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Abstract
This chapter deals with methodological approaches to estimating the effective-

ness of the combat employment of artillery units considering minimization of the 
loss of combat capability. The definition of combat capability is proposed, which is 
seen as the ability of a unit to perform assigned tasks under specified operating and 
external conditions. The influence of external factors and loads on the state of the 
unit and on the intensity of failure of its elements is analyzed. A stochastic model 
of the combat operation of an artillery battery is presented. The model is based on 
a discrete Markov chain structure which allows to estimate time and dynamic char-
acteristics, including the recovery rate, the probability of destructing a target and the 
average firing time. Criteria for an effective shot are defined. The use of a combined 
criterion to estimate combat effectiveness is justified. The proposed approaches 
provide a scientific basis to predict combat capability, optimize control processes 
and decision-making in automated systems for estimating artillery fire effectiveness.

Simulation results demonstrate that the proposed approach allows maintaining 
the combat capability at a level of 0.78–0.81 for a 10-shot mission, while the ratio 
between optimal and worst mission structures reaches values from 4 to 10.

Keywords
Combat capability, artillery unit, stochastic modeling, firing effectiveness, Markov 

model, combat employment control.

6.1  Introduction

This section describes the problem of improving the control efficiency of the com-
bat employment of an artillery unit in conditions of counter-battery engagements 
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with existing disturbances connected with changes of firing positions and with the 
influence of the opposing side. Earlier results aiming at minimizing the loss of combat 
capability of an artillery unit and reducing the time needed to complete a fire mission 
are summarized and extended [1, 2].

It was used an approach to form a generalized criterion for estimating the com-
bat employment of an artillery unit which accounts for firing accuracy, time indi-
cators and ammunition expenditure [2, 3]. Stochastic simulation based on Markov 
models is used to analyze the combat process. The model for computing the current 
probabilistic state of combat capability of an artillery unit was also improved taking 
into account sudden failures and failures caused by the loss of combat capability, as 
well as the method for forming states when the opposing side fires to destroy the 
current firing position and when this position is changed.

6.2  General provisions on an effective shot

In this section, it is possible to assume that the combat capability of an artillery 
unit is determined by quantitative parameters. They are the muzzle velocity of 
the projectile, the speed of transporting the unit between firing positions and the 
energy characteristic of the artillery charge which is evaluated by the strength of 
the powder.

An artillery unit is considered combat-capable when the muzzle velocity 
matches the tabulated value, the transportation speed meets the regulatory 
norms and the powder strength corresponds to its grade during verification [1, 4].

Forming the generalized criterion for estimating the combat employment of 
an artillery unit, several simplifications are adopted. 

Regular firing errors are connected with topological features of the current 
firing position and the routes of transporting a unit between positions. They are 
not detailed further. 

The location of the target and meteorological conditions are accounted for 
during firing preparation. The model considers only changes in properties that 
directly influence combat capability: muzzle velocity, transportation speed, and 
powder strength in the charge [1, 4].

Some provisions of the modern decision-making theory are used to analyze 
the gun firing process [2].

To estimate the effectiveness of the combat employment of an artillery unit, 
the concept of a generalized criterion is used. It is formed by aggregating par-
tial indicators. The partial indicators are normalized to their maximum values.
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where CEPfire – the circular error probable (CEP) of firing; CEPD – the CEP for range D; 
timefire – the firing time of the artillery unit to hit the target; timefire

limit – the time limit of 
firing at the current position; nshoot

non eff_  – the number of ineffective shots; nshoot
total  – the total 

number of shots.
For guns of caliber above 122 mm CEPD can be assumed to be about 1% D (that is,  

R D=0 01. ). Field data show that the time indicator usually does not exceed 0.75.  
In real conditions, it is 0.6–0.7 of the full firing time [1].

Accounting for these indicators, the generalized criterion is formed as the dis-
tance to the ideal point using the L2 norm
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where Criti
ideal_point – the value of partial indicators at the ideal point in an n-dimensional 

space, where all indicators take their minimum values; Crit Crit Crit Criti accuracy time ammo∈{ , , } –  
the partial indicators of the generalized criterion.

A shot is considered ineffective when the muzzle velocity satisfies v vtable fire0 0 95< . _ .  
A shot is effective when the artillery projectile hits a circle of radius R D=1%  with 
probability at least 0.5 [1].

6.3  Modeling the combat operation of artillery unit

In this section, the main criterion for estimating the combat operation of an 
artillery unit is combat capability. This indicator describes the ability of the unit 
to perform a combat task with effectiveness not lower than a specified level.  
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It decreases under the influence of external factors, including the actions of oppos-
ing units [5–7].

Combat capability is regarded as the degree of resistance of an artillery unit to 
external impacts. It is a relative indicator in the range from 0 to 1. It reflects the cur-
rent state of the unit during a combat task [5].

Combat capability includes resistance to mechanical, thermal and electrical loads, 
vibration, shocks and environmental impacts. It also includes the ability to counter-
act the opposing side that aim to reduce the effectiveness of combat employment.

In practice, the combat capability state is estimated by analyzing the operability 
of the elements of the artillery unit under specified loads. This makes it possible to 
determine the failure intensity for the corresponding operating modes [8, 9].

