm. The basic algorithm of a hit
probability numerical assessment consists of the following procedures:

1) the beginning;
2) to define the Cartesian coordinates (origin point, OZ axis, OY axis);
3) to construct the contour of the shooting target (T region);
4) to find the coordinates of the target contour;
5) to find an analytical expression of the boundaries of the target
F1, Fz or ¢1, ¢2 .
6) to describe the rectangle near the target (main rectangle);
7) to determine the location of the point of impact (POIl) m,, m,;
8) to determine the characteristics of the dispersion ellipse o, 0y;
9) to calculate the hit probability in the basic rectangle (Phit pasic);
10) to determine the number of subregions N (for subtraction from the
basic rectangle);

for each subregion j (j <N):

11) to determine the limits for numerical integration;

12) to solve numerically the inner integral,

13) to solve numerically the outer integral and to get the hit

probability of a subregion;

14) to sum the hit probabilities of all subregions to get the hit
probability of subfigures (Phit subreq = Phit reg 1+ Phit reg it Phit req n);
18) Phit = Phit basic = Phit subreg;
16) the end.

If the shooting target is a figure symmetrical around the OY axis,
then all of the above mentioned actions (of the basic algorithm) are
performed with only one half of it. Only the left or the right part of the
geometrical figure must be selected. To get the final hit probability, the
number is multiplied by 2.
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Hit probability of 2D head targets. Calculate the single shot hit
probability if the sniper fires to the static head target, which is imited by 1,
2 types of military shooting targets. The distance between the target and
the marksman is 400 m. The median deviations of the shot dispersion
are expressed by the following dependence B, = By = 0.06 m (Bx=B,,
B,=B,). The coordinates of the POI represent the midpoint of the target.
Estimate the hit probability for the head target of the first and second
types. The dimensions of the targets are shown in Fig. 4. The target
dimensions are given in meters. Both targets simulate a human head in a
protective military helmet. The OX axis is the horizontal distance from the
OZ axis to the target direction (line OC).

X 0.23 | 0.23 |
_ |
The 0.18 The
type 1 ) type 2
0.3
0.12
x = 014 [ 4 —

; 2
o) "ﬁ m}

Figure 4 — Two types of 2D head shooting targets in the Cartesian coordinates YOZ
Puc. 4 — [lsa muna niocKux cmpesikoebix 20/108HbIX MUleHel 8 deKapmoabixX
koopduHamax YOZ
Cnuka 4 — [lea muna 2[] mema y obnuky anase y [lekapmogom KoopOUHamMHOM
cucmemy YOZ

The characteristics of the dispersion ellipse (semi-major and semi-
minor axes) will be determined as a probable error (B) in meters. This
dispersion characteristic, along with the standard deviation (o), is used
often in the theory of shooting. For normal distribution, the relationship
between o and B is

B=0.67450 or o0=14826B.
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The probable error height is characterized by B, and the probable
error deflection — B,.

The contour of the targets is indicated using numbers. The points of
the rectangle, inside which the target is located, are indicated using letters.

The contour of the head target of type 1 consists of 12 points: 1-2-34-
5-6-7-8-9-10-11-12 (Fig. 5a). The dimensions of the targets (Fig. 5) are
given in meters.

Points 6, 12 of the type 1 target belong to the axis of symmetry O’Y’
(71-2-3-4-5-6 + 6-7-8-9-10-11-12) (Fig. 5a). Therefore, the calculation will
be conducted with the left half of this figure (points 72-1..6). The
coordinates of the points for the contour line and the analytic functions of
its elements for the head target of type 1 are collected in Table 1. The
sign «cross» (Fig. 5a) means the position of the POI.

