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			Abstract

			At the present stage of development of computer simulation of military ­processes, the problem lies not only in obtaining a visually convincing picture of combat actions, but in reproducing their internal logic in such a way that the modelled process resembles a real one not externally only, but by its sequence, interrelations, dependencies, and consequences. This is especially true in relation to artillery systems. In many modern simulators and computer gaming products, one can observe sufficiently advanced visualization, dynamic effects, and a high degree of graphical realism, while the functioning of artillery means itself is often presented in a simplified form, where separate stages are shown, but not united into one logically complete cycle. Because of this, the issue arises of creating such generalized simulation approaches that would make it possible to reproduce the operation of artillery means not as a set of disconnected effects, but as a full process beginning with the choice of a target and continuing through preparation, aiming, firing, flight, influence of disturbances, target hit, and final action of ammunition.

			This book is devoted exactly to such an approach. Its main idea is to consider artillery functioning in a simulation environment as a complete and internally connected cycle, where every stage has its own logic, its own modelling task, and at the same time forms part of the common system. For this reason, the book consistently addresses trajectory formation, sensor and perception issues, accuracy and randomness, the influence of stochastic disturbances, reaction to changing conditions, and the role of all these factors in forming realistic behaviour of artillery means in a simulator. The importance of such an approach lies in the fact that it allows moving away from purely illustrative reproduction of fire action and toward a more physically and logically grounded simulation, where the visible result becomes only the outer manifestation of deeper modelled processes.

			A significant feature of the presented material is that the proposed models are generalized and do not include any actual secret tactical or technical characteristics. They were created not for the disclosure of real data, but for the formation of a method­ological basis that can be used in educational systems, training environments, computer simulators, and computer gaming. This makes it possible to combine scientific correctness, practical applicability, and safety of use. At the same time, the book is connected not only with simulation itself, but also with automation, computer-integrated technologies, decision support, and operations research, because artillery action is treated here as a complex controlled process influenced by many interrelated factors, including uncertainty, timing, observation, reaction, and probability of result.

			Thus, the book offers the reader not a fragmented set of separate models, but a holistic view of artillery simulation as a field where mathematical modelling, stochastic methods, ballistic logic, sensor representation, and decision-making principles are combined into one framework. Precisely because of this, the ­presented material may be useful both for developers of realistic military simulators and gaming products, and for engineers, researchers, cadets, officers, and all those who are interested in creating more realistic and scientifically grounded models of artillery processes. 

			Keywords

			Artillery systems, simulation modelling, mathematical modelling, automation, computer-integrated technologies, systems analysis, decision support, decision ­theory, operations research, optimization, stochastic models, probability the­ory, random processes, ballistic modelling, sensor systems modelling, digital twins, com­puter simulators, computer gaming, training systems, physics-based modelling, ­combat process modelling.

			
Circle of readers and scope of application

			We believe that each specialist, whose activities are related to the following ­areas, can find something useful for him/herself in the book:

			− modeling various processes, including battle ones;

			− artificial intelligence;

			− military training;

			− development of new types of armament and equipment, primarily artillery complexes.

			First of all, the book should interest the developers of realistic militarized computer games, since the problem of transition from an impressive visual image of the process to its scientific reproduction, especially in relation to artillery, remains very relevant. It is precisely the offered methodology that will allow them to take a step towards such an implementation, presenting to gamers a completely different type of product – a really credible game, where the trajectory, aiming, the influence of random disturbances, counteraction of the object, hitting, exploding a mine, etc., will obey the same logic. And this is exactly what allows the ­author to consider his/her product having a high level of detail, rather than simply a good-looking product.

			At the same time, the book can be useful to developers of simulators of military purpose, because the models proposed in it allow the construction of such an environment that will be able to solve not only demonstration of the process, but also drawing up professional conclusions based on the typical situation, and performing this action several times with changed conditions. And this is exactly the peculiarity of its applied nature: this edition does not propose abstract considerations about realism, but a holistic approach to building a core that provides the required ratio of physicality, randomness and safety of use of the generalized models.

			Finally, we would like to say that this book can be of great interest for developers of modern artillery weapons, especially those who deal with issues of control, diagnostics, monitoring of the state of artillery rounds at every stage of functioning – from preparing to firing, launching, flying, falling and finishing hit. For these readers, the value of the book is due to the fact that the author shows how it is possible to describe the complicated process of artillery in the form of interrelated models, which can subsequently be embedded into decision support systems, training complexes, digital twins, future loops of information and control. In other words, it gives not a description of the phenomenon, but a foundation for making the transition from engineering feeling to thinking in models.

			And finally, let's formulate the circle of readership, which, first of all, should become interested in the book. It will definitely be of interest to the commanding personnel of artillery units, since it allows one to begin to see artillery not just as a weapon for fire, but as a complex managed system, the effectiveness of which depends on many factors: quality of preparation, quality of initial data, conditions for firing, reaction to perturbations, delays, probabilistic nature of results, etc. Such a view becomes particularly topical nowadays, when commanders should acquire the ability to make management decisions in the spirit of the culture of modeling, rather than relying on personal experience alone. That is why the book can be called an intellectual tool for improving awareness of the logic of artillery action in changing conditions.

			Of course, the book will be of interest to cadets, assistants at special military institutions of higher education, as well as students, masters and postgraduates studying at universities majoring in modeling, automation, applied informatics, system analysis, development of new classes of information technologies for complex technical objects, as for them this edition is not only a theme of additional readings on artillery, but an example of how a real multifactored process can be transformed into a set of mathematical, logical and simulation models. It is precisely this feature that makes the book interesting from teaching and scientific point of view, teaching not only about the topic, but also in the culture of building complex interdiscipli­nary models.

			In conclusion, we note that the value of the book is caused by the fact that it unites at once several levels of usefulness: scientific, methodological, engineering, educational, applied, allowing to look at the artillery process as an integrated one, amenable to formalization and digitization, research, learning, subsequent development. Therefore, this edition can turn out to be useful not only for acquaintance, but also for further work – as a source of ideas, a methodological base, a basis for developing new simulators, trainers, control laws, intelligent models of artillery action.

				
			Introduction

			Scientific and methodological foundations of integrated modelling of artillery operations in simulators and computer gaming

			Computer modeling of combat operations became important at the present stage of development of the military-technical sphere, while the logic of reproducing the course of combat processes often loses to graphic realization. As some authors note, there is a significant imbalance between the hyperrealism of visualization quality and the simplification of the logic of the simulation scenarios themselves, in the sphere of military computer games. New weapons appear quickly in them, while the implementation of the current tactics and the full functionality of the combat process is implemented with great difficulty. There is currently a lack of ready-made modules sets that allow reproducing the full life cycle of the use of artillery means with a sufficient degree of realism in the process of computer modeling of combat actions. It causes a need for creating generalized models allowing filling such a niche and ensuring a real simulation of the use of artillery means during combat operations.

			This book shows a full simulation cycle of artillery operations in the process of a computer modelling environment. For that purpose, we consider every stage of the process of using artillery means beginning from selecting a target to carrying out a shot and including a missile flight, accounting dynamic disturbances, the moment of hitting a target, an explosion, etc. All those stages are considered as separate sections and form a continuous circle of simulation. Such an approach allows showing the logic of using artillery means at each stage and linking the described stages into one simulation system.

			The essence of the considered models' importance lies in the possibility of realizing a clear logic of the functioning of artillery means instead of just visually animating the effect of the release of missiles. Implementation of a full cycle of simulation containing all the components provides a possibility to realize the most physical picture of a battle of artillery means. That is, models take into account ballistic regularities of missiles motion, taking into consideration the unavoidable number of stochastic disturbances at each shot, for example, weather conditions, directionality errors, etc. Accounting of applying stochastic methods into modeling makes it possible to more precisely simulate the behavior of artillery units, considering the randomness of many values – starting from the speed of the released missile and reloading time up to the probability of being detected by the enemy's reconnaissance assets. According to conducted studies, such models have an ability to significantly increase the realism and efficiency of artillery operations in the simulation process, making the simulation close to real conditions and the combat situation itself. That means, on the basis of the considered models, it is possible to implement not only the exterior of the fire effect but also possible decisions logic and shooting results in typical conditions of the battlefield.