Changing the load conditions and repeated estimate of operability will allow to 
determine how failure intensity depends on the magnitude of impacts. In this con-
text, failure intensity can serve as a general quantitative measure of the combat ca-
pability of an artillery unit [10].

This interpretation makes it possible to quantitatively evaluate the impact of op-
erational and enemy-induced factors on combat capability and to directly compare 
different combat scenarios using a unified numerical indicator.

To describe combat capability in military practice, probabilistic models are widely 
used. In such models, the state of an artillery unit is determined by two components. 
They are sudden failures and failures due to wear of unit elements [11, 12]. Sudden 
failures are usually modeled by an exponential law. In this case, combat capability is 
interpreted as the probability of failure-free operation and is defined as

P t e t( )� �� ,	 (6.5)

where λ – the intensity of sudden failures. It affects the muzzle velocity of the pro-
jectile, the transportation speed between firing positions and the energy charac-
teristic of the artillery charge (powder strength).

In the general case
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The following relation is important for any distribution law
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where f t( )  – the probability frequency of failures.
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In normal combat operation, the failure intensity is constant for the exponential 
law. When combat capability is lost, the failure intensity begins to grow. Failures due 
to the loss of combat capability are added to sudden failures. In engineering practice, 
they are modeled by a normal distribution
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where M – the mean value of the combat capability of the artillery unit.
The standard deviation from the mean combat capability is defined as
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where N – the number of failures during time t.
The joint probability of the combat capability of an artillery unit, taking into ac-

count all types of failures over the period from t0 0=  to t is defined as
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w( ) ( )� �� .	 (6.10)

In the case of a partial loss of combat capability, the joint probability is
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Expression (6.11) allows one to estimate the combat capability of an artillery 
unit at any time. However, it has drawbacks for this study. Unregulated operation 
of a technical artillery unit leads to increased wear. According to field observations, 
failure intensity strongly depends on the quality of operation of the artillery unit 
according to its technical requirements [13, 14].

When the load exceeds the nominal level, a noticeable increase in the number 
of failures is observed. At the same time, the proposed expression does not account 
for a sudden decrease in combat capability when the artillery unit is hit by the op-
posing side. In contrast, failure intensity decreases when the load becomes lower 
than the nominal level [2, 3].

As these factors primarily affect failure intensity, the following expression is 
used for reliability modeling
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where λs – the intensity of sudden failures, and λw – the intensity of failures caused 
by the loss of combat capability.

To determine the failure intensity due to the loss of combat capability, the fol-
lowing approach is used. From (6.7), in the general case, failure intensity is defined 
as � � f t P t( ) ( ) .

In the simulation, the combat capability of the artillery unit changes by Δt 
at each iteration of the current operating time. Then, let's use expression (6.12) 
to compute the current value of the failure intensity due to the loss of com- 
bat capability.

If, at the current simulation iteration, the unit is under a forced impact that 
speeds up the loss of combat capability, an additional value Δtw is added to the op-
erating time. This value corresponds to the degree of combat capability reduction. 
The expression P t e t( )� ��  describes the change of combat capability over time when 
only sudden failures are present. The expression P t P T t P tw w( ) ( ) ( )� �  describes the 
change of combat capability during combat operation without considering de-
struction by the opposing side [1, 2].

6.4  Stochastic model of firing of an artillery unit

The artillery battery model  [1] makes it possible to study combat-operation 
conditions for different types of artillery weapons – from mortars to heavy self-pro-
pelled systems. This is achieved by changing the tuning parameters. The model is 
given as a non-reduced positive recurrent Markov chain. Within it, the artillery bat-
tery is represented as a single whole. This enables comparison of weapon systems 
and combat-operation algorithms.

The state-space equations are solved as limiting distributions, which ID deter-
mined by the properties of the Markov chain. The simulation result is the time in-
terval during which the battery remains in a state that provides fire support [1, 15].

The logical structure of the model of artillery battery combat-operation is based 
on practical experience of its use. While occupying a new firing position, the battery 
usually remains unnoticed by the opposing side. A main detection tool is a passive 
acoustic counter-battery radar.

Detection of the first shot by the radar makes it possible to locate the battery 
with a certain error and a given probability [13, 16]. 

The detection probabilities for a single shot and for a salvo are assumed to be 
the same. The overall detection probability depends on the number of shots fired 
before detection.
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The flow of targets of different types over time is modeled as a homogeneous 
Poisson process. For each target type, the artillery battery performs a predefined 
number of shots.

The battery changes its firing position after completing a specified number of 
shots, taking into account the available information about possible detection. If such 
information is received, the battery leaves the firing position with high probability 
before the opposing side begins an attack.

While moving between firing positions, the artillery battery does not provide fire 
support. If the opposing side attacks the current firing position, the battery suffers 
combat losses and damage. This can cause a temporary or irreversible loss of the 
ability to perform combat tasks.

With this combat logic described above, the recurrent Markov chain for the ar
tillery battery includes the following states. Each state can reduce the current com-
bat capability to a different extent when the corresponding events occur [1]:

– is at a firing position and provides fire support; the battery is not detected by 
the opposing side;

– is at a firing position and provides fire support; the battery is detected by the 
opposing side but has no information about the detection;

– is at a firing position, does not provide fire support, is detected by the opposing 
side, has information about the detection, and prepares to change the firing position;

– is moving to a new firing position and does not provide fire support;
– cannot provide fire support due to ammunition depletion or a complete loss of 

combat capability.
For simulating mission execution, a set of input data is formed. It includes pa-

rameters that describe detection and engagement conditions, such as the num-
ber of targets, target detection rate, the number of shots needed to hit one target 
and the probability of battery detection during firing. Another group includes 
time and dynamic characteristics of combat operation. They are the average fir-
ing time before an opposing attack after detection, the battery recovery rate af-
ter an attack, the speed of movement between firing positions, the probability of 
an attack during movement, and the decision-making and exit time from a firing 
position [1, 9].