O3OBC D E FJ

. 2 - = = —a

: f6 | i] 2 I [ 4 l I3
: 5 T H

0.25 — - — = -

4 =3

0.20 — - - -

015 =3 + g O s Q _

010 — - = - = -

050 — — - —

o i S IS A S - 250 0=y I 4 Y O A B
4]

050 .10 015 020 o] 050 010 015 020 4] 050 0.10 01 020

a) b) c)

Figure 5 — The contour of the 2D head target type 1 (a), type 2 (b)
and their comparison (c)
Puc. 5 — Konmyp nnockol eonosHol muweHu muna 1 (a), muna 2 (b) u ux cpasHeHue (c)
Cnuka 5 — KoHmype 2[] mema y obnuky enase muna 1 (a), muna 2 (6) u tuxo80
nopeherse (U)

The contour of the type 2 head target consists of 8 points (Fig. 5b).
Points 4, 8 of the type 2 head target belong to the axis of symmetry O’Y".
So, the calculation will be conducted with the left half of this figure (points
1-6, 12). The coordinates of the points for the contour line and the
analytic functions of its elements for the type 1 head target are collected
in Table 3.
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Table 1 — Coordinates of the points for the contour line for the head target of type 1
Tabnuya 1 — KoopOuHamsl moyek KoHmypa muweHu muna 1
Tabena 1 — KoopOuHame madaka KOHmMypHe fuHuje meme y obrnuky enase muna 1

No. of Zm Y m Boundary Analytic function

points ’ ’ points of line (Equation of a straight line)
1 0.045 0.000 1-2 z(y)= 0.045
2 0.045 0.075 2-3 y(z)=-1.6667*z + 0.15
3 0.000 0.150 3-4 y(z)=8.3333*z + 0.15
4 0.012 0.250 4-5 y(z)=0.97222*z + 0.23833
5 0.048 0.285 5-6 y(z)= 0.22388*z + 0.27425
6 0.115 0.300 6-7 y(z)= -0.22388z + 0.32575
7 0.182 0.285 7-8 y(z)=-0.97222*z + 0.46194
8 0.218 0.250 8-9 y(z)=-8.3333*z + 2.06667
9 0.230 0.150 9-10 y(z)=1.6667*z - 0.23333
10 0.185 0.075 10-11 z(y)=0.185
11 0.185 0.000 11-12 y(z)=0
12 0.115 0.000 12-1 y(z)=0

Notes: the coordinates of the points are given according to Fig. 5a.
The symmetry of the points is shown by the orange and green background.

Table 2 — Coordinates of the points for the contour line for the head target of type 2
Tabnuua 2 — KoopduHambi mo4yeKk KOHmMypa MulieHu muna 2
Tabena 2 — KoopOuHame madaka 3a KOHMypHy fIUHUjy meme y 0bnuky anase muna 2

Boundary Analytic function
No. of points Z,m Y, m points of line X . .
(Equation of a straight line)
(of curves)
1 0.045 0.000 1-2 y(z)= -0.26667*z + 0.012
2 0.000 0.012 2-3 z(y)=0
3 0.000 0.300 3-4 y(z)=0.3
4 0.115 0.300 4-5 y(z)=0.3
) 0.230 0.300 5-6 z(y)=0.23
6 0.230 0.012 6-7 y(z)= 0.26667*z - 0.04933
7 0.185 0.000 7-8 y(z)=0
8 0.115 0.000 8-1 y(z)=0
Notes: the coordinates of the points are made according to Fig. 5b.
The symmetry of the points is shown by the orange and green background.

A comparison of the forms of the type 1 target and the type 2 target
is shown in Fig. 5c.
One sigma dispersion circle® (zone) is shown in Figures 5b and 5c.

3 Dispersion area has the form of a circle because oy = oz but in the case of oy # oz, it
would be a dispersion ellipse.
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The result of dividing the half of the type 1 target into four sections,
the determination of five double integrals and the numerical computations
of the double integrals are given in Table 3. The first double integral
(region AB-6-12) describes the hit probability into a rectangle inside
which there is 50% of the target contour.