			It is possible to note that the developed models are generalized ones; they do not contain any actual secret technical and tactical characteristics. Those were created solely as an initial basis for logic that could be used in the process of computer modeling of combat operations. Thus, the given content may become a foundation for improving the simulation realism of using artillery means without revealing any real information. Such an approach allows combining the scientific value of modeling with confidentiality requirements, enabling the use of the obtained results both for educational goals and for creating software complexes of simulation training experiments.

			In this book tasks of modeling, diagnostics and information support of processes of functioning of artillery systems in the cycle of preparation and realization of fire and registration of its effect are considered.

			In the first part of the book, the analysis of the current state of the automated control of fires of artillery means on the tactical level is carried out; theoretical aspects of functioning of information control systems; approaches to algorithmization of tasks of the artillery units' management and world experience in creation and use of special purpose automatic control systems are considered. The generalization of functional structure of such systems is received in the result of the research, the place of verification of the firing state in the system of artillery fires' management is defined. Obtained results will be interesting to developers of modern information-control systems and tools of automation of combat application of artillery.

			In the second part of the book, the task of localizing of the information about the firing state of artillery systems and its verification is considered. Processes of "propellant charge – firing chamber – barrel – projectile – flying path – ground surface hit" are analyzed, methods of definition of parameters of the processes considering analysis of the accompanying phenomena (acoustic, thermodynamic, video metric) during shot were offered. As a result, it is possible to receive a complex of methods allowing to partially verify the separate shooting stages and to use the obtained information for the estimation of the condition of artillery systems.

			In the third part of the book, physicochemical processes occurring during shots, namely the process of formation of free carbon in the gas product of combustion of powder charge was studied. The model of description of gases' temperature distribution in the channel of barrel is proposed, which allows to judge about the conditions of carrying out of thermochemical reaction and formation of muzzle flash. Carried out simulation shows the influence of the parameters of charge and conditions of shots on the character of the muzzle blowout, that can be used for the study of the processes of internal ballistics.

			In the fourth part of the book, methods of determining of the condition of ar­tillery systems in the conditions of dynamic perturbations are considered. The ­model of estimation of the condition of self-propelled artillery systems as multifactor dynamic objects is offered. Using the acoustic, optic, thermodynamic and mechanic parameters allow us to form the system of signs of the suitabilities and estimate the system combat abilities. Obtained results can be used for creation of the blocks of algorithmic decisions of support systems.

			In the fifth part of the book, the methods of operational definition of composition and energetic properties of nitro-cellulose powders charges are considered. ­Library approach of solution of direct and inverse tasks of thermodynamic modeling of process of decomposition of charges is offered. The obtained results allow quickly judging about the conditions of substances taking part in the processes of internal ballistics according to the minimum number of experimental data, also correcting parameters of calculation of the processes of internal ballistics.

			In the sixth part of the book, the improvement of the methods and models of management of combat application of artillery systems is devoted. The stochastic models of combat operation of artillery subdivisions on the basis of discrete Markov's processes are offered. Developed approaches allow estimating efficiency of shots and forecast changing of combat ability of artillery system and justify the rational structure of performing of fire tasks.

			In the seventh part of the book, the development of the computerized diagnostics system of parameters of shots by analysis of features having various nature is devoted. The approach to synthesis of acoustic signals and video observations of muzzle blowout with the aim of forming of informative diagnostic parameter is offered. Conducted studies have shown the possibility of increase in reliability of determining of the barrel condition and other shooting parameters due to combination of heterogeneous channels of measuring.

			In the eighth part of the book, the method of parabolic approximation for determining of the coordinates of the point of fall of an artillery shell is devoted. This method is based on registration of ballistic waves of shots by acoustic spatially distributed sensors and subsequent approximation of the flight path of a projectile by a system of parabolas. Carried out studies show the possibility of determining the coordinates of the falling points of shells with sufficient accuracy on the basis of the results of one shot.

			In the ninth part of the book, the problem of optimal choice of acoustic sensors for registering of ballistic waves of shots is considered. The approach of formation of optimal measurement subsystem on the base of multicriterial analysis with the use of fuzzy logic is offered. Obtained results allow increasing the reliability of acoustic measurements, and are the basis for further implementation of the methods of checking the artillery shoots. Thus, the obtained results presented in the monograph form a unified complex of models, methods and algorithms, aimed at studying the processes of shooting, evaluating the technical condition of artillery systems and improving the effectiveness of their combat application.

			In general, the idea of this book is that it considers modeling of the functioning of artillery means as a whole cycle, starting from choosing a target up to exploding ammunition. It is shown how such a holistic approach can give a better understanding of combat simulation and make it more realistic. This volume demonstrates such an approach by considering the existing gap in the theory and practice of computer modeling of combat operations, contributing to more realistic and scientifically accurate simulations of the combat operations of artillery means. Now let's list solved tasks ensuring the simulation realism.

			Trajectory of motion. To ensure realism, it is necessary to correctly simulate the physics of the movement of objects. A ballistic trajectory of movement of missiles is calculated according to the laws of mechanics – acceleration due to gravity, air resistance, initial speed, etc., so the shots behave exactly as in real-life. So, modern training systems, for example, imitate ammunition flight accounting the distance, flash, target movement, etc., depending on the type of ammunition. This helps soldiers learn how to correctly aim at a moving target to hit it effectively. In other words, the rocket in the simulator hits where it should hit in real life (given that the shooter takes into account all factors), and not flying directly along a straight line like a laser beam.

			Sensors/perception. Another key factor is the modeling of the operation of various sensors/perception devices – tools for detecting and observing objects. In the simulator, it is necessary to requires manual correction in the source file a person's field of view, equipment's scanning radius, radars or cameras work, and much
more. It defines if an opponent will react to the player's presence or if equipment
can be rotated towards him/her. The task of simulating such sensors becomes quite
complicated if you want to model something complex – say, a computer vision system.
But without such considerations, realistic behavior cannot be obtained: the game needs to ensure that enemies notice the player only after he steps into their sensors range, and not "see" everything beyond walls or at fantastic distances.

			Accuracy and randomness. In real life, nothing works 100% accurately, there are always some mistakes and randomness – the same happens in simulation. For example, artillery fire is scattered: fired missiles hit different points, even if the same conditions are met. In simulation, this can be modeled by introducing some randomness: random change in the missile's speed, slight deviation of the missile from the center of aiming, variability of loading time, or chance of spotting by ­enemy forces, etc. According to the studies, usage of such stochastic models makes it possible to more accurately reproduce the random nature of many factors – from the speed of missile flights to the probability of its detection by an enemy soldier. That is, the system behavior in the simulation becomes much closer to the real one: not every shot is 100% successful, battles are more unpredictable and similar to the real ones.

			Reaction to disturbances. Combat unfolds in a chaotic environment. Another modeling task is teaching the system how to react to external factors – i.e., changes in the situation. After all, a believable simulation implies objects reacting to sudden impacts: does a self-propelled gun remain stable if its base begins to sink into the ground? Does a rocket change direction under a gust of wind? If you want to ­model a system of automatic correction of artillery batteries, for example, you will consider changes in the position of guns in combat and the impact of outside factors on the firing algorithm. You can also plan ahead for random events: anything from breakdowns and failures of equipment to changes in weather conditions and how characters/equipment reacts to these. Correct processing of such situations in the game leads to greater realism; e.g., decreasing shooting accuracy due to mist, slower movement of equipment in wet soil etc. The player gets the impression of a "living" unpredictable world, just like in reality.

			The solution of the listed tasks influences the logic of the simulator. It is exactly the models of trajectories, sensors, accuracy and robustness against disturbances that define the rules of interaction in the virtual world. For example, if your algorithms take into consideration limitations of the field of view, then you get gameplay rules: it becomes possible to sneak past a watchtower without being noticed. If you correctly implement the modeling of ballistic curves, the player must take into account distance and wind when firing a sniper rifle or a mortar. The reactivity of systems to damage or changing weather conditions defines the level of unpredictability of the battle – whether vehicles get stuck in swamps, or tanks survive an explosion at close range. And so on. As a result, a whole set of models obtained by research turns into a certain number of game rules, and the laws of physics become the rules of the game. This allows to create a unified, coherent gameplay, where the events happening on the screen follow the same laws that apply to the real world.

			From a toy to education: the didactic potential of simulations.