The process of changing the combat employment of the artillery battery is 
represented as a graph, shown in Fig. 6.1. The vertices of the graph correspond to 
current battery states, and the edges describe transitions between these states.

The initial state S0 defines the readiness of the battery for combat employ-
ment on condition of n guns availability for simultaneous firing. The follow-
ing states Si ( ,..., )i n=1  describe a shot fired simultaneously by i guns. The edge  
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weight lij is the probability of a Markov process transition from state Si to state Sj. 
It is denoted as p i j nij , , ,...,=0 .
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Fig. 6.1 Markov graph of states and transition probabilities

As the states are random, the process can be considered Markov. The sto-
chastic model of automated control also accounts for disturbances. A charac-
teristic disturbance is the difference between the current and the initial muzzle 
velocities of the projectile, Δv0. It is caused by chamber wear �v chamb

0
� _ , barrel wear 

Δvbarrel
0  and uncertainty in the charge energy, Δvch e

0
arg . If all three types of distur-

bances occur simultaneously, the shot effectiveness can be considered an infin-
itesimal value.

As the disturbances are random, let's consider the probability that the corre-
sponding factor does not affect the shot result:
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Then the probability of the presence of the corresponding disturbance factor is:
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Thus, the transition matrix between states in the Markov modeling has the form:
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The goal of the Markov model is to determine the number of shots for which the 
probability of hitting the target is not less than a specified value.

The transition matrix is filled as follows. The first row contains a single non-zero 
element p n0 1= . This means that a transition from the initial state to state Sn is possi-
ble only when all n guns are ready for combat employment.

The other elements are computed using row i as an example:
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where p is the probability of an effective shot.
The sum of elements in each row equals 1. Therefore, the matrix satisfies the 

stochasticity condition.
Thus, the control process can be interpreted as a sequence of states. Each state 

corresponds to the ability to perform an effective shot by a certain number of ar
tillery units.

If an ineffective shot occurs at the current simulation step, the corresponding 
unit is excluded from the subsequent mission execution process. Firing continues 
using a smaller number of units.

A limiting state is possible where all units perform ineffective shots. In this case, 
according to the adopted conditions, the combat task becomes impossible.

Using model (6.16), it is possible to compute the probability of effective shots 
after M cycles of combat employment of the artillery battery

P PM
M= ( )0 ,	 (6.17)

where P0 – the transition probability matrix after the first firing cycle.
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Let's take the number of effective shots as the expected value of a random vari-
able that describes the number of guns that perform an effective shot. For this pur-
pose, it is possible to introduce the state vector svi. Its components indicate which 
guns participate in an effective shot

sv sv j i sv j i j ni j j� � � � � ��� ��1 0 1, ; , ; ,...,
T

.	 (6.18)

An example of using the Markov model to evaluate the combat employment 
results for a battery of 6 guns is given below. The probability of an effective shot 
when the corresponding disturbances are absent is: p1 0 95= .  (no chamber wear), 
p2 0 95= .  (no barrel wear), and p3 0 9= .  (no uncertainty of charge energy). Then the 
probability of an effective shot in the absence of all three types of disturbances is 
p p p p= =1 2 3 0 81225. . This value illustrates that even moderate degradations of indi-
vidual subsystems lead to a significant cumulative reduction in firing effectiveness, 
which is explicitly captured by the proposed Markov-based model.

Table 6.1 shows the results of computing the transition matrix between states 
according to the Markov model (6.16).

Table 6.1 Transition probability matrix

State S0 S6 S5 S4 S3 S2 S1

S0 0 1 0 0 0 0 0

S6 4E-05 0.2872 0.3983 0.2302 0.0709 0.0123 0.0011

S5 0.0002 0 0.3536 0.4086 0.1889 0.0437 0.0051

S4 0.0012 0 0 0.4353 0.4025 0.1395 0.0215

S3 0.4365 0 0 0 0.4025 0.1395 0.0215

S2 0.0353 0 0 0 0 0.6598 0.305

S1 0.188 0 0 0 0 0 0.812

The obtained transition probabilities allow estimating not only the expected 
number of effective shots, but also the rate of degradation of the artillery battery as 
guns are sequentially excluded from mission execution.

6.5  Model of combat employment of an artillery unit

Let's consider a model of the control problem for the combat operation of an ar-
tillery unit in the following setting. Artillery unit AU1 must perform a combat task. 
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The task is to destroy a stationary target with n shots on condition of full firing prepa-
ration with the probability of firing position change.

To solve the problem, let's introduce assumptions required for modeling. A finite 
number of firing positions and a given number of shots n required to engage the tar-
get is assumed. The minimum number of shots from one firing position equals one. 
Thus, at least one shot must be fired from each current position.