The characteristics of the dispersion and the dispersion center are
indicated in Table 3 after «Notes». The unit of measure is the meter.

Table 3 — Characteristics of the base region and sub-regions for the type 1 target
Tabnuuya 3 — Xapakmepucmuku 6a3oeoli obnacmu u nodobnacmeti MmuweHu muna 1
Tabena 3 — Kapakmepucmuke ocHogHe obriacmu u nodobnacmu 3a memy muna 1

No. of H't. - Hit probability as an expression with the Nymerlcal
estimation of

regions probabilities double integral hit probability

for regions
1. 0.115 0.3
B2 | L IO f [z, y)dzdy 0.266

2. P 0.045 +—1.6667-2+0. 15 )d p 0.027
A-3-2-1 hit{"! _L JO Z yjazay -
3. P J-O .012 J-O 3
3-BC-4 hity?et o 33324015 Z y )a’zdy 2.3e-3
4. 0.048 J-
4-CD-5 P’"'fé"’d J. 012 J0.97222.2 +0. 23833 ZY )d zdy 1.561e-3
5-D-6 hitg<t .[o 048 Jo 22388-2+0. 27425 5y jazay 8.684e-4

Notes: my=0.115m; m,=0.15m; o,=0,=1.4826 - 0.06 = 0.089 m.
The numerical integration was performed due to computer algebra
systems (CAS) Mathcad 15

The probability of hitting the type 1 target is determined by the

formula
hlt = |.ht‘”’1 Z -1 hzt‘”lJ

Substituting the data from Table 3 into the formula, we obtain the
required hit probability.

P =2-(0.266 - (0.027+2.3:10°+1.561-10°+8.684-10)) = 0.468.
P =46.8%.

hit typel
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An estimate of the hit probability for a target of type 2 is carried out
in a similar way. The result of dividing the half of the type 2 target into
two sections, the determination of two double integrals and the numerical
computations of the double integrals are given in Table 4.

Table 4 — Characteristics of the base region and sub-regions for the type 2 target
Tabnuua 4 — Xapakmepucmuku 6a3soeoli obrniacmu u nodobnacmed MuweHuU muna 2
Tabena 4 — Kapakmepucmuke ocHogsHe obriacmu u nodobnacmu 3a memy muna 2

Hit . - . . Numerical
Nq. of probabilities Hit probability as an expression with the estimation of hit
regions . double integral ”
for regions probability
1. 0.115 0.3
A-3-4-6 L L _[0 1z, y)dzdy 0.266
2 0.045 +—2.6667-z+0.12
A-2-1 sz;wz L _[0 £z, y)dzdy 0.029
Notes: my=0.115m; m,=0.15m; o,= 0,=1.4826 - 0.06 = 0.089 m.
The numerical integration was performed due to CAS Mathcad 15.

The characteristics of the dispersion and the dispersion center by
firing at targets of both type 1 and 2 are the same.
The hit probability for the type 2 target is determined by the formula:

P =2P . . ~P . |=2(0.266-0.029)=0.474 or 47.4%.

The performed calculations have shown that with the identical
dispersion characteristics and the identical location of the POI, the hit
probability of the target 1 (46.8%) is less than the hit probability of the
target 2 (47.4%). This fact is explained by the fact that the target area 2
is larger than the target area 1. This phenomenon is explained by the fact
that the area of the target 2 is larger than the area of the target 1 (see
Fig. 5¢).

In this situation, the method of calculation gave an adequate result.
The second test for the calculation method will relate to its solving despite
a known result.

Verification by the comparison with the already existing, previously
determined results. In order to verify the method developed in this article,
we will perform 3 variants of hit probability estimates. As an example, we
use the problem given in (Venttsel', 2006, p.197).