			Of course, a computer simulator can serve not only as an entertaining game. Thanks to realistic models, it can be used as an educational tool. A realistically reproduced environment allows one to simulate various combat situations and rehearse them many times. And the possibility of repetition is incredibly important both in preparation and in practical training. Special systems of simulating different combat situations allow soldiers and officers to repeat the fight as often as necessary to learn good skills. Thus, a person learns something new in small portions with frequent repetition, gradually moving from simple things to complex ones. An illustrative example of this is the Synthetic Training Environment: here you can model almost any battlefield configuration and rehearse difficult stages several times before going into battle – up to 25 hypothetical battles before the first real one! Rehearsal helps to understand the complexity of combat actions: the commander and soldiers see the results of their decisions in different situations, learn to act properly and develop strategies. Moreover, there is no threat to life and health, and you can afford mistakes, repeating the exercise again.

			In addition, a realistic simulator creates a safe space for training. By placing a soldier in a virtual battle that resembles a real one, the training system gives him/her the required amount of practice, very similar to the real thing. In serious ­educational games, players achieve a high level of immersion: they feel like heroes acting out events and experiencing stress akin to real-life stress. At the same time, a virtual environment allows for experimentation, making mistakes and learning from them without real negative consequences. For example, a squad commander in the game can experiment with a risky raid tactic: if it fails, nothing terrible happens – but the lesson about how better to conduct operations stays. So the simulator combines entertainment and training: interactive, interesting gameplay makes it easier to immerse yourself in the game, and the realism of the tasks and ability to draw conclusions improve knowledge of a profession and military affairs.

			Realism because it's science.

			At the same time, realism is due to the fact that the game simulator uses scientific models. Or, in other words, the backbone of a quality military game is built around the same laws as are used for the relevant calculations in science, or to train engineers. That is, modern game engines rely on the laws of mechanics: using mathematical models, they reproduce the true movement of objects in a virtual world. It means that during the game, equations of movement and interaction are somehow solved: Newton's mechanics determine acceleration and trajectories, the algorithms of collisions handle explosions and collisions, algorithms for working with rigid bodies help determine the behavior of a vehicle when rolling over or colliding with obstacles. Likewise, the modeling of sensor readings relies on real data about the parameters of sensors: their sensitivity, operating radius, delay and signal noise. That is why a simulator seems to us realistic: its core consists not of invented rules, but of natural laws and proven algorithms.

			And in fact, the approach described in this book resembles scientific activity: at first, the problem is formulated (for example, to build a trajectory or sensor ­model), then mathematical models are created, experiments are carried out (simulations are run), adjustments are made and only after that the obtained solution is integrated into the game. It resembles the creation of a digital copy of the real system: our simulator becomes a model that reproduces the behavior of a tank, plane or soldier as if we were researching a real object. Like in science, simulation allows to check hy­potheses: what happens if you increase the weight of the armor piercing shell or reduce the reaction time of the pilot? The answer gives the model. Science and games are therefore related: the scientific approach gives the game mechanics depth and realism, and gaming becomes the embodiment of science.

			Implementation of models: from the training system to the game. Everything said above can help the creators to create an effective simulator for training soldiers or for creating exciting video games. The key thing here is the principle: if you want a serious and convincing tool, then use models and do not forget about the "black boxes" and disturbances. Otherwise, there will be no realism, only a showy game.

			What does the reader get?

			So, after reading this book, a developer or scientist receives a number of significant benefits.

			A general understanding of the gunpowder artillerist problems in modern conditions, a comprehensive idea of the essence of shooting as a process, and an idea of possible ways of modeling and optimization.

			An arsenal of mathematical tools, methods, and algorithms for solving specific problems.

			Knowledge of the principles of building simulation models on the basis of available data and assumptions; examples of using existing databases to build simulation tools.

			Recommendations on the choice of methods depending on the tasks solved, the level of available data and knowledge, and the desired level of accuracy.

			Information about software solutions used in modeling, and ready-made libraries.

			Examples of implementation, analysis, and comparison of results with real ones and with known works.

			Information about open problems and further prospects for work in this area.

			We think that this list itself makes the book interesting and necessary for those who are faced with the task of solving specific problems associated with modeling processes in artillery.
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			Abstract

			This chapter provides a comprehensive overview of automated artillery command and control systems (ACS) for field artillery at the tactical level, emphasizing their role in condition diagnostics and adaptive fire management. 

			The theoretical foundations of information and control systems are analyzed, including mathematical modeling, algorithmization of military tasks, and integration of hardware-software components. 

			International experience in the design and implementation of field artillery ACS, including systems such as TACFIRE (Tactical Fire Direction System) (USA), ADLER (Artillery Data, Location and Evaluation/Reconnaissance system) (Ger­many), and BATES (Battlefield Artillery Target Engagement System) (United King­dom), is examined. 

			Special attention is given to the structure, functionality, and performance metrics of ACS, highlighting the importance of real-time verification of the artillery firing cycle, Multiple Round Simultaneous Impact (MRSI), and "shoot and scoot" tactics. 

			The chapter also discusses the principles of modern information and communication infrastructure, operational efficiency, and resilience of ACS under complex combat conditions, providing a methodological basis for future development of high-performance automated artillery systems.
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			1.1 Introduction

			Modern research in technical and engineering systems increasingly relies on the integration of heterogeneous measurement channels, advanced data analysis methods, and computational modeling approaches. Across various domains, such as energy systems, robotics, materials science, and process engineering, the combination of empirical measurements with analytical and numerical models has proven effective in describing nonlinear dynamic phenomena under conditions of uncertainty and incomplete information [1, 2]. Techniques such as parameter identification, inverse problem solving, approximation models, and library-based process simulations are widely applied to ensure accurate assessment of system states, real-time monitoring, and predictive control [3–5].

			Recent studies emphasize the universality of these approaches: methods originally developed for modeling combustion, energy transformations, or reactive material processes have been successfully adapted to contexts ranging from industrial automation to sensor-driven diagnostics [6, 7]. The use of multiple measurement channels – acoustic, optical, thermodynamic, and mechanical – combined with signal processing and data fusion techniques enables the extraction of informative indicators characterizing complex processes [8]. This multidisciplinary framework supports decision-making under dynamic conditions, allowing systems to respond adaptively to disturbances and maintain operational performance [9]. Moreover, practical applications in distributed and modular control systems demonstrate the importance of hierarchical architectures, automated decision algorithms, and optimization of computational resources for both real-time operation and predictive maintenance [10]. The integration of such methods across heterogeneous domains highlights their applicability for monitoring, verification, and evaluation of complex technical processes.

			Within this context, the present chapter focuses on tactical-level artillery ACS. The chapter examines methods for planning, support, and control of artillery fire under dynamic combat conditions, emphasizing the verification of system states, optimization of resource allocation, and adaptation to disturbances in real time. By drawing on principles demonstrated in diverse technical fields, the approaches presented aim to enhance both the accuracy and responsiveness of artillery fire control.

			1.2 Fundamentals of information and control systems for solving artillery tasks

			In the U.S. military doctrine, considerable attention is devoted to the concept of achieving information superiority over a potential adversary in the twenty-first ­century [11]. The practical implementation of this concept involves creating conditions under which military formations at various levels gain an advantage in assessing the tactical situation and making decisions regarding the achievement of assigned objectives, the execution of fire missions, and the support of combat operations. This advantage is achieved through the rapid collection, processing, and transmission of intelligence and other operational-tactical information.

			An important role in achieving such superiority is assigned to the extensive use of advanced methods and mathematical models of states and processes, technical means of information support, and artificial intelligence systems that ensure the adaptive evolution of successive generations of automated control systems at different levels [12]. Information superiority is achieved through the formation of an information space created by combining centralized and network-centric mechanisms for informing operational units, with a leading role assigned to service-oriented mechanisms for providing requested data. The network-centric and service-based principles of information access embedded in such systems transform each operational element of a military formation into an information-strike or information-fire complex [13], as well as into an information-based reconnaissance-strike element.

			Thus, the U.S. Army is developing fundamentally new technologically advanced land forces through the design and deployment of weapons and military equipment that employ information and control technologies. This process, known as digitization, involves the use of digital components in the development of advanced ­weapons and military equipment associated with the acquisition, exchange, and optimal use of intelligence data across all domains of the battlespace operating within a unified information environment [14].

			The current stage in the development of digital technologies in the military domain can therefore be considered a phase of automation of computer-integrated military technologies, whose objective is the creation and application of automatic and automated control systems of varying complexity within a unified information environment.

