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ABSTRACT Because the random states of the projectile explosion position relative to the intersection
target, the dispersion characteristics of warhead fragments are inconsistent, and it is difficult to provide
a scientific calculation model of the target damage of warhead fragments formed by projectile proximity
explosions. This paper studies a testing method of the projectiles explosive position using a combination
of six screen sensors and an area array camera. We set up a calculation model of the projectile proximity
explosion position parameters, which establishes the proximity explosion area probability of the projectile
hitting the target. The calculation method of the target damage condition probability under the condition of
firing multiple projectiles in one test was researched according to the dispersion characteristics of projectile
proximity explosion, the damage area of the target, and the intersection condition of the projectile and the
target. We also establish a target damage probability calculation model under the condition of an effective
projectile proximity explosion hitting the target. The experimental results show that the target damage results
of a theoretical simulation calculation and an actual projectile proximity explosion test data calculation
were basically consistent. Moreover, the proposed target damage calculation model was verified under the
probability of multiple projectile proximity explosions hitting the target.

INDEX TERMS Six screen sensor, area array camera, projectile explosion position, target damage
probability.

I. INTRODUCTION
The hit probability of a projectile fired by artillery is an
important indicator for evaluating the development level and
combat capability of a weapon system [1], [2]. The hit prob-
ability of the weapon system depends on the precision of
the weapon system and the density of artillery [3], [4]. The
actual target damage effectiveness is obtained by the density
degree of the projectile hitting probability [5], specifically,
the damage effectiveness of the air defense interception war-
head, which is an important parameter for assessing the power
of the projectile proximity explosion [6], [7]. The damage

The associate editor coordinating the review of this manuscript and

approving it for publication was Yasar Amin .

of the air defense interception warhead is that the projectile
fuse detonates under the condition of the projectile and target
intersection (projectile explosion position and target position)
when the projectile approaches the target and then forms
warhead fragments to damage the target [8]. Because of the
uncertainty of the projectile’s flight states and the diversity
of the target’s flight attitude, the intersection of the projectile
and the target are random, and different amounts of damage
are produced. From the perspective of the damage target,
it is closely related to the projectile explosion position and
the warhead fragment dispersion generated by the projec-
tile proximity explosion. At present, there are two modes
of warhead fragments by a projectile proximity explosion.
One is prefabricated warhead fragments. In this mode, the

29118 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 9, 2021

https://orcid.org/0000-0002-0110-9898
https://orcid.org/0000-0001-6470-8268
https://orcid.org/0000-0002-5165-4886
https://orcid.org/0000-0003-4968-993X


H. Li et al.: Space Projectile Explosion Position Parameters Measurement Method and Target Damage Probability Calculation Analysis

quality and quantity of the warhead fragments produced by
the projectile proximity explosion are basically determined.
The difference is that the dispersion angle, velocity, and flight
vector parameters of warhead fragments caused by the projec-
tile proximity explosion are uncertain [9]. The secondmode is
non-prefabricated warhead fragments. In this mode, themass,
size, and quantity of the warhead fragments formed by the
projectile proximity explosion are uncertain [10]. No mat-
ter which type of projectile proximity explosion damage,
it is necessary to analyze the correlation of the projectile
explosion position and target position and then establish the
appropriate damage model at the intersection states of the
warhead fragments and the target. Because the parameters of
warhead fragments are difficult to obtain in air defense inter-
ception projectiles, especially in the condition of a projectile
proximity explosion at a high altitude, it is more difficult to
obtain the parameters of the warhead fragments [11]. Based
on the existing test system, it is difficult to comprehensively
obtain the relevant damage calculation parameters; for the
current damage assessment calculation methods, and model-
ing and analysis are used for near-Earth target damage. Prior
work [12]–[14] has mainly studied target damage on ground
artillery strike cluster equipment and established damage
calculation methods based on known and determined target
vulnerable conditions.