Shooting is carried out at a rectangular target of 9x12 (meters). The
projectile dispersion characteristics are defined as probable errors: in the
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longitudinal direction B, = 10 m, in the lateral direction B, = 5 m. The
point of aiming (POA) is the center of the considered rectangular target.
Thus the POA has the coordinates (0; 0). In view of the presence of
shooting errors, the mean point of impact is displaced relative to the
POA. The coordinates of the POI are (0; -4). Find the single shot hit
probability.

The points (-4.5; -6), (-4.5; 6), (4.5; 6), (-4.5; -6) are the four vertices
of a rectangular target. The dispersion characteristics are expressed in
the form of standard deviations (SD). The SD in the longitudinal direction
is o, = 1.4826:B, = 14.826 m. The SD in the lateral direction is 0, =
1.4826-B, = 7.413 m. Since the coordinates of the center of dispersion
(namely the POI) are known, then m, = -4, and m, = 0.

Variant of calculation 1 uses a formula for the estimation of hit
probability for the rectangle (Venttsel', 2006, p.197).

Let us write down the target hit probability formula into a rectangle (R-
area), the dispersion axes of which are parallel to the sides of the
rectangle (Germershausen, 1977, p.193):

el 15 5]
.{F[d;;"yj-f{c;?y } (3)

where F(x) — the cumulative distribution function (CDF) of the standard
normal distribution (Germershausen, 1977, p.193):

F(x)= %_]iexp(— %tz jdt .

In formula 3: m,, m, — the coordinates of the center of dispersion; o,
o, — the standard deviation; a, b, ¢, d — the borders of the target-
rectangle sides, herewith csy=d, a<z<h.

Taking into account the previously defined values, formula 3 is
transformed into the form:
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ntenea GG A A
- loms AT)  A m)- Ar) -
| Hats) (7 )| | laaass) Hlaws)|

= [F(0.60704) - F(-0.60704)] - [F(0.67449) - F(-0.1349)] =
= [0.728088 — 0.271912] - [0.75 — 0.446345] = 0.13852.

So P by shooting with the above mentioned projectile dispersion
parameters is 13.85 %.

Variant of calculation 2 is based on the mathematical function «erf»
(Khaikov & Popovnin, 2018). The error function is defined (Zwillinger &
Kokoska, 2000, p.516) by

erf(x \/_ jexp )dt :

There is a following relation between the cumulative distribution
function F(x) of the standard normal distribution and the function «erf»
(Zwillinger & Kokoska, 2000, p.517):

Flx)= %{n erf(%xﬂ :

Therefore, formula 3 is transformed into the form (Khaikov &
Popovnin, 2018)

e | [erf[fa ool ﬂ

Taking into account the data given in the task, we obtain

ool ) M Voo, J [CJ—: ]]
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Substitute the initial data in the formula and perform the estimation

P, :l{ ( f475413J (f_jilsﬂ

erf(JJ — erf(L(_ll)j —0.13852.
J2.14.826 J2.14.826
The results of the calculations for versions 1 and 2 are the same.

Variant of calculation 3 uses a numerical integration of the double
integral.

The purpose of this comparison is to show the universality of the
developed method for calculating the hit probability for targets of
rectangular shapes as well as for targets with arbitrary contours.

For a shooting target with a rectangular shape, we write the double
integral

‘/’z(z) l

45 6
f z,y dzdy = j dzjf*(z,y)dy,
(2) 270.0, 35

b
Fiu = 272'0' ;[

z y »

f*(z,y):exp[_{@—g)z =) D

20 20'§

For numerical integration, we use the possibilities of the computer
software Mathcad 15. The Mathcad code is below. All variables have been
described previously.

a:=-45 b:=4.5 c:=-6 d:=6 TOL:=0.0001*

my:= -4 mz:= 0 oy:=14.826 0z:=7.413

iiij]j{exp[- {(Z —mz)  (y—my) mczydz =0.139 -

20z° 20)°

As in the first two cases, we obtained a single shot hit probability,
which is 0.139 or 13.9%.