A change of firing position does not allow returning to previous positions. Move-
ment from one position to a neighboring one is carried out sequentially along one of 
s roads. The roads differ in surface quality and in the probability that the artillery unit 
is hit by the opposing side.

When AU1 performs the combat task, it is assumed that artillery unit AU2 does 
not move and can be hit [1].

The initial combat capability of artillery unit AU1 is denoted as Kinit . The mathe-
matical model is built to determine the current combat capability of AU1. It accounts 
for a decrease due to enemy fire and due to movement between firing positions while 
continuing the target engagement task [1, 18, 19].

To account for system dynamics, artillery units AU1 and AU2 are considered 
within three generalized action processes, denoted as A, B, and C.

For the artillery unit AU1, process A corresponds to being at a firing position and 
includes the following stages:

A1 – transition from march mode to combat mode;
A2 – combat operation against the target;
A3 – transition from combat mode at the firing position to march mode.
Process B corresponds to changing the firing position by AU1.
For AU2, process C corresponds to being at a firing position and includes:
C1 – combat operation against stationary target AU1 from the moment of its first 

shot until the end of the transition from combat mode to march mode;
C2  –  combat operation against moving target AU1 during its firing position 

change.
The events that occur during mission execution are characterized by the follow-

ing time intervals:
A1 – time interval of AU1 transition from march mode to combat mode at a firing 

position: tmb;
A2 – time interval of AU1 operation against the target at a firing position for one 

shot: tAU1, for several shots, the total time increases in proportion to their number;
A3 – time interval of AU1 transition from combat mode at a firing position to 

march mode: tbm;
B – march time when changing the firing position along road j ( ,..., )i s=1 : tm

j ;
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C1 – time interval of AU2 operation against AU1 for one shot: tAU2, and the pro-
jectile flight time to a stationary target: tst;

C2 – the total interval tm
j  along road j and the interval of AU1 transition from 

march mode to combat mode at a firing position: tbm.
The current combat capability state of AU1 is influenced by all events that reduce it.
The impact of event A2 (combat operation of AU1 at a firing position) is character-

ized by: 
– a decrease in combat capability due to barrel wear per one shot: ki

bar ; 
– a decrease in combat capability due to chassis wear per one shot: ki

chassis .
The impact of event B on the change of AU1 combat capability during transpor-

tation along road j is characterized by a decrease due to barrel wear kbar
j  and chassis 

wear kchassis
j .

The impact of event C1 on the change of AU1 combat capability is characterized 
by the decrease value khit. It is determined by the number of shells d fired from AU2 
at AU1 to stop its firing

k
j jhit

j

d

�
��

� 1

11 ( )
.	 (6.19)

The number of shells d is computed under the condition that AU1 fires ai shots at 
firing position i ( ,..., )i n=1
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where INT( ) denotes taking the integer part of the resulting value.
The impact of event C2 is characterized by the decrease value kmove

j . This de-
crease is due to unit wear under enemy fire during transportation along road j.

The combat capability of AU1 after combat operation at firing position i is com-
puted as

PA PB k k a k t ai i hit bar i chassis i� � � � � � ��1 1( )AU ,	 (6.21)

where PBi–1 – the combat capability of AU1 after changing position i i� �1 . By defi-
nition, PB Kinit0 = .

The decrease in combat capability when changing position i i� �1 ( ,..., )i n� �1 1  
is computed as

PB PA k k ki i bar
j

chassis
j

move
j� � � �( ) .	 (6.22)
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The combat capability of AU1 after completing the combat task with n shots,  
if the last shot is performed at position k ( )k n≤ , equals PAi .

6.6  �Method for finding a solution to the combat employment problem 
for an artillery unit of the attacking side

For developing a computational method for solving the combat employment 
problem for the attacking artillery unit under enemy fire, a set of input data is defined 
for further simulation. Enemy fire affects the current firing position and also affects 
the unit during position change.

Let's introduce an array a n[ ... ]1 . Element a i( ) defines the number of shots fired at 
firing position i. 

Let's also use an array b n[ ... ]1 1− . Element b i( ) corresponds to the number of the 
road chosen for movement from firing position i to the next one.

The current mission structure is an ordered sequence of the numbers of shots at 
each firing position and the road numbers used for changing positions

a b a b a n( ) ( ) ( ) ( )... ( )1 1 2 2⋅ .

Let's set the initial combat capability of AU1 to Kinit =0 965. . 
Table 6.2 shows the time intervals of the corresponding actions of AU1 at a fir-

ing position, taking into account opposition by the opposing side.
Table 6.3 presents the parameters that characterize how movement between 

firing positions affects the combat capability of the unit, depending on the cho-
sen road.