With the development of weapons, the damage of the target
in space is an important part of testing. Because of the uncer-
tainty of the projectile proximity, it is necessary to establish a
damage calculation method of a spatial target in the projectile
hitting area. The target damage at a projectile and target inter-
section with an uncertain state do not have a relatively perfect
mathematical model. This paper establishes a target damage
calculation method of the projectiles proximity explosion hit
probability at the projectile and target intersection, and the
purpose is to effectively and scientifically evaluate the dam-
age effectiveness of warhead fragments formed by projectile
proximity explosions on the target.

II. BASIC PRINCIPLES OF A PROJECTILE PROXIMITY
EXPLOSION UNDER THE CONDITION OF PROJECTILE
AND TARGET INTERSECTION
A projectile proximity explosion under the condition of the
projectile and target intersection mainly means that when the
projectile fired by the artillery is close to the target in space,
the fuse device of the projectile receives the echo energy
emitted by the target; when the echo energy is greater than a
certain set detonation threshold, the interior of the projectile
fuse turns on the detonation device; once the distance of the
projectile and the target is less than a certain distance, the
projectile explodes and forms the warhead fragments group
and the shock wave; and then the kinetic energy and shock
wave presented by the warhead fragments dispersion hit and
damage the target [15], [16]. A schematic diagram of damage
effect caused by the projectile proximity explosion under the
condition of the projectile and target intersection is shown

in Figure 1, where ϕ is the intersection angle of projectile
and target.

FIGURE 1. Schematic diagram of damage effect caused by projectile
proximity explosion under the condition of the projectile and target
intersection.

As shown in Figure 1, there are two main factors for
the damage caused by projectile fuse detonation: one is the
damage capability of warhead fragments, and the other is
the damage capability of the shock wave formed by the
projectile proximity explosion. Both factors are related to
the projectile hitting the target, and the number of warhead
fragments in a limited dispersion range and the effective
shock wave coverage area can cause a certain amount of
target damage. The damage capability of warhead fragments
represents the damage caused by a warhead fragment to the
target, which is mainly related to the distribution state of
the vulnerable area of the target itself. When the projectile
explodes, warhead fragments form a cone, and the cross-
section of the cone intersection the target is the warhead
fragments dispersion group with a radius of R. The density of
the warhead fragments can be calculated under this condition,
and the damage capability of the warhead fragments can be
obtained. The damage effect of the shock wave is mainly
reflected in the impact pressure on the target formed when
the projectile explodes. This paper ignores the impact of the
shock wave and focuses on discussing the damage effective-
ness of warhead fragments formed by the projectile proximity
explosion hitting the target.

III. THE TEST METHOD OF PROJECTILE EXPLOSION
POSITION COORDINATES
According to Figure 1, we can find that there is a certain inter-
section angle between the projectile and the target, the inter-
section angle is different, and the energy obtained by the echo
receiving device of the projectile fuse is also different. There-
fore, the dynamic parameters of the projectile explosion are
uncertain. To study the damage effect of warhead fragments
formed by a projectile explosion on the target, it is necessary
to obtain the dynamic parameters of the projectile explosion.
This paper introduces the six screen testing system, which is
mainly composed of six unit photoelectric detection sensors,
a data acquisition module, and a computer processing mod-
ule. In the six screen testing system, the unit photoelectric
detection sensor is composed of an optical lens, a photoelec-
tric detection receiver, and a slit diaphragm. The working
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principle of this sensor is referred to in prior work [17]. The
photoelectric detection sensor has a slit diaphragm, and the
slit diaphragm is projected to the sky through the optical lens
to form the detection screen. Figure 2 shows the test method
of dynamic projectile explosion position parameters by the
detection screen of the six unit photoelectric detection sensors
and area array camera.

FIGURE 2. The test method of dynamic projectile explosion position
parameters by the detection screen of the six unit photoelectric detection
sensors and area array camera.