* The accuracy of the calculation in the Mathcad software is determined by the value of
the system variable TOL, which is equal to 0.001 by default.
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The coordinates m,, m, of the POI for rifles and pistols can be
obtained by calculating the «average trajectory» (Khaikov, 2018). For
example, for a sniper rifle SVD-63 (7.62mm Dragunov sniper rifle) the
results of the work (Khaikov, 2017) can be used.

Conclusion

A geometric interpretation of single shot hit probability of a target is
the volume under a surface f(y,z), which is described by a bivariate
normal distribution and limited from below the YOZ plane with a target
contour (T-region).

The hit probability (P is preferably to be estimated by the
numerical integration of the double integral. The integrand of the double
integral is the two-dimensional normal distribution of a system of random
variables Y and Z. The dispersion characteristics and the coordinates of
the dispersion center are known in advance. The limits of two integrals
are described by the analytic functions characterizing the geometric
shape of the target boundaries.

The developed schema for the numerical solution of the P, makes it
possible to calculate the probability for targets with arbitrary geometric
shapes.

The estimation of the hit probability for the type 1 and type 2 head
targets, if the coordinates of the POI represent the target midpoint and B,
= B, = 0.06 m, is as follows: it is 46.8% for the type 1 target and 47.4%
for the type 2 target. The Py estimations are produced using numerical
integration in the computer application Mathcad.

The developed method was compared with the already existing
works and was verified by hit probability calculations for two types of
head shooting targets. The result of the comparison is a difference in the
third digit after the decimal point.
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ABOWHbLIM MHTEFPAINIOM B NMPOrPAMME MATHCAD

Baoum J1. Xawnkos,
He3aBWCUMBbIV UccneaoBarens, r. KpacHogap, Poccuiickaa depepauuns

OBNACTDb: npuknagHas matematumka
BWO CTATbW: opurmHanbHasa HayyHas ctaTbsl
A3bIK CTATbW: aHrnuickuin
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Peswome:

Beposimrocmb rionnadaHusi 0OUHOYHBIM 8bICITPESIOM 8 Uerlb MPedsiOKeHO
oyeHusamb ¢hopmyrioli, OCHO8y Komopou cocmasrnsiem 080UHOU
uHmeeparn. [lodbiHmezpanbHass GbyHKYUsST onucbigeaem O8YMEDPHOE
pacceusaHue cucmemsi ciiyyYaliHbix eenuyduH Y, Z ¢ 3apaHee 3adaHHbIMU
napamempamu KoopOUHam pacceusaHusi U cpeldHeksadpamu4yecKux
OMKIIOHeHUU no HanpaseneHusm Y, Z. [lpedenbl uHmMezspuposaHusi
oruchligarkm 2e0Mempu4YecKyro  ¢bopMy CMPesiIkogol MUWEHU U
S6MA0MCS aHaIUMUYeCcKUMU hyHKUUSIMU epaHul, MulieHu. B cmamoe
npedrioxeH anzopumm peweHusi 3adadu OUEHKU eeposimHocmu
rornadaHusi, KOmMoOpbIU  0380719em  8bIYUCTSAMb  8EPOSIMHOCMU
rnonadaHusi 8 MUWEeHU pousBobLHOU 2eoMempudeckol ¢hopmbl. Ha
rnepeom waze arnzopumma npoudsodumcs pa3bueHue uenu Ha N
eeomempuyeckux rnodobrnacmed. Hanee Ons kaxdol u3 nodobracmel
3arnucbigaemcsi 080UHOU UHMeepasn U C [IOMOWbBK HUCIIEHHOZ0
UHMe2pupoBaHuUsi rofly4arm €20 KOMUYeCcmeeHHyo oueHKy. [arnee
pesyrbmamel 8bl4UC/IEHUl (8eposimHocmu roriadaHuli 8 nodobrnacmu)
CKradbigaromcsi (8biqumaromcsi). C uersnbto YUCIIEHHO20
UHmMezpuposaHuss  080UHO20  UHMeegpasa  ucrofnb3oeaHa cpeda
Mamemamudeckux  eblqucrieHuti  Mathcad. [ns  unmocmpayuu
pabomocriocobHocmu rpednoxeHHo20 Memoda rpusedeHbl pacqyémb|
orpederneHusi eeposimHocmu rioriadaHusi 8 201108HY0 Ueslb d8yx sUdos.