Table 6.2 Time intervals of actions during AU1 mission execution at a firing position under 
opposing fire

Time for Value

AU1 transition from march mode to combat mode at a firing position, tmb 5 min

AU1 operation against the target at a firing position per one shot, tAU1 15 s

AU2 operation at its firing position against AU1 per one shot, tAU2 20 s

AU1 transition from combat mode at a firing position to march mode, tbm 2 min

Projectile flight time to the target. It defines the start of opposing fire for 
a stationary target, tst

35 s

Range to the target 12 000 m
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Table 6.3 Parameters that affect combat capability when changing positions

Parameters affecting the unit combat capability and 
the operating time depending on the chosen road

Road 
No. 1

Road 
No. 2

Road 
No. 3

March time when changing the firing position, tm
j , s 180 720 1440

Decrease in AU1 combat capability due to barrel wear 
during transportation, kbar

j
0.000025 0.000055 0.000075

Decrease in AU1 combat capability due to chassis wear 
during transportation, kchassis

j
0.00074 0.00094 0.0024

Decrease in AU1 combat capability due to enemy fire 
impact during transportation, kmove

j
0.000055 0.00003 0.000015

The proposed method for computing the combat employment model includes 
a general algorithm and specialized algorithms:

– the "Positions" algorithm determines the current number of shells used at 
each position;

– the "Position change" algorithm determines the sequence of road numbers 
used for movement between positions;

– the "Combat readiness" algorithm determines the final combat capability of 
AU1 for the current structure;

–  the "Time" algorithm determines the total mission time for the current 
structure.

Using the input data from Tables 6.2, 6.3, the general algorithm forms the current 
mission structure a b a b a n( ) ( ) ( ) ( )... ( )1 1 2 2⋅ . It then computes the final combat capability 
of the artillery unit accounting for losses due to enemy fire, as well as the movement 
between firing positions to continue the target engagement task.

Before presenting a formal algorithm description, it is useful to explain the logic 
of forming the mission structure using a simplified example.

Assume that artillery unit AU1 performs a task from two firing positions. Move-
ment between the first and the second position is possible along several alterna-
tive routes. They differ in march duration and in their impact on combat capability.  
At each position, AU1 can fire one or several shots and then change position.

In this case, the mission structure is an ordered sequence of decisions which in-
cludes the number of shots fired at each firing position and the choice of the move-
ment route between neighboring positions.

For two firing positions, such a structure can be written as

a b a( ) ( ) ( )1 1 2 .
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Here a( )1  and a( )2  define the number of shots at the first and second positions, 
respectively. Value b( )1  is the road number chosen for movement between them.

For example, the structure a( )1 2= , b( )1 3= , a( )2 1=  means two shots at the first 
position, movement to the second position along Road No. 3, and one shot at the 
second position.

For a given structure, the total mission time is the sum of deployment time at 
each position, firing time, packing time, and the march time between positions.  
For each firing position, let's use the time intervals in Table 6.2. For movement, let's 
use the march time tm

j , from Table 6.3. Thus, the chosen road b( )1  directly affects the 
total mission time.

Similarly, the final combat capability is computed by accounting for its de-
crease during firing and during movement between positions. During position 
change, it is possible to account for barrel wear, chassis wear, and enemy impact 
during movement. These decreases depend on the chosen route and are given  
by kbar

j , kchassis
j  and kmove

j  (Table 6.3).
It is evident that another admissible structure, for example, a( )1 1= , b( )1 1= ,  

a( )2 2= , leads to different values of total time and to a different level of com-
bat capability decrease. Fewer shots at the first position reduce the time under  
enemy fire. A shorter route reduces march time and changes the losses during 
transportation.

For an arbitrary number of firing positions, the mission structure is a sequence 
of decisions

a b a b a n( ) ( ) ( ) ( )... ( )1 1 2 2 .

This sequence uniquely defines a combat scenario for the artillery unit. A com-
parative analysis of all admissible structures makes it possible to find those that 
provide extreme values of mission time and of preservation combat capability. This 
is implemented by the algorithm below.

For clarity, let's recall the meaning of the indices used below:
– i – the firing position number where combat operation is performed;
– j – the road number chosen for movement between firing positions;
– n – the total number of firing positions in the mission;
– k – the number of the last firing position in the current mission structure.
All indices below are used in accordance with the given explanations.
The general algorithm is implemented as the following sequence of steps:
Step 1. Set the initial mission scenario by taking a a n( ) ( )1 1= = . Thus, one shot is 

planned at each firing position. Here k n=  is the number of positions in the scenario.
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Step 2. Initialize variables for extreme values of combat capability and mission 
time: Pmax =0  (maximum combat capability), Pmin =1 (minimum combat capability), 
Tmax =0 (maximum total time), and Tmin =10

10 (minimum total time).
Step 3. Set the initial movement scenario by taking b b k( ) ( )1 1 1� � � . Thus, 

Road No. 1 is chosen at each movement stage.
Step 4. For the current scenario, compute the final combat capability of AU1 us-

ing the "Combat capability" algorithm.
Step 5. For the current scenario, compute the total mission time using the "Time" 

algorithm. The time includes firing-position time and movement time.
Step 6. Compare the obtained final combat capability PA k( )  and the total time T 

with the current extreme values Pmax, Pmin, Tmax, and Tmin. 
If, for the current scenario, combat capability or total time values exceed or, 

respectively, decrease registered before extreme values, update them. Store the 
mission structure arrays a n[ ... ]1  and b n[ ... ]1 1−  that correspond to the new extreme 
values of combat capability or time.

Step 7. For a fixed number of shots across firing positions, enumerate all ad
missible scenarios of movement between positions. For this, use the "Position 
change" algorithm to form the next variant of array b k[ ... ]1 1−  corresponding to 
another choice of routes between positions.

After forming a new movement scenario, repeat Steps 4–6 to compute the final 
combat capability and the total time of the mission. Continue until all route combina-
tions for the current shot structure are considered.

Step 8. After enumerating all admissible movement scenarios for the current 
shot structure, form the next scenario of distributing shots across firing positions. 
Use the "Positions" algorithm to change elements of array a n[ ... ]1 .