In Figure 2, where M1 − M6 are six unit photoelectric
detection screens;M1 andM4 are the vertical-horizontal plane
and are parallel to each other; S is the distance between M1
and M4; the intersection angle between both M1 and M3 and
M4 and M6 are α; the intersection angle between M1 and M2
and M4 and M5 are both β; and the detection screens M2
and M5 are perpendicular to the plane xoz. By collecting the
output signal of the six unit detection screens ofM1−M6, sig-
nal recognition, time information extraction of target passing
through the detection screen, and so on, the time values of
t1 − t6 that the target passes through at the six unit detection
screens intervals can be obtained [18]. Through the six time
values, according to the geometric structure relationship of
the six detection screens, the calculation model of projectile
flight parameters is established. The main parameters are the
flight velocity of the projectile, the dispersion coordinate in
the yoz plane of the coordinate system, and the flight azimuth
at the moment of the projectile explosion. The six-screen test
system is placed on the horizontal trajectory, and y′o′z′ is the
coordinate system of the six-screen testing system. In the test,
the six-screen testing system is placed in the firing direction
of the gun and the target ballistic. The distance between the
projection point o′′ and detection screen M4 is L, and the
distance from the target to the ground is H . The coordinates
obtained by this test system are the relative position of o
with the target center as the origin, and the dispersion is
in the plane yoz. Suppose the flight path of the projectile
is A′A′′, then the intersection angle between A′A′′ and the
horizontal plane xoz is γ , which is called the pitch angle.
The intersection angle between A′A′′ and the horizontal plane
xoy is θ , which is called the azimuth angle. According to the
spatial geometric model of the testing system, the dispersion
of the projectile in the yoz plane can be obtained, and the
dispersion parameters of flight projectile can be obtained

from Equation (1).

v =
S

t4 − t1
· cos γ · cos θ

z = [S + L − x − v · (t2 − t1)] · tan θ
+v · (t2 − t1) · cotβ

y = H − {v · (t3 − t1) · cotα
+[S + L − x − v · (t3 − t1)] · tan γ }

γ = arctan
[(t6 − t4)− (t3 − t1)] · cotα

t6 − t3
θ = arctan

[(t5 − t4)− (t2 − t1)] · cotβ
t5 − t2

(1)

Here, v is the velocity of the projectile. By collecting the
signal of the projectile passing through the detection screen
of the six-screen testing system and by signal processing,
the time value of each detection screen can be obtained and
the explosive position parameters can be calculated.

From Figure 2 and Formula (1), the six screen testing
system only obtained the coordinates (y, z) in yoz, but it
could not obtain the three-dimensional coordinates (x, y, z)
of the projectile’s explosive point relative to the damaged
target. If we want to scientifically evaluate the damage effect
of the exploding position of the projectile on the damaged
target, we need to test the three-dimensional coordinates of
the actual explosion of the projectile. Based on the principle
of Figure 2, an area array camerawas arranged in the direction
of the ballistic ox and on one side of the projection point o′′.
As shown in Figure 3, point B′ is the position of the area
array camera, and the vertical distance from point B′ to o′x ′ is
S ′. During the test, the imaging optical axis of the area array
camera was perpendicular to ox.

FIGURE 3. Schematic diagram of the layout and test principle of the
ballistic side area array camera.

Suppose that P(x ′′, y′′) is the image position of the area
array camera on the image sensor, x ′′o′′y′′ is their coordinate
system, and o′′ is the origin of the relative coordinates of
the target head imaging on the area array camera. If the real
length of the target is k , then the image pixel length is k ′ in
the area array camera. Then,

x = x ′′
k
k ′
. (2)
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From the test principle and model, it can be seen that the
damage effect of the projectile proximity on the target mainly
depends on the dispersion position of the warhead fragments
formed by the projectile explosion in the target. According
to the basic principle of projectile and target intersection,
the position of the projectile explosion is random and uncer-
tain, but it needs the warhead fragment group formed under
the condition of a certain area to damage the target. There-
fore, it is necessary to master the probability distribution of
projectiles explosion dispersion in the hit area of the space
coordinate xoy.