Knovesblie cnosa: eeposmHocmb ronadaHusi, YUCIEHHOE peuwleHue,
cmpernikogasi MuleHb, O080UHOU UHMez2pasi, pacceusaHue ryrib,
Mathcad.

MPOLIEHA BEPOBATHOTRE TMOrABAHA LIWIBA JEOHUM XWMLEM
KAO PESYNTAT HYMEPUYKOI PELWABAHKA  [OBOCTPYKUX
VMHTEIPANA NMOMOTRY MATHCAD-a

Baduwm J1. Xajkos
He3aBWCHU UcTpaxunaad, KpacHogap, Pycka ®egepauvja

OBNACT: npumeneHa maTemaTtuka
BPCTA YJTAHKA: opyrnHanHu Hay4Hu YnaHak
JESNK YJTAHKA: eHrneckm

Caxemak:

BeposamHoha nnozomka uyurba jeGHUM xuuem rnpedcmasrba ce
e2eomempujcku  3anpemuHoMm ucriod nospwuHe f(y,z) Koja je onucaHa
busapujaHmHOM HOPMasiHOM pPacrodesioM 02paHU4EHOM KOHMYPOM
uyurba (obsiacm T) ucrniod pasHu YOZ. lNpedniaxe ce Oa ce seposamHoha
nozomka (Pny) npoueryje mMemodomM 3acHO8aHUM Ha HyMEePUYKOf
uHmezpauyuju dsocmpykoz uHmMezpasna. WHmezspaHd 0O8OCMpPYyKO2
UHmMezpana je 0800UMEH3UOHaslHa HOpMasnHa pacriodesia cucmema
criyqajHux eapujabnu Y u Z. Kapakmepucmuke pacmypara U
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KoopOuHame ueHmpa pacmypara rnosHame cy yHanped. paHuuye dea
uHmezparsna onucaHe Cy aHanumu4kuM ¢hyHKUujaMa Koje Kapakmepuuly
eeomMempujcku 0bruk KoHmypa uurba. M13abpaHu yusrb ce npeo Oesnu Ha
N eeomempujckux nodobnacmu, a 3amumM ce 3a gpaHuye ceake 00 HUX
odpehyjy aHanumuyke c¢hopmyne u nuwe O80CMPYKU UHMezparl.
BeposamHoha rnozomka npoueryje ce HyMepudkoM UHmeepauyujom y
Mathcad-y. Pesynmamu u3padyHasarba ceux eeposamHoha rnos2omka
(ceux nodobnacmu) cabupajy ce unu 00y3umajy, 3asucHo 00
eeomempujckux o0Hoca usmeRy nodobnacmu. Lllema Hymepuykoe
uspadyyHaearba 6eposamHohe rozomka omozyhasa u3padyyHasar-e
eeposamHohe 3a mMeme Mpou3eosbHO2 2eomMempujckoz obriuka, a He
camo 3a rnpasoyeaoHe meme. [a 6u ce unycmpoegana onepabusHocm
npedrioxeHoz mMemoda, npouer-eHa je geposamHoha rnozomka 3a dse
epcme Mema y 0b6rnuky anaee. [lpednoxeHu memod yriopeheH je ¢
pesynmamuma eeh nocmojehux padosa.

KrbyyHe pedu: seposamHoha nozomka, HyMEPUYKO peuiasaH-e, Mema,
dsocmpyKu UuHmMezparnu, pacmypare rnozodaka, Mathcad.
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