For a new shot structure, re-initialize enumeration of movement scenarios by 
setting b b k( ) ( )1 1 1� � � , and return to Step 3. Continue until all admissible shot 
distributions are considered.

Step 9. After enumerating all admissible mission structures, determine the final 
extreme values of combat capability and mission time, as well as corresponding sce-
narios.

Computation results include final values Pmax, Pmin, Tmax, and Tmin, and mission 
structures – arrays a n[ ... ]1  and b n[ ... ]1 1−  which provide these extreme values.

Step 10. Form the algorithm outputs. They include the numerical values of 
combat capability and mission time, and a description of the corresponding mis-
sion  scenarios.

Step 11. Output the results in a form convenient for further analysis. The algo-
rithm is complete.
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The "Positions" algorithm takes the input array a k[ ... ]1 , which defines the current 
mission structure within the general algorithm:

Step 1. Determine m, the index of the last non-zero element of array a of the cur-
rent mission structure.

Step 2. Increase the number of shots at the previous firing position

a m a m( ) ( )� � � �1 1 1 .

Step 3. Adjust element a m( ) with the constraint on the total number of shots:
– if a m( )=1 , set a m( )=0 ;
– if a m n m( )� � , then sequentially for a m a m i( ),..., ( )+ +1  set the value 1 while the 

constraint a j n
j

m i
( )�

�

�� 1
 is satisfied;

– otherwise, decrease a m( ) by 1: a m a m( ) ( )� �1 .
Step 4. Return the updated array a k[ ... ]1  which defines the next admissible mis-

sion structure.
The "Position change" algorithm takes the input array b k[ ... ]1 1− , which defines 

the chosen roads for movement between consecutive firing positions within the 
current mission structure:

Step  1. Determine m, the index of the last element of array b, which value 
equals 1 or 2.

Step 2. Form the next structure of position change:
– if m k� �1, the value of the last element increases: b k b k( ) ( )� � � �1 1 1;
– otherwise, increase b m( ) by 1 and set all following elements to 1:

b m b m( ) ( )� �1 , 

b i i m k( ) , ( ... )� � � �1 1 1 .

Step 3. Return the updated array b k[ ... ]1 1− . It defines the next admissible variant 
of choosing a route between firing positions.

The "Combat capability" algorithm takes the input arrays a k[ ... ]1  and b k[ ... ]1 1−  from 
the general algorithm. They define the current mission structure for artillery unit AU1:

Step  1. Set the initial combat capability of AU1 at the first firing position 
as PB Kinit( )1 = .

Step 2. For each firing position i k=1... , perform Steps 3–7.
Step 3. Compute the number of shells d according to equation (6.20).
Step 4. Compute the combat capability decrease coefficient of AU1 due to hits 

from AU2 according to equation (6.19).
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Step 5. Compute the combat capability decrease of AU1 during firing against 
the target

k k k t a iwear bar chassis� � � �( ) ( )AU1 .	 (6.23)

Step 6. Compute the combat capability of AU1 after work at position i

PA PB k ki i hit wear� � �( ) .	 (6.24)

Step  7. For movement between neighboring firing positions i and i+1  ( ... )i k� �1 1
( ... )i k� �1 1 , compute the decrease of AU1 combat capability due to movement along 

the selected route

PB PA k k ki i bar
b i

chassis
b i

move
b i

� � � � �1 ( )( ) ( ) ( ) .	 (6.25)

Step 8. The algorithm output is PA k( ) , the combat capability of AU1 correspond-
ing to the current mission structure.

The "Time" algorithm takes the input a k[ ... ]1  and b k[ ... ]1 1−  from the general 
algorithm. They define the current mission structure for artillery unit AU1:

Step 1. Set the initial total mission time as T = 0.
Step 2. For each firing position i k=1... , perform Steps 3–4.
Step 3. Add the duration of AU1 operation at the i-th firing position, including 

deployment, firing, and packing time

T T t a i t tmb bm� � � � �( ) AU1 .	 (6.26)

Step 4. If i k≠ , add the march time to the next firing position. It is determined 
by road choice b i( )

T T tbm
b i� � ( ) .	 (6.27)

Step 5. The algorithm output is the total time T for AU1 mission execution for 
the current mission structure.
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6.7  Conclusions

The study of the decrease in combat capability of an artillery unit, in the problem 
setting of Section 6.3, corresponds to selecting a mission structure from a large but 
finite set of possible options. Formally, such a problem can be treated as Pareto-ori-
ented or as a dynamic programming problem.

However, the limited number of input parameters and variable arguments made 
it possible to obtain all possible solutions by a full direct enumerating. The simulation 
results for the selected modeling options are given in Tables 6.6, 6.7.

The characteristics of variable arguments used in the simulation experiment are 
presented in Table 6.4. They define admissible values for the number of shots at fir-
ing positions and parameters that influence the mission structure.

Table 6.4 Characteristics of variable arguments of the combat employment model

Characteristic Value 1 Value 2 Value 3 Value 4

1. Start of opposing fire after the first shot 
of the attacker tst, s

35 43 51 59

2. Number of shells to destroy a stationary 
target n, pcs

4 6 8 10

Parameters that characterize the change in combat capability during movement 
between firing positions, depending on the selected route, are given in Table 6.5. 
These parameters account for wear of the main system components and the influ-
ence of the opposing side during the march.