IV. PROBABILITY CALCULATION METHOD
OF PROJECTILE HIT TARGET PROXIMITY
EXPLOSION AREA
A. PROXIMITY EXPLOSION AREA PROBABILITY OF THE
PROJECTILE HITTING TARGET
As shown in Figure 1, in the projectile explosion position
measurement of the proximity fuse, it is mainly evaluated that
the projectile fuse explodes in a certain area of the simulated
target (damaged target) area and plays the role of damaging
the target. In the weapon firing area, the designated target is
taken as the center, and it is fired at a certain area. A schematic
diagram of the artillery aiming center is shown in Figure 4,
where o is the center of the simulated target. Suppose that the
designated target is taken as the center and the weapon is fired
within the area of 2ly × 2lz, then the projectile fuse can work
in such a situation, and thus the projectile hits the target and
plays the role of damaging the target. Meanwhile, the area of
2ly× 2lz is generally within the theoretical miss target range.

FIGURE 4. Schematic diagram of the artillery aiming center.

Suppose that 8(y) = 2
∫ y
0 e
−t2/2/

√
2πdt , P0(y′, z′) is the

aiming point, (Ey,Ez) is the accuracy of the starting elements,
and (Ey,Ez) is the density, then the first projectile hit proba-
bility is

Pf = {8[(y′ + ly)/EY ]−8[(y′ − ly)/EY ]}

×{8[(z′ + lz)/EZ ]−8[(z′ − lz)/EZ ]}/4 (3)

Here, E2
Y
= E2

y + E
2
y and E2

Z
= E2

z + E
2
z .

If N is fire number of projectiles in the test, then the
conditional probability of at least a projectile hitting the target

under the error of (y, z) is

P′(y, z) = 1− [1− P(y, z)]N . (4)

Here,

P(y, z) = {8[(y′ + ly + y)/EY ]−8[(y′ − ly + y)/EY ]}

× {8[(z′ + z+ lz)/EZ ]−8[(z′ + z− lz)/EZ ]}/4

The full probability that at least a projectile when the
shooting projectile number is N hitting the target is

P =
∫
+∞

−∞

∫
+∞

−∞

f (y, z)PN (y, z)dydz

= 1−
∫
+∞

−∞

∫
+∞

−∞

f (y, z)[1− P(y, z)]Ndydz (5)

Here, f (y, z) is the distribution density of the element errors
(y, z), and the expression of f (y, z) is

f (y, z) = − exp(−y2/2E2
y − z

2/2E2
z )/2πEy − Ez (6)

From the above calculation and reasoning analysis,
the probability of at least a projectile of theN projectiles fired
by artillery hitting the target can be calculated.

B. CALCULATION OF THE RELATIONSHIP BETWEEN THE
PROJECTILE EXPLOSION POSITION DENSITY AND THE
PROBABILITY OF HITTING TARGET
The projectile explosion position density of artillery is mainly
expressed in twoways, the high-low direction errorEy and the
left-right direction error Ez in the plane yoz [19], that is:

Ey = 0.6746

√√√√√ N∑
i=1

(ȳ− yi)2

N − 1
(7)

and

Ez = 0.6746

√√√√√ N∑
i=1

(z̄− zi)2

N − 1
(8)

Here, yi and zi are the coordinates of the i − th projectile
hitting the target in the plane yoz, ȳ and z̄ are respectively
the average value of the coordinates of a group of projectiles
hitting the target in the two directions, and i = 1, 2, · · · ,N .