			Research on computer-integrated technologies for conducting combat operations is based on the development of mathematical methods for analyzing combat activities and on defining criteria and rules for the effective control of troops and weapons. In this context, the primary task is the formation of methods and rules for optimizing managerial decisions made by the commander.

			The methodological foundation of computer-integrated military technologies is formed by several interrelated theoretical directions.

			The theory of information processing for military applications develops optimal methods and models for the acquisition, transmission, collection, storage, and ­processing of information in order to ensure its reliability, noise immunity, and confidentiality under existing constraints.

			The theory of algorithmization of military tasks and command-and-control ­processes is intended for the development of methods for forming relationships and interactions in the course of armed conflict, as well as for creating methods for the functioning of military organizational and technical decision-support systems.

			The theory of military automated control systems aims to establish principles for the design and analysis of various types of automated systems for troop command and weapon control, as well as for their automation and optimization of operation. Due to the necessity of making decisions in combat conditions with incomplete or partially unreliable information, there emerged a need to develop special methods for generating decisions, which reliability under such conditions must be maximized [14]. Particular attention is therefore devoted to the problem of assessing the quality, timeliness, and completeness of the operational and tactical information used [15].

			The information resources of computer-integrated systems are intended to ensure reliable assessment of the situation, the state of the battlefield, weapons, and personnel, as well as to reveal the operational intentions of opposing sides from the perspective of organizational and technical systems.

			The application of mathematical models and methods in computer-integrated systems makes it possible to integrate developed functional and information models into automated control systems, thereby enabling command personnel to make decisions within the services of the information environment associated with military-technical, operational-tactical, and military-logistical components [16].

			The successful application of mathematical methods and models is closely re­lated to the development of technical means of automation, computational mathematics, and programming for automated weapon control. The tasks of weapon control include the development of fundamental principles of automation, the creation and implementation of specialized devices for the collection, transmission, processing, storage, and visualization of information, as well as the determination of the optimal distribution of functions among operators, automated control systems, and weapons (control objects). The practical achievements of automation and military computer-integrated technologies in the control of tactical-level artillery units have been manifested in the creation of automated fire control complexes [17].

			Practical experience in implementing ACS and computer-integrated control systems for military purposes in the armed forces of countries outside NATO has revealed a range of technological, technical, and organizational-economic contradictions [18–20].

			First, there are organizational inconsistencies associated with the absence of a unified technical policy for the informatization of the armed forces, as well as with software and information incompatibility between existing systems and those currently under development. Second, economic inconsistencies arise in the form of duplicated developments and unjustified urgent procurements of imported equipment that require additional specialized studies. Third, technological inconsistencies are related to the limited capabilities of available computing equipment and the rela­tively low level of the accessible component base.

			To understand these contradictions, it is advisable to consider how the informatization and automation of artillery units in non-NATO countries are expected to be implemented. It is necessary to develop a methodology for implementing this complex multi-stage process, which should encompass all levels – from individual samples of weapons and military equipment and personal computing devices to full-scale automated control systems. In the practice of developing large automated control systems, it is generally accepted that the transition to the next, higher level of automated control should occur through the integration of all means of the previous level into a unified system (the "bottom-up" strategy).

			The concept of an information and communication infrastructure is proposed as the basis for this approach, although the term is widely used today without a precise definition [21]. The information and communication infrastructure of a military formation can be defined as the set of technical and software means, organizational units, and service facilities that perform all information, telecommunications, and supporting processes required to ensure the functioning of headquarters, services, and operational units.

			Particular attention is given to the concept of information technologies, which reflects the contemporary tendency toward the convergence of the notions of automation and informatization in the context of tactical-level artillery. This tendency is explained by the large volume of information that must be collected and processed in order to effectively accomplish the tasks of informatizing the control of artillery combat operations at the tactical level. Using general definitions [22], an information and control technology for special purposes may be defined as a technology organized as a structured set of computing hardware, communication facilities, software tools, and the databases employed. The specific characteristics of such technologies include the need for data and software protection, strict time constraints, and operation by users under conditions of high workload.

			At each level of informatization and automation of tactical-level artillery, interaction occurs during the execution of relevant combat tasks under the following conditions:

			– reconnaissance activities aimed at collecting information about the enemy, involving the acquisition and synthesis of intelligence data on the state of opposing forces in order to support decisions on their fire engagement;

			– decision-making processes that reduce uncertainty and influence the conduct of combat operations;

			– control and assessment of the results of fire engagements.

			The concept of an information and communication infrastructure for a military formation, intended to support the informatization and automation of tactical-level artillery, is based on the results of research and development in the following areas [14]:

			– acquisition of information about friendly forces, atmospheric conditions, and topogeodetic parameters;

			– selection of information processing means for each level of command and decision-making;

			– selection of high-speed and secure information transmission means;

			– organization of reliable information storage and retrieval in relevant databases;

			– development of methods for extracting information from reconnaissance results, including the timely detection of the enemy, determination of the coordinates of detected enemy objects, procedures for additional reconnaissance of targets, and control of the results of their engagement;

			– development of decision-support methods for optimal planning of the employment of guided artillery projectiles;

			– development of automated control systems for various tactical-level artillery units;

			– development of methods and means for integration with higher- and lower-­level information and control systems.

			The concept of an information and communication infrastructure of a military formation, or information environment, has made it possible to reconsider the previously used notions of automation and integrated automation. These concepts may therefore be formulated as follows.

			Automation is the process of applying a set of technical, software, and other tools and methods in order to fully or partially relieve the operator from direct participation in the processes of acquisition, transmission, storage, processing, and use of materials, resources, and information in the execution of control tasks. These tools include devices, installations, complexes, and systems [12].

			Integrated automation is the process of creating and widely implementing practical automation tools combined into integrated control systems. At the stage of combat operations within organizational and technical systems, integrated automation is understood as the broad and comprehensive introduction of informatization methods and tools into the process of solving command-and-control tasks.

			The experience of local wars and armed conflicts has shown that the requirements for achieving information superiority in modern armed forces cannot be ­fulfilled without the implementation of advanced information and control technologies. Therefore, attention must be directed toward solving a dual task: the development of intelligent automated control systems for troops and weapons, and the training of specialists capable of effectively operating such systems. The operation of these systems requires personnel who are well versed in operational art, tactics, and the combat employment of different branches of the armed forces, who possess skills in mathematical modeling, and who are familiar with the fundamentals of automatic control theory, systems theory, systems analysis, operations research, and decision-making theory. In addition, such specialists must have deep knowledge in the field of information technologies and be able to apply these competencies in combat operations.

			From the presented material on the fundamentals of information and communication infrastructure and information and control infrastructure, it follows that automated control systems designed for solving artillery tasks are based on the concept of an operation, understood as an interrelated and ordered set of methods implemented over time and distributed in space, combined within a unified technological (combat) algorithm. The sequence of actions depends on the available resources and is aimed at engaging detected targets according to their operational significance. Any automated control system, including those for troop and weapon control, implies that the achievement of the operation's objective is ensured through a set of technical means consisting of control objects, control systems, and operating personnel (operators and service specialists) integrated into a unified organizational and technical system. Hereafter, the organization of an operation will be understood as the selection, from the considered set, of such values of parameters and elements of the organizational and technical system that determine the resulting outcome. An organizational and technical system will be defined as a hierarchical human-machine complex that purposefully functions to realize its inherent capabilities in accordance with its intended purpose.

			1.3 Special-purpose automated control systems for tactical-level artillery

			The main objectives of research on ACS are the analysis and synthesis of automation tools at all hierarchical levels associated with the planning, support, and control of artillery fire. The relevance of addressing these tasks is due to the fact that artillery combat operations are characterized by exceptionally complex conditions under which the control of fire engagement between opposing forces is carried out [23]. A fire control system represents an organized set of functionally interconnected command posts, communication systems, automation facilities, and specialized systems that ensure the collection, processing, storage, and transmission of information. In a number of existing fire control systems, significant shortcomings have been identified, including excessive centralization of control and low efficiency in generating well-grounded recommendations for operational decisions concerning the execution of fire missions within automated fire control complexes.

			It should be noted that automated fire control complexes used in countries outside NATO do not comply with NATO standards. The fire potential of such units is supported by automated fire control complexes at only about 60% of their capabilities, and this level can be achieved only under the condition of reliable functioning of reconnaissance assets, electronic warfare systems, and comprehensive support of combat operations [18].