Table 6.5 Parameters that affect combat capability when changing a firing position

Combat capability 
reduction parameter 

for AU1

Modeling option X Modeling option Y

Road

1 2 3 1 2 3

1. Due to barrel wear 
during transporta-
tion, kbar

j

2.5 · 10–5 5.5 · 10–5 7.5 · 10–5 2.5 · 10–4 5.5 · 10–4 7.5 · 10–4

2. Due to chassis 
wear during transpor-
tation, kchassis

j

7.4 · 10–4 9.4 · 10–4 2.4 · 10–3 7.4 · 10–3 9.4 · 10–3 2.4 · 10–2

3. Due to wear under 
enemy fire during 
transportation, kmove

j

5.5 · 10–5 3.0 · 10–5 1.5 · 10–5 5.5 · 10–4 3.0 · 10–4 1.5 · 10–4
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Table 6.6 Distribution of all possible combat capability values for 10 shots for two 
modeling options

Distribution 
interval

Modeling option X Modeling option Y

Fire start, tst, s Fire start, tst, s

35 43 51 59 35 43 51 59

1 2 3 4 5 6 7 8 9

(0.075; 0.100] 0 0 0 0 37 0 0 0

(0.100; 0.125] 0 0 0 0 120 2 0 0

(0.125; 0.150] 202 7 1 0 53 5 1 0

(0.150; 0.175] 0 0 0 0 833 0 0 0

(0.175; 0.200] 0 0 0 0 6144 6 0 0

(0.200; 0.225] 0 0 0 0 23026 325 5 0

(0.225; 0.250] 0 0 0 0 35117 1350 176 4

(0.250; 0.275] 0 0 0 0 16902 2217 471 81

(0.275; 0.300] 120 0 0 0 1373 941 355 110

(0.300; 0.325] 83283 4851 1023 208 0 12 16 13

(0.575; 0.600] 0 0 0 0 1 1 1 1

(0.600; 0.625] 0 0 0 0 171 171 171 171

(0.625; 0.650] 0 0 0 0 1978 1986 1986 1986

(0.650; 0.675] 0 0 0 0 13363 14196 14196 14196

(0.675; 0.700] 0 0 0 0 44613 50766 50772 50772

(0.700; 0.725] 0 0 0 0 65746 89247 89567 89572

(0.725; 0.750] 0 0 0 0 37652 74350 75524 75696

(0.750; 0.775] 0 0 0 0 5670 24651 26397 26787

(0.775; 0.800] 8086 8206 8206 8206 15 1915 504 2749

(0.800; 0.825] 161123 249077 252914 253730 0 0 2 6

Structures and corresponding extreme values of combat capability 

For max com-
bat capability 

value 

Shot number sequence

2, 2, 2, 
2, 2

2, 4, 4 5, 5 4, 6 2, 2, 2, 
2, 2

2, 4, 4 5, 5 4, 6

Road number sequence while changing positions

1, 1, 1, 1 1, 1 1 1 1, 1, 1, 1 1, 1 1 1

Combat capability value

0.8117 0.8134 0.8142 0.8142 0.7822 0.7986 0.8068 0.8068

Time

2680 1590 1050 1050 2680 1590 1050 1050
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1 2 3 4 5 6 7 8 9

For min com-
bat capability 

value

Shot number sequence

1, 1, 1, 7 1, 9 10 1, 1, 1, 7 1, 1, 1, 7 1, 9 10 1, 1, 1, 7

Road number sequence while changing positions

3, 3, 3 3 3, 3, 3 3, 3, 3 3 3, 3, 3

Combat capability value

0.1409 0.1458 0.1483 0.3075 0.0736 0.1234 0.1483 0.2403

Time

5910 2310 510 5910 5910 2310 510 5910

Table 6.7 Distribution of all possible combat capability values for 4 shots for two modeling 
options

Distribution 
interval

Modeling option X Modeling option Y
Fire start, tst, s Fire start, tst, s

35 43 51 59 35 43 51 59

(0.375; 0.400] 0 0 0 0 6 0 0 0

(0.400; 0.425] 7 0 0 0 1 0 0 0

(0.825; 0.850] 0 0 0 0 7 7 7 7

(0.850; 0.875] 0 0 0 0 28 28 28 28

(0.875; 0.900] 7 7 7 7 22 28 28 28

(0.900; 0.925] 50 57 57 57 0 1 1 1

Structures and corresponding extreme values of combat capability

For max com-
bat capability 

value 

Shot number sequence

2,2 4 4 4 2,2 4 4 4

Road number sequence while changing positions

1 – – – 1 – – –

Combat capability value

0.9042 0.905 0.905 0.905 0.8968 0.905 0.905 0.905

Time

960 420 420 420 960 960 960 960

For min com-
bat capability 

value

Shot number sequence

1, 3 1, 1, 1, 1 1, 1, 1, 1 1, 1, 1, 1 1, 3 1, 1, 1, 1 1, 1, 1, 1 1, 1, 1, 1

Road number sequence while changing positions

3 3, 3, 3 3, 3, 3 3, 3, 3 3 3, 3, 3 3, 3, 3 3, 3, 3

Combat capability value

0.4025 0.8975 0.8975 0.8975 0.3801 0.8303 0.8303 0.8303

Time

2220 5820 5820 5820 2220 5820 5820 5820

Continuation of Table 6.6
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During the simulation experiment, it was assumed that all shots are effec-
tive [1, 17]. The hit probability for the artillery unit was assumed to be at least 0.5. 
The decrease in combat capability of the attacking artillery unit due to hits by the 
opposing side between consecutive shots is described by the relation used in Step 4 
of the "Combat capability" algorithm.