ȳ =
1
N

N∑
i=1

yi (9)

z̄ =
1
N

N∑
i=1

zi (10)

According to the probability of the projectile hitting the
target at the proximity area and the relationship between
the projectile explosion position density and the projectile
hitting the target probability, the target damage effect can be
calculated.
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V. CALCULATION MODEL OF THE DAMAGE
PROBABILITY OF PROJECTILE PROXIMITY
EXPLOSION WARHEAD FRAGMENTS
The damage probability of the projectile proximity explo-
sion warhead fragments is related to the relative coordinates
P(x, y, z) between the projectile explosion position and target;
the volume, velocity, and the mass of warhead fragments; the
effective damage area of warhead fragments group and target
intersection; and the vulnerable characteristic parameters of
the target. The damage probability is a relatively compli-
cated calculationmechanism. To simplify the calculation, this
paper analyzes projectile hitting probability and projectile
explosion position density by introducing the explosion posi-
tion of the projectile hitting the target, the target projection
area, and the warhead fragments dispersion damage area.
The calculation model of the target damage probability is
established under the condition of the projectile proximity
hitting the target.

When the projectile is fired, the error of the projectile
proximity explosion position from the effective proximity
explosion area range is described by three-dimensional coor-
dinates in the system of oxyz, the firing error is

e(t) =
[
ex(t), ez(t), ey(t)

]T
. (11)

Here, ex(t) is the ox direction deviation of the projectile
explosion position, ez(t) is the left-right deviation of the
projectile explosion position, and ey(t) is the high-low devi-
ation of the projectile explosion position. According to the
correlation analysis, the firing error of e(t) is decomposed
into

e(t) = ea(t)+ eb(t)+ ec(t)+ ed (t) (12)

Here, ea(t) are the uncorrelated errors, eb(t) are the weakly
correlated errors, ec(t) are the strongly correlated errors, and
ed (t) are the systematic errors. Each error is a covariance
matrix, which is a constrained factor in whether the projectile
proximity explosion can be in the effective control detonation
range. Within the allowable range of satisfying the error, the
projectile fuse plays a part in the explosion and produces the
damage effectiveness on the target. From Equations (5) and
(6), it can be known that the offset of projectile explosion
position coordinates P(x, y, z) restricts the damage effective-
ness of warhead fragments on the target after the projectile
explosion. From this point of view, the effective hit proba-
bility of each projectile proximity explosion is a prerequi-
site for the damage target of projectile proximity explosion.
Therefore, it is necessary to find an effective area where
the projectile proximity hitting the target produces warhead
fragments group damage the target within the theoretical error
range.

Assume that warhead fragments group formed by projec-
tile proximity explosion is cones, each warhead fragment is
spherical, and its radius is ri, then when the warhead fragment
hits the target at an angle φi, the damage area to the target’s

surface is

Si = πr2i cosφi (13)

The damage area caused by the entire warhead fragments
group hitting the target’s surface is the sum of the damage
area caused by effective warhead fragments. If n warhead
fragments hit the target’s surface, then the total damage area
of the target is calculated as

Se =
n∑
i=1

πr2i cosφi. (14)

Suppose that N projectiles are fired in the test, the target
damage probability is PN , that event A represents the event
of target damage, and event B represents the effective one
projectile proximity hitting the target, then

PN = P(A)P(B|A)+ P(A)P(B|A) (15)

In the test, if the effective damage area of the target is not
zero, then event A is a full probability event, if the effective
damage area of the target is zero, then event A is a full
probability event [20], and then{

P(A) = 1, (Se 6= 0)
P(A) = 1, (Se = 0)

(16)

Suppose that the warhead fragments are distributed uni-
formly, and then the probability of the warhead fragment
formed by a projectile hitting the target is

Ps = Se/St (17)

Here, St is the area formed by the total warhead fragments
of the projectile proximity in the plane yoz. The required
average number of warhead fragments damaging the target
is m, and thus the probability of one projectile damages the
target is expressed as follows:

P(B|A) = 1− (1−
Ps
N
)m (18)

From Equations (13)–(17), the target damage probability
of one projectile in the test isPN = 1− (1−

Se
N · St

)m, (Se 6= 0)