			With the advancement of automation tools for controlling fire engagement, it becomes necessary to expand the capabilities of specialized mathematical and software support of automated fire control complexes, both in solving planning and support tasks and in controlling fire engagement during combat operations. A benchmark in this regard may be the level of automation achieved in the AFATDS system (Advanced Field Artillery Tactical Data System) (USA), which reaches approximately 90–95%. At present, the following directions for further development and improvement of automated control systems can be identified:

			– the use of computer technologies at all levels of command to ensure that the majority of tasks are solved in real time;

			– the installation on self-propelled artillery systems of individual automated systems for topogeodetic positioning, orientation, restoration of horizontal aiming, and automation of firing processes;

			– the expansion of artillery reconnaissance capabilities through the use of unmanned aerial vehicles for fire correction and millimeter-wave radar systems;

			– ensuring interaction with real-time reconnaissance assets through communication channels based on different physical principles of signal transmission.

			The issue of optimally designing control complexes to ensure their maximum operational effectiveness remains highly relevant and requires continued research at an advanced level in this field. One of the primary objectives in constructing such complexes is to ensure the necessary message exchange speed and the required reliability of data transmission under conditions of enemy interference. Modeling the execution of fire missions imposes a set of requirements on the organizational and technical reconnaissance assets and fire control automated systems, including:

			– the ability to perform fire missions across the full range of artillery systems;

			– automated fire adjustment from the divisional fire control post based on data received not only from technical reconnaissance assets but also from other sources;

			– automated transmission of processed data from reconnaissance systems to end-users via the fire control system;

			– automated recording by the ACS of fire results, including the identification of projectile bursts from artillery systems against targets;

			– ensuring, during simultaneous firing by multiple artillery systems, that the ratio of registered projectile bursts corresponds to the number of guns.

			These requirements can be simultaneously implemented through the following computer-integrated technology chain: reconnaissance assets – fire control ACS – automated artillery system. The foundation of such a system must be specialized mathematical and software support covering all potential data preparation methods and fire control features. This set of operations necessitates the development of new information and control technologies to support the activities of tactical-level artillery units.

			By definition, automated control systems comprise personnel and a set of tools to automate their activities, implementing an information and control technology to fulfill the assigned functions [14, 15]. The Fourth Industrial Revolution has expanded the scope of automation across various aspects of human activity, altering the composition, properties, and component base of software-technical automation complexes, as well as the methods for their application in solving practical tasks. ACS developed and implemented in the era of the Fourth Industrial Revolution are hierarchical, geographically distributed computer systems that integrate software-technical complexes, telecommunications equipment, information resources, and a large number of interacting users, all working together to ensure controlla­bility of technological installations and objects.

			At the onset of the Fourth Industrial Revolution, special-purpose ACS – systems that provide various types of security affecting the vital functions of the state – have assumed particular importance. Foremost among these are military-purpose systems [14]. This category also includes critical-state management systems, environmentally hazardous facility control systems, emergency response management systems for large-scale disasters, and similar applications. In general, special-purpose systems are employed to manage diverse resources and control equipment, typically under non-standard and critical conditions, where both external and internal disturbances may significantly impact operations.

			The specificity of special-purpose ACS lies in the fact that, continuously or at specified intervals, different information and control systems can be generated based on single- or multi-level systems to address diverse tasks aimed at ensuring security.

			Typically, special-purpose ACS feature dedicated information and control channels that form loops composed of software-technical resources, automating the ­relevant processes and tasks based on models and methods for solving control problems. The information-processing channel is responsible for collecting and initially processing all data necessary for decision-making, including syntactic analysis, aggregation, and computation of performance indicators. The analytical channel, using the obtained data, performs semantic analysis of the current situation, defines control objectives, and generates potential courses of action to achieve them. The control channel coordinates and implements the selected decisions, including the operational management of resources and equipment. In some special-purpose ACS, additional information-analytical channels may also be established.

			The primary goal of any special-purpose ACS is the effective control of objects, achievable through the availability of appropriate methods and models for making optimal decisions regarding the management of these objects. These methods and models are developed and adopted to ensure the foundational principles of the ACS, which should also be economically feasible [13].

			Maximum objectivity in control is attained through the highest possible formalization of the functions (tasks) performed by personnel, as well as through the completeness and consistency of the information used in decision-making.

			Maximum reliability is determined by requirements for reliability indicators, including readiness coefficients for task execution, ensured through "cold" and "hot" redundancy of system elements and equipment, along with systems for the preservation and restoration of information and control resources. It is essential that, when interacting with integrated systems, the ACS readiness coefficients exceed those of the control objects at each task execution cycle.

			Real-time interaction between the ACS and the controlled objects, necessary for making and implementing effective decisions, is achieved through the selection of high-performance computing systems, high-speed communication networks, and the organization of information processes using rapid-response software tools.

			Maximum survivability of the ACS – defined as the ability to perform assigned functions even when some system elements are deliberately disabled – is ensured by redundancy in resources, allowing operational execution of parts of the information-control technology on functioning system components despite some degradation in accuracy and information consistency.

			Maximum operational resilience of the ACS refers to its ability to reliably and coherently transmit data volumes across the information-processing, analytical, and control channels under conditions of external and internal disturbances.

			The highest level of information security in the ACS is ensured through a balanced protection of data confidentiality, integrity, and availability, taking into account operational needs and without compromising organizational objectives.

			In addition to these principles, the design and operation of special-purpose ACS must adhere to generally accepted principles for the development of complex information systems: openness, modularity, functional independence from hardware-software platforms, and optimization of system development and operational costs.

			Analysis of existing foreign ACS for tactical-level artillery demonstrates their compliance with the previously described structure and design principles of special-purpose ACS. Automated systems have been developed and are in the process of implementation to support artillery fire and control operations, addressing tasks such as artillery fire planning, target reconnaissance and analysis, preparation of firing data, and the collection and assessment of information regarding the status, condition, and staffing of one's own units. Notable examples of such systems include the TACFIRE ACS (USA), Adler (Germany), and Bates (United Kingdom). These systems are based on mobile computing complexes deployed at the command posts of formations and units, as well as in artillery reconnaissance units equipped with specialized hardware. Direct control of weapon systems is carried out by dedicated ACS, such as BCS (Battery Computer System) (USA), IFAB (Integrated Fire Control Artillery Battery system) (Germany), and FACE (Field Artillery Control Equipment) (United Kingdom).

			Field artillery ACS, including TACFIRE, Adler, and Bates, have been ­adopted and deployed within NATO formations stationed in Europe. The further development of field artillery ACS is closely linked to their integration with artillery reconnaissance systems, as conducted under programs such as AFATDS (USA) and AFFS (Advanced Field Fire Support system) (Germany). Currently, field artillery ACS have achieved widespread adoption within NATO [20]. Their capabilities have been extended to include tasks related to logistics management and equipment maintenance. To evaluate the effectiveness of input-output devices, communications, and computing capabilities of these ACS, a system response time criterion has been introduced. This criterion measures the elapsed time from the entry of target information into the forward observer station or higher-level ACS until the display of the corresponding firing units on gun displays. A classification of field artillery ACS has been established, reflecting both their hierarchical structure and the scope of artillery unit management tasks they address.

			The BCS computing system, in service with U.S. field artillery, is designed to control the fire of a battery of 12 guns, and it can operate independently or in conjunction with ACS at all levels. The COMBAT ACS forms the core of the battery-to-battalion level ACS for Israeli field artillery. Its configuration and capabilities are similar to the BCS system, but it manages the fire of 8 guns. Comparable characteristics are found in ACS such as IFAB, ARES (Artillery Reconnaissance and Engagement System), ABACUS (Artillery Battlefield Automated Control and Utility System) (Germany), ATIBA (Automated Tactical Information for Battlefield Artillery) (France), and SEDAB (Système d'Échange de Données d'Artillerie de Bataille) (Italy).

			Battery-to-battalion level ACS enable not only fire control but also the planning of material and logistical support, including ammunition resupply. A representative system of this class is the QUICKFIRE (QuickFire automated artillery fire control system) ACS (United Kingdom), designed to manage the fire of a 24-gun divisional artillery unit as well as other fire assets, including Multiple Launch Rocket System (MLRS). A distinctive feature of this system is its use of a set of predefined commands for automated problem-solving – capabilities that even some higher-level ACS, such as TacFire, do not provide. The system simultaneously performs dual computa­tional tasks. Enhanced firing data accuracy is achieved through computational methods that account for four degrees of freedom of the projectile. Corps-level ACS elements support the planning and management of other support assets, including aviation and naval artillery, assess the effects of chemical and nuclear weapons, and handle all aspects of logistical planning.