The results in Tables 6.6, 6.7 characterize mission execution for a large series 
of shots (10 shots) and for a small series of shots (4 shots), respectively. For each 
series, the best and the worst options are shown in terms of combat capability loss 
and mission time.

It is noteworthy that the computed combat capability value can be negative in 
some cases. From a physical point of view, this corresponds to the loss of the artillery 
unit. The larger the absolute value of this negative number, the earlier the loss occurs 
at previous stages of the mission for the considered structure.

The analysis in Tables 6.6, 6.7 shows that for each considered shot series there 
exists a mission structure that provides the minimum decrease in combat capability 
at an admissible mission time.

At the same time, optimizing the structure only for maximum combat capabil
ity preservation does not always lead to the minimum mission time. Conversely, the 
structures that provide the minimum time can, in some cases, cause a significant 
decrease in combat capability, up to the physical loss of the artillery unit due to op-
posing fire.

For the considered case, 262,144 combat capability values are computed for 
each modeling option, taking into account changes in all computational arguments. 

This makes it possible to quantitatively assess the dispersion of admissible com-
bat scenarios and to identify mission structures that ensure a 4–10 times higher 
preservation of combat capability compared to the worst-case solutions.

For a 10-shot mission in modeling option X, the initial combat capability of 0.965 
changed within a wide range. The highest concentration of results (169,209  val-
ues) corresponds to the start of opposing fire at 35 s. In this case, combat capability 
varies from 0.775 to 0.825. Similar bands were observed for other moments of time: 
43 s gave 257,283 values, 51 s gave 261,120 values, and 59 s gave 261,936 values.

In modeling option Y, combat capability also decreased from 0.965. However, the 
band for 35 s is wider, from 0.575 to 0.825, with 169,209 results. For other moments 
of time, the value bands are similar: 43 s gives 257,283 values, 51 s gives 261,120 val-
ues, and 59 s gives 261,936 values.

In both models (X and Y), 9.330 negative combat capability values were observed 
at 35 s. This indicates the actual loss of the artillery unit. For other moments of time, 
negative values did not occur.
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The analysis of shot allocation showed that optimal solutions range from a uni-
form distribution, with two shots at each of the first five firing positions, to a concen-
trated fire pattern with five shots from each of the first two positions.

When choosing movement routes between positions, the best results corre-
spond to the faster but more dangerous road option (Road No. 1).

The ratio of combat capability values for the best and the worst solutions in the 
considered cases ranges from 4 to 10. From a practical point of view, this means that 
an informed choice of shot distribution and movement routes allows either to pre-
serve combat capability above 0.8 or, alternatively, to significantly reduce mission 
time at the cost of controlled combat capability degradation.

Qualitatively similar patterns are observed analyzing the results of Tables 6.6, 6.7.
When the number of shots decreases, the total number of admissible mission 

structures reduces. The range of final combat capability values becomes narrower. 
The ratio between the best and the worst options becomes less than 2.

At the same time, for a smaller number of shots, the number of possible firing 
positions increases. This raises the variability of the mission structure.

The analysis of mission time based on Tables 6.6, 6.7 shows that for most com-
puted structures, the best option in terms of combat capability preservation also 
corresponds to the minimum mission time.

However, for scenarios with a large number of shots, solutions exist where mis-
sion time decreases significantly. This is achieved by a sharp reduction of combat 
capability to critical values. Combat capability values in the range 0.1–0.2 corre-
spond, in practical terms, to the actual loss of the artillery unit due to opposing fire.

The analysis of Table 6.7 shows that the artillery unit can be employed with no 
more than two shots at each firing position without a significant decrease in com-
bat capability. Under these conditions, an acceptable level of combat survivability is 
maintained throughout the mission.

If a mission with up to ten shots is oriented mainly to defensive conditions, then 
engaging a target with no more than four shots from one firing position is more typi-
cal for offensive operations. In this case, reducing the time spent under opposing fire 
plays a key role [1, 8].

This is confirmed by the worst scenarios considered. In these scenarios, move-
ment between firing positions is performed without accounting for route character-
istics and the related combat capability losses. Such scenarios correspond to inten-
sive offensive operations. In them, priority is given to reducing mission time, even 
at the cost of a large decrease in combat capability.

In this context, the classical "shoot and scoot" tactic [20, 21], which is typical for 
offensive operations, can be interpreted, based on the modeling results, as a "hide 
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and shoot" tactic. This interpretation prioritizes concealment and minimization of 
the time under opposing fire.

The simulation experiment shows that the developed simulation model and the 
state-control method for the artillery unit were further developed by including ran-
dom dynamic external and internal disturbances that accompany mission execution.

As a result, the proposed method provides both quantitative advantages, ex-
pressed in numerical estimates of combat capability, mission time and their ratios, 
and qualitative advantages, such as the ability to formally compare offensive and 
defensive employment strategies within a unified modeling framework.
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