PN = 0, (Se = 0)
(19)

VI. CALCULATION AND EXPERIMENTAL ANALYSIS
A. CALCULATION ANALYSIS
Based on the probability of projectiles hitting the target and
considering the distribution characteristics of the projectile
proximity warhead fragments, we calculate and analyze the
target damage probability of a certain number of warhead
fragments under the condition of a certain projectile hitting
probability. According to the theoretical calculation given
in part II, if the center coordinate of artillery aiming is on
the plane yoz and the center coordinate is (0, 0), then the
firing floating variation of ly and lz in the plane yoz are about
the average values of 5 m, that is, o is the firing center,
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and the aiming area range is (−2.5 m, 2.5 m) in the oz-
direction, (−2.5 m, 2.5 m) in the oy-direction. Thus, lz ∈
(−2.5m, 2.5m), ly ∈ (−2.5m, 2.5m), and the area of hitting
the target is about 25 m2. When the projectile intersects the
plane yoz within the effective range of the center of o point,
it is regarded as the previous condition that the projectile
hits and explodes. From the theoretical calculation model, the
warhead fragments formed by projectile proximity explosion
can damage the target, which depends on the x-coordinate
value of the projectile explosion positionP(x, y, z). Assuming
that the target is a cylinder with a diameter of 0.6 m and a
length of 4 m, then according to the calculation method of
the target parameters, S0 = πr2t , rt is the radius of target,
the target area in the plane yoz is about 0.28 m2.S1 is the
target side area, which is about 2.4 m2, and it is calculated by
its diameter and length. According to the given parameters
and the established calculation model, under the effective
projectile explosion conditions, it is assumed that the projec-
tile explosion position is the same. The warhead fragments
dispersion characteristics formed by the projectile proximity
explosion are the same, that is, the same warhead fragments
cross-section. The number, velocity, and dispersion radius
of the warhead fragments are the same. ϕ expresses the
intersection angle of the warhead fragment and the target.
The different intersection angles are calculated when the
projectile intersects with the target, and ϕ is the effective
intersection angle only when the warhead fragments disper-
sion intersects with the target’s surface. Otherwise, when the
warhead fragments do not intersect with the target’s surface,
the damage probability is zero regardless of the value of
ϕ. When the projectile explosion position is (x, 0, 0), and
x < 0, Figure 5 shows the change curves of the target damage
probability at different values of x under the condition of
effective warhead fragments intersection.

As shown from the target damage probability curve
in Figure 5, when the offset of the projectile explosion posi-
tion in the x-direction is far away from 0, the damage prob-
ability is significantly attenuated. The main reason for this is
that the value of x is too large and the number of the warhead
fragments hitting the target is reduced. When the x value is
fixed, the intersection angle is larger and there is a lower
target damage probability, which is also the main reason for
the decrease in the number of the warhead fragments hitting
the target.

When the projectile explosion position is changed, the
y and z in P(x, y, z) do not equal zero, x is a fixed constant,
and x < 0 within the effective range of projectile and target
intersection, and the intersection angle is zero. Figure 6 shows
the change of the target damage probability at different
y and z.

As shown in Figure 6, when y and z exceed (−0.3 m,
0.3 m), as the y and z increase, the target damage probability
becomes smaller. The main reason for this is that when the
intersection angle is zero and x is a certain value, the target
damage probability of the warhead fragments formed by the
projectile proximity explosion on the plane yoz decreases

FIGURE 5. The change curves of target damage probability at different
values of x .

FIGURE 6. Change curve of the target damage probability at different y
and z .

as y and z increase. Through an analysis of Figs. 4 and 5,
the projectile hitting probability determines the effect of
target damage. Under the same mass, velocity, and volume
conditions of the warhead fragments, the target damage effect
is closely related to the number of warhead fragments hitting
the target.