			The TACFIRE ACS, employed in the field artillery of heavy infantry divisions, exemplifies such systems. Its primary structural element is the divisional fire control center, a mobile computing complex incorporating the AN/GYK-12 computer, data input-output equipment, and display devices. The divisional fire control center manages the planning and execution of fire for 100 artillery units, coordinates additional aviation support, stores data on approximately 1,500 targets, and processes up to 60 fire missions per hour based on detected targets.

			Within the TACFIRE system, tasks such as target analysis, selection of appropriate equipment for engagement, and computation of firing solutions are carried out. The results are transmitted to the battalion-level ACS fire complexes and supporting attack helicopters. Similarly, the French ATILA (Automated Tactical Information and Logistics Artillery system) ACS, at the unit level, stores in its Iris-35M computer memory the coordinates of up to 36 forward air controllers, 500 targets, 40 no-fire zones, 20 reference points, and data from four artillery support plans.

			The LTACFIRE (Light Tactical Fire Direction System) ACS is employed in the field artillery of the U.S. light infantry divisions. At the battery level, the BCS system is utilized, with the divisional fire control center forming its core. The same configuration is applied at higher ACS echelons, as well as in fire support sections within units and formations. The equipment of the LTACFIRE ACS is ten times lighter than that of the TACFIRE ACS. Specifically, it allows for the control of mortar units and gunfire directly from fire control centers without the involvement of BCS systems. Experience with various field artillery ACSs has informed the development of the next generation of systems.

			The next-generation systems are designed to include computing units on the guns capable of performing all necessary calculations, including the use of mobile transmission protocols within a secure messaging framework. Increasing the autonomy of fire control assets reduces ACS response times and enhances system survivability. In addition, this allows equipping all system levels with uniform and simpler hardware. Systems of this new generation include the field artillery ACS AFATDS (USA), BATES (UK), ATLAS (France), and ADLER (Germany).

			The principles underlying the U.S. Army's prospective ACSs, which also inform the development of baseline ACSs in NATO countries, include: maintaining subordination of different control subsystem levels, ensuring organizational-technical and functional connections between critical system components, employing widely available commercial components, and software standardization. Examples of such special-purpose ACSs are the tactical-level Army Tactical Command and Control System (ATCCS) and the Staff Planning and Decision Support System (SPADSS).

			From the presented material, it follows that only next-generation ACSs can significantly increase operational management efficiency, enabling effective conduct of combat operations in modern conditions. In the ATCCS comprehensive system, the primary component is the troop maneuver ACS, with the battery level serving as the initial point for acquiring automated information. German experts' perspective on ACS development differs from that of the U.S. Army. In Germany, the commissioned systems HEROS (Higher Echelon Reconnaissance and Operational System) and ACCS (Artillery Command and Control System) are intended primarily for use at the headquarters level of formations and higher commands. This leads to the main development focus for advanced ACSs: decentralization of combat management. It presupposes that unit commanders, without awaiting orders from higher authorities, should receive information directly from primary sources operating within their area of responsibility – data concerning the enemy, terrain, weather, composition and tactics of friendly forces, and control assets.

			It is noted that combat management based on personal observation and issued orders is outdated. To fundamentally improve automation of unit command, the German Army is developing the Integrated Field Information System (IFIS), intended for mechanized infantry, armor, and anti-tank forces. This system allows precise determination of a combat vehicle's location (BMP, tank, ATGM system), movement direction, observation and firing sector, using laser gyroscope-based navigation equipment. The tactical situation, terrain, target coordinates, and textual and graphical messages are displayed on the system interface.

			Analysis of open sources identifies two ACS types. The first type, for missile and artillery forces, provides automated collection and processing of information ­required to optimize command and control, ensuring the most effective employment of units, subunits, and formations of missile and artillery troops. The second type, for artillery fire, is an automated system integrating sensor complexes and technical means to detect, identify, and recognize targets, prepare artillery pieces for firing, aim, and accomplish target engagement. Some artillery ACSs support MRSI, enabling a target to be struck by multiple projectiles (three to five) so that all reach it simultaneously. This effect is achieved through automatic adjustment of elevation with pre-selected propellant charges, an evolution of the Time on Target firing method.

			1.4 Special-purpose command and control systems for tactical-level artillery

			At present, reconnaissance assets for topogeodetic, meteorological, and ballistic support employed by tactical-level artillery units and subunits are supplied by various manufacturers. These systems meet modern requirements and provide the necessary conditions for operational use. When determining the architecture of a prospective automated artillery fire control system at the tactical level, primary attention should be focused on communication capabilities that ensure the automation of interaction processes among the forces and assets employed according to the concept of operations defined by the higher commander.

			Currently, a wide range of technical equipment with embedded and universal software is available. By applying computer-integrated technology approaches, these components can be combined to create automated artillery fire control systems. The diversity of such components, the need to account for their characteristics, and the significant number and inconsistency of requirements imposed on the systems being developed necessitate the use of specialized mathematical models and methods. In some cases, it becomes necessary to develop new models that enable the determination of optimal characteristics for synthesizing automated control systems from available components.

			A distinctive feature of the conducted analysis is the search for system characteristics that allow comparison of different system solutions to the problems under consideration. It should be noted that each system generally has its own connection architecture, which includes several components connected in parallel and in series and therefore possesses specific indicators that characterize its operational properties. At the initial stage, however, it is not advisable to analyze such indicators in detail. In addition, each decision regarding the application of particular equipment is associated with specific features of mathematical, software, information, ­organizational, and methodological support required for integrating the field artillery automated control system into higher-level command and control systems.

			For the analyzed field artillery automated control systems with different degrees of automation, it is necessary to consider the specific features of their operational use. A common characteristic is that each technical solution includes a base com­puter and a portable computer located near the gun crew. However, the capabilities of these systems and the tasks assigned to them may differ.

			Data were collected on various information and control systems representing the time intervals required to perform a number of typical tasks of artillery units at the battery and battalion levels using different configurations of field artillery ­automated control systems. Table 1.1 presents the average time required to perform artillery fire control tasks depending on the level of automation of fire control. The data were ­sorted and presented for the execution of the same group of tasks under four conditions: a non-automated mode, a mode using an automated forward observer, a fully automated mode, and an automated mode with diagnostic and service capabilities.

			


				
					
							
							Table 1.1 Average time required to perform artillery fire control tasks
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							Average time required to perform artillery fire control tasks (s), depending on the level of fire control automation
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							Complete preparation for determining firing data
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							Target adjustment using a rangefinder and coordinated observation in mountainous terrain with the use of plain-mountain firing tables
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							Determination of firing data for a guided artillery projectile
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							Determination of firing data and illumination of the area to ensure the required operating range of night vision devices and night sights
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							Determination of data for establishing light reference points and alignment lines
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							Determination of coordinates by the resection method using measured distances, elevations, and direction angles of reference directions in mountainous terrain
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							Determination of coordinates by the resection method using measured angles with a non-oriented instrument, elevations, and direction angles of reference directions in mountainous terrain
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			Note: I – non-automated mode; II – automated mode with the use of an observer (spotter); III – automated mode; IV – automated mode with diagnostics and service support


			The tasks were considered only in terms of information and analytical support capabilities, without the possibility of direct control of gun-laying mechanisms.

			Analysis of the results of Table 1.1 shows that calculation errors for firing setups, as well as the determination of corrections during ranging and fire-for-effect, are approximately equal and minor in all modes, except for the non-automated one. The fully automated mode with service support reduces the execution time of individual fire task elements by nearly an order of magnitude.

			The conclusions drawn from Table 1.1 confirmed the validity of the adopted analy­sis method for applied tasks of an artillery unit at the "battery – battalion" level. For further analysis, it was necessary to obtain data that would reflect the operation of the previously analyzed automation methods of fire control through various information and control systems, integrated with the controlled objects (artillery systems), taking into account the effects on actuator drives. Table 1.2 [14, 15] presents the average execution time of fire tasks during field firing exercises with artillery units.

			

				
					
							
							Table 1.2 Average execution time of fire tasks

						
					

					
							
							No.

						
							
							Name of the type of task performed in fire control

						
							
							Average time required to perform artillery fire control tasks (s), depending on the level of fire control automation

						
					

					
							
							I

						
							
							II

						
							
							III

						
							
							IV

						
					

					
							
              1

						
							
							Reconnaissance and target coordinate determination

						
							
							750

						
							
							400

						
							
							200

						
							
							150

						
					

					
							
							2

						
							
							Topogeodetic preparation

						
							
							1100

						
							
							500

						
							
							300

						
							
							250

						
					

					
							
							3

						
							
							Meteorological preparation

						
							
							1200

						
							
							500

						
							
							300

						
							
							250

						
					

					
							
							4

						
							
							Ballistic preparation

						
							
							1250

						
							
							500

						
							
							300

						
							
							250

						
					

					
							
							5

						
							
							Full and abbreviated preparation

						
							
							1260

						
							
							500

						
							
							300

						
							
							250

						
					

					
							
							6

						
							
							Fire transfer by visual aiming

						
							
							1270

						
							
							500

						
							
							300

						
							
							250

						
					

					
							
							7

						
							
							Target ranging

						
							
							1400

						
							
							600

						
							
							400

						
							
							380

						
					

					
							
							8

						
							
							Engagement of targets at night

						
							
							1480

						
							
							700

						
							
							500

						
							
							400

						
					

					
							
							9

						
							
							Engagement of targets in mountainous terrain

						
							
							1500

						
							
							750

						
							
							550

						
							
							450

						
					

					
							
							10

						
							
							Tasks of the artillery fire observer

						
							
							1510

						
							
							800

						
							
							600

						
							
							500

						
					

					
							
							11

						
							
							Engagement of targets with a guided artillery projectile

						
							
							1520

						
							
							800

						
							
							600

						
							
							500

						
					

					
							
							12

						
							
							Engagement of targets with a multiple launch rocket system (MLRS)

						
							
							1750

						
							
							950

						
							
							750

						
							
							700

						
					

					
							
							13

						
							
							Fire adjustment from a reference point (target) using data from the ranging gun

						
							
							1760

						
							
							950

						
							
							750

						
							
							700

						
					

					
							
							14

						
							
							Preparation of barrage and accompanying fires, engagement of moving targets

						
							
							3200

						
							
							1600

						
							
							1200

						
							
							1100

						
					

				
			

			Note: I – non-automated mode; II – automated mode with the use of an observer (spotter); III – automated mode; IV – automated mode with diagnostics and service support


			Processing the data obtained during the artillery exercises showed that the variant of the automated control system with diagnostics and service-analytical calculations reduces the task execution time by almost three times compared to the preparation and fire task execution time in the non-automated mode.

			The reduction in execution time compared to the automated mode with a spotter is one and a half times, and compared to the automated mode without diagnostics – only by 20%. It should be noted that in all modes where an automated spotter was integrated, the accuracy of coordinate determination increased. All integrated equipment of the information and control complex in the field artillery ACS for any automated mode ensures the same accuracy in determining the directional angles of reference bearings.

			The methods for calculating firing data, embedded in the applied software, allow increasing accuracy by a factor of three.

			The accuracy of calculated data at the current level can be improved through the development of additional methods for determining the elevations of artillery formations. The precision of determining the computed deflection from the primary firing direction is approximately the same for all artillery positions.

			Regardless of the technical components used, all automated fire adjusters provide roughly the same accuracy in determining corrections during ranging and engagement, where the defining characteristics are atmospheric conditions and the actual initial velocity of the projectile at the moment it exits the gun barrel.

			A detailed analysis of Table 1.2 shows that some fire control tasks are limited by physical time parameters. These include the time for a projectile to travel from the gun barrel to the target and the time required to determine the coordinates of its impact point on the surface. Consequently, the reduction of the total execution time for such tasks is inherently limited. This conclusion is based not on the analysis of absolute time, but on the accumulated duration of completing the fire mission.

			One approach to reducing the time required for fire missions is the integration of two types of mathematical models into the fire control system. The first type is a distributed-parameter model of atmospheric conditions and projectile trajectory, which determines all corrections associated with the influence of atmospheric conditions on projectile motion. The second type is a model based on the current state of the gun system and the characteristics of the charge, which determines the initial velocity of the projectile at the moment it leaves the barrel. Thus, two independent directions for modernizing field artillery fire control systems can be distinguished.

			The first direction involves integrating additional mathematical models into the field artillery system to reduce the time needed to determine the coordinates of the projectile impact point. At a new level, this allows the calculation of firing data, significantly shortening preparation and execution times for fire missions. Furthermore, this enables the implementation of different firing modes. The first is MRSI, which allows a target to be struck by several projectiles fired sequentially from a single weapon, all reaching the target simultaneously. The second is "shoot and scoot," a tactic associated with the rapid firing and repositioning of artillery units. The "shoot and scoot" approach is linked to the intensive development of precise automated diagnostic and technical reconnaissance tools in the artillery forces of high-tech militaries. These two modern approaches justify the need to analyze mathematical models of internal and external ballistics to determine the projectile veloc­ity at barrel exit for diagnostic purposes.

			The second direction for modernizing field artillery fire control systems results from the rapid pace of combat operations between opposing forces, characterized by a significant increase in the intensity and distributed nature of troop employment, as observed in the modern Russo-Ukrainian war. The use of numerous and diverse fire assets, in terms of equipment and ammunition provisioning, has overcome first- and second-degree information barriers according to Glushko's classification. The only feasible way to maintain control over such a process is the extensive implementation of automation across all stages of artillery unit operations (Fig. 1.1).

			For this purpose, it is necessary to continuously verify the execution quality of each firing element by every link in order to track possible disturbances in real time and to instantly adjust control.

			[image: ]

			During the execution of an artillery shot, disturbances are always present. To compensate for them, methods for verifying each link in the artillery firing ­process are required. Verification is understood as the confirmation of the performance of declared characteristics that directly affect overall effectiveness immediately after each link completes its assigned function for the shot.

			An artillery shot consists of sequential links that form the chain of states of the life cycle, which can be represented by the following sequence: "charge – breech – barrel – projectile trajectory – target". To implement such an ACS, it is necessary to synthesize an object-oriented integrated model of the automated system for diagnostics and control of artillery units, which realizes the principles of adaptability, responsiveness, and efficiency through formalized methods of signal analysis and resource management (Fig. 1.2).

			[image: ]

			Such an ACS will make it possible to perform verification of the life cycle of each artillery round. This will allow continuous verification of each link in the chain of states to be considered a key condition for effective fire control of an artillery unit within a computer-integrated management system.

			1.5 Conclusions

			The analysis of ACS for tactical-level artillery allows the following conclusions to be drawn. The main tasks of ACS include planning, support, and control of artillery fire under complex and dynamic combat conditions, ensuring information superior­ity and timely decision-making. The life cycle of an artillery shot has been identified as a sequence of linked states: "charge – breech – barrel – projectile trajectory – target". Each state requires continuous verification to maintain operational effectiveness. Methods for verifying the performance of each link in the firing process have been proposed, allows for adaptability and responsiveness of the ACS to disturbances in real time. The integration of object-oriented models of ACS enables optimization of resource management, signal analysis, and automated decision-making, reducing execution times for fire missions while maintaining accuracy. Practical experience with field artillery ACS, including TACFIRE, Adler, and BATES, demonstrates the importance of hierarchical, distributed, and modular systems for efficient control of artillery units and fire support assets. The implementation of next-generation ACSs enhances fire control efficiency, enables advanced firing modes such as Multiple Rounds Simultaneous Impact and "shoot and scoot", and provides real-time interaction with reconnaissance and sensor systems.
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			CHAPTER 2

			Information localization and verification of the firing states of an artillery gun

			Maksym Maksymov, Pavlo Gultsov, Volodymyr Demydenko, Valentin Davydov

			Abstract

			This chapter investigates the problem of informational localization and verification of the states that characterize the lifecycle of an individual artillery shot. The study considers the sequential chain of physical processes occurring in the system "propellant charge – chamber – barrel – projectile – flight trajectory – impact with the surface". These processes form the basis for assessing the technical condition and operational efficiency of artillery systems.