In the effective range of projectile proximity explosion
position, Figure 7 shows the change curve of the target dam-
age probability and warhead fragments spatial distribution
density at different hit probabilities. From the change curve
of target damage probability, it can be seen that in the same
number of firing projectiles, the higher the hit probability,
the better the target damage effect, and the higher the warhead
fragments spatial distribution density, the greater the target
damage probability.

B. EXPERIMENTAL ANALYSIS
In the ballistic terminal area, a damaged target was placed in
the air at more than 29.4 m from the ground. A six-screen
sensor test system was arranged in the ballistic trajectory,
the distance of the detection screens M1 and M4 was about
9.27 m, and the distance from the projection point of the
target toM4 was 16.5 m. According to the geometric structure
of the test system and the arrangement of the test site and
other parameters, the target surface formed by the test system
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FIGURE 7. Change curve of the warhead fragments spatial density and
target damage probability.

in the plane yoz was about 6m × 6m. According to the
principle of Fig. 3, the vertical distance from point B′ to o′x ′

was 11.2m, the imaging optical axis of the area array camera
was perpendicular to the ox, and the damaged target was a
cylinder, the diameter was 0.45m, the length was 4.6m.
After the projectile was fired by the artillery, it exploded

at the projectile proximity explosion position to destroy the
damaged target. The projectile proximity explosion position
at the test site is shown in Figure 8.

FIGURE 8. Arrangement and projectile proximity explosion diagram at
the test site.

According to the probability theory that the projectile hits
the target, it was assumed that the center coordinate of the
artillery aiming area was (−0.5 m, 0.5 m), the unit was in
meters, and the average values ly and lz were about 5 m. The
principle of the multi-screen test system has been described
in prior work [18]. This measurement method can obtain
the three-dimensional coordinates of the projectile explo-
sion position relative to the target’s head, the velocity of
the projectile explosion instant, and the deflection angle of
the projectile explosion instant. θ is the high-low pitch angle
of projectile flight in the nearby projectile explosion position,
and γ is the left-right azimuth angle of projectile flight in the
nearby projectile explosion position. The projectile explosion
parameters are obtained by the six screen testing system, and
then the established probability function of projectile hitting

the target is utilized to calculate the first and total probability
of projectiles hitting the target. Table 1 and Table 2 are the
two sets of experimental data, and each group tested 11
projectiles.

TABLE 1. Experimental data of the first group of projectile explosion
positions.

TABLE 2. Experimental data of the second group of projectile explosion
positions.

According to the data in Table 1, the density was
(0.372, 1.262),Ey = 1.207,Ey = 0.372,EY = 1.263, y =
3.536,Ez = 2.016,Ez = 1.262,EZ = 2.378, z = 0.924,
and the first projectile hitting probability was about 25.2%.
In the test, 11 projectiles were fired, and the errors of ele-
ments were 3.536 in the y-direction, and was 0.924 in the z-
direction. The conditional probability of at least one projectile
hitting the target area was about 55.6%. Similarly, from the
data in Table 2, it can be calculated that the first projectile
hitting probability was about 24.5%, and the conditional
probability of at least one projectile hitting the target area was
about 87.9%.

According to the above test conditions and the flight
parameters of the projectile, it is assumed that the projectile
was a pre-exploded fuse in the test. Each projectile was
preloaded with 100 warhead fragments; the diameter of each
warhead fragment was about 10 mm; and the warhead frag-
ment intersected the target in turn according to the four-
layer array, among which each layer had about 25 warhead
fragments, and the spherical surface of each layer with the
center point o of the target’s head as the reference origin
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was distributed in a two-dimensional normal distribution.
To more intuitively analyze and calculate the damage effect
of the projectile explosion position on the target, the center
coordinate system of the projectile explosion position was set
to be y0o0z0 and it was parallel to the plane yoz. Moreover,
the relative offset between o0 and o is (d, 0, 0), and d is the
distance between the two planes of y0o0z0 and yoz. When the
warhead fragments formed by each projectile exploded with
a radius of rm in the plane yoz, rm = 1.5m and the warhead
fragments density was 80%, that is, the number of warhead
fragments passing through in the area was 80% for the total
number of warhead fragments, and the warhead fragments
were distributed at an equal distance of 0.1 m and damaged
the target. From the relative coordinate data of the projectile
explosion position, the projectile explosion position of each
projectile was not on o0, and there were deviations. Thus,
the linear equation of each warhead fragment passing through
the plane yoz after the projectile explosion can be expressed
as

yi = 0.1
b
a
cos θi · cos γi · xi − d (20)

In (20), θi is the high-low pitch angle of warhead
fragment; γi is the left-right azimuth angle of
warhead fragment; b is the number of equal intervals of
warhead fragment’s spread in each layer of the parallel
plane yoz; the radius of warhead fragment’s spread is rm; and
a is the x coordinate value of projectile explosion position,
that is a = x, which is obtained by the six screen testing
system.

The θi and ri of each warhead fragment was calculated
based on the data of Table 1 and Table 2, and θi ∈ θ, γi ∈ γ
based on the obtained projectile explosion position parame-
ters and given the prefabricated warhead fragment dispersion
parameters. The hit probability was calculated according to
Formulas (18) and (19). The target damage probability was
about 57.812% in Table 1, and the target damage probability
was about 50.637% in Table 2.

In Tables 1 and 2, it can be seen that the projectile explo-
sion positions had more warhead fragments distributed in
the negative axis of x for the coordinate system oxyz, and
the data in the coordinates y and z were relatively con-
centrated and the range was smaller. Both were less than
5 m. Therefore, the number of warhead fragments that the
warhead fragment spread and intersected with the target was
too large, and the target damage effect is better. The results
reflect that the projectile hitting probability was greater, and
there was a better target damage effect. At the same time,
the target damage effect was related to the number of war-
head fragments formed by the projectile proximity explo-
sion penetrating the target and the penetration orientation of
warhead fragment. When the number of effective warhead
fragments penetrating the target was more, there was a better
target damage effect. These experimental calculation results
were basically consistent with the theoretical calculation
results.

VII. CONCLUSION
According to the principle of projectile and target intersection
proximity explosion, in the target aiming area, this paper
studied a testing method of the projectiles explosive position
by using a combination of six screen sensors and area array
cameras. We set up a calculation model of the projectile
proximity explosion position parameters, which establishes
the probability calculation model of multiple projectiles hit-
ting the target area. We analyzed the relationship between
the projectile explosion density and the hit probability and
the error of the firing projectile hitting coordinates. Accord-
ing to the warhead fragments distribution characteristics of
the projectile proximity explosion, the condition probability
of target damage was discussed under the condition of fir-
ing multiple projectiles in a test. Based on the number of
warhead fragments under the warhead fragments and target
intersection and the penetration area of warhead fragments,
the target damage probability was established under the event
of the effective projectile proximity explosion. Based on
the basic conditions of the projectile and target intersection
and the characteristics of the target’s parameters, quantita-
tive parameter calculation and analysis methods were used
to give the target damage probability distribution under the
projectile proximity explosion. By using dynamic vision soft-
ware, according to the effective projectile proximity explo-
sion distribution parameters, the target damage effects were
simulated at different projectile explosion positions. Based
on the projectile explosion position parameters obtained by
the multi-screen testing system, the target damage probability
was calculated according to the probability of the projectile
hitting the target and the target damage function. The results
show that the target damage results of the theoretical sim-
ulation calculations and the calculation results of the actual
projectile proximity explosion test data were basically the
same, which verifies the feasibility of the proposed target
damage probability calculation model under the probabil-
ity of multi-projectile explosion hitting the target. These
research achievements provide a reasonable theoretical and
engineering practice basis for the calculation and analysis
of typical target damage under the conditions of static and
dynamic explosions of intelligent ammunition at a weapon
range.
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