			A conceptual framework is developed for identifying measurable parameters associated with different stages of the shot process. The approach relies on the analy­sis of acoustic, thermodynamic, and optoelectronic phenomena accompanying the firing event. Particular attention is given to the diagnostic potential of the acoustic field generated by ballistic and muzzle waves.

			A method for verifying the heat of explosion of the propellant charge is proposed. The method is based on determining the gross chemical formula of the propellant gases and performing a thermodynamic evaluation of the energy characteristics of the charge. This approach enables verification of the declared energetic parameters of propellant compositions.

			An acoustic method for estimating the initial velocity of the projectile is pre­sented. The method utilizes temporal characteristics of ballistic and muzzle waves recorded at remote measurement points and allows indirect assessment of the wear state of the barrel and chamber.

			The chapter also introduces a method for evaluating the energetic efficiency of an artillery gun based on video-metric observation of projectile exit and the expansion of propellant gases. In addition, a technique for verifying the coordinates of ­projectile impact is proposed using acoustic measurements of the shot-generated wave field along the projectile trajectory.

			The presented models and methods provide a basis for partial verification of different stages of the artillery shot process and may serve as elements of integrated automated systems for monitoring the technical condition and operational parameters of artillery weapons.

			Keywords

			Artillery shot diagnostics, acoustic field of a shot, ballistic and muzzle waves, propellant charge energetics, artillery gun efficiency, projectile trajectory verification.

			2.1 Introduction

			Modern artillery operations are characterized by increasingly high demands on precision, rapid response, and verification of firing results under dynamic conditions. In contemporary combat and training scenarios, the ability to accurately assess the technical state of artillery systems immediately after a shot is essential for both operational efficiency and safety. The complex interactions between the propellant charge, chamber, barrel, and projectile, along with the influence of environmental factors, require the use of integrated measurement and diagnostic methods to monitor the firing process in real time [1, 2].

			Recent studies demonstrate that combining heterogeneous physical measurements – acoustic, thermodynamic, and optoelectronic – can provide a reliable basis for evaluating the performance and condition of artillery systems [3, 4]. Acoustic signals generated during firing, such as ballistic and muzzle waves, carry information about the projectile's initial velocity, barrel wear, and the energetic characteristics of the propellant charge. Meanwhile, high-speed videometric recordings allow observation of projectile exit dynamics and the expansion of propellant gases, which can be used to assess energetic efficiency [5, 6].

			Methodological approaches originally developed in related fields – such as the modeling of combustion processes, pyrolysis, and energy transformations in reactive systems – can be adapted for interpreting measurement signals obtained during firing [7, 8]. For instance, analytical solutions of differential equations, parameter identification techniques, and library-based process models provide a flexible framework for describing nonlinear dynamic phenomena in artillery systems. These approaches support the development of partial verification methods for individual stages of a shot, from propellant ignition to projec-tile impact.

			At the same time, operational considerations in artillery units, including rapid repositioning, variation in ammunition properties, and environmental disturbances, necessitate methods that are both accurate and deployable under real conditions [9]. The integration of measurement data with computational methods enables real-time assessment of firing states, minimizing the time between successive shots while maintaining reliability in the determination of energetic and kinematic parameters.

			Within this context, the present chapter focuses on the development of diagnostic and verification methods for artillery shots based on the combined analysis of acoustic fields, videometric observations, and thermodynamic measurements. Particular attention is given to the identification of measurable parameters at each stage of the firing process, methods for verifying the heat of explosion of propellant charges, localizing initial projectile velocity, evaluating energetic efficiency, and ­verifying the coordinates of projectile impact [10]. By presenting a coherent framework for integrating these methods, the chapter lays the foundation for automated monitoring systems capable of supporting both operational decision-making and scientific research in artillery performance assessment.

			2.2 General provisions

			The firing process of an artillery gun can reasonably be considered as a multifactor dynamic system operating through a sequential transition of states "propellant charge – chamber – barrel – projectile – trajectory – impact with the surface". Such a transition may be formalized in the form of a directed graph of states, in which each link is characterized by a set of thermodynamic, mechanical, and ballistic parameters.

			The stochastic nature of variations in propellant properties, barrel wear, projectile mass, and meteorological conditions necessitates the information-based localization of the current system state in real time. In modern automated fire-control systems, verification is performed within a single computational cycle without waiting for the results of the previous shot. This approach makes it possible to minimize time losses and to increase the generalized firing efficiency criterion by nearly five times compared with the classical adjustment-firing scheme.

			An analysis of open sources indicates that information localization methods can be systematized according to the physical nature of the measured field.

			Photoelectric and videometric methods make it possible to determine projectile velocity and coordinates based on high-speed imaging results [11, 12]. Their advantage lies in high measurement accuracy; however, their effectiveness depends on atmospheric observation conditions.

			Radar-based methods, particularly Doppler systems, provide measurements of motion parameters along the initial and intermediate segments of the trajec­tory [13, 14]. These methods are less sensitive to visibility conditions but require more complex hardware implementation.

			Acoustic methods are based on the registration of muzzle and ballistic waves and make it possible both to localize firing positions and to determine projectile veloc­ity [2, 3, 15–17]. Their advantage lies in the relative simplicity of deployment, while the informational content is ensured through the analysis of the temporal and spectral characteristics of the signal.

			A separate area is represented by tomographic and thermodynamic methods for monitoring ammunition quality throughout its life cycle [18]. Changes in the physicochemical properties of propellants during long-term storage affect the heat of explosion and, consequently, the initial projectile velocity and the energetic efficiency of the shot. The concept of an electronic ammunition passport appears promising under peacetime conditions; however, under conditions of intensive combat use, methods of operational verification that are independent of production history are more appropriate.

			Thus, the information localization of firing states should be based on the direct measurement of physical parameters that determine the energetic and kinematic outcome. The following subsections examine the method for verifying the heat of explosion of the propellant charge and the method for localizing the initial projectile velocity based on acoustic fields as key components of an integrated monitoring system.

			At the same time, it should be emphasized that the approaches to information localization based on acoustic, radar, and optoelectronic measurements considered above represent a generalization of known methods described in the literature. The subsequent subsections present the authors' original contributions, including the verification method for the heat of explosion of the propellant charge, the acoustic method for localizing the initial projectile velocity, the videometric method for determining energetic efficiency, and the method for verifying the projectile impact coordinates. These methods are proposed as a unified framework for integrated ­diagnostics of artillery firing states.

			2.3 Method for determining the heat of explosion of the propellant charge as a tool for verifying its state

			To confirm the compliance of the energetic characteristics of the propellant charge with the established requirements, an automated system for determining the heat of explosion is employed together with a corresponding computational-experimental verification method, the schematic diagram of which is shown in Fig. 2.1.

			[image: ]

			The automated system for determining the heat of explosion of an artillery propellant charge for quality verification includes a cylindrical tank (2) with an internally heat-insulated surface designed for burning a sample of the propellant charge and collecting the generated propellant gases. The outlet of the gas pressure regulator (13) is connected to the inlet of the installation for determining the composition of the combustible gas during combustion (15), the output of which is connected to a personal computer with appropriate software (16).

			In the upper part of the tank, a hermetically sealed flanged cover (3) with thermal insulation is installed; in the lower part, an electric igniter (11) is mounted, while a sleeve (10) for a thermocouple with a temperature indication device (14) is located on the side wall.

			An inlet fitting (4) with shut-off equipment for purging with inert gas (5) and an outlet fitting (6) with corresponding shut-off equipment (7) are mounted on the side wall of the tank. In addition, a fitting (9) is provided for connecting a pressure gauge (12), as well as a fitting (8) connected to the gas pressure regulator (13).

			Fig. 2.1 additionally designates the propellant charge sample (1), the voltage supply line ("a"), the lines supplying inert gas to the tank ("b"), and the line for its removal ("c").

			The installation for determining the composition of combustible gas during its combustion (15) is known from the literature [19]. It includes an energy device with a burner, a system for supplying combustible gas and air with regulating equipment, pipelines for gas and air sampling, flowmeters and flow sensors, a control unit, and a testing device. The burner is connected to the pipelines supplying combustible gas and air. Corresponding flow sensors and regulating equipment are installed on the pipelines supplying combustible gas and air. The supply pipelines are connected to the sampling pipelines, which are routed to the testing device. The control unit interacts with the regulating equipment, flow sensors, flowmeters, and a thermocouple installed in the combustion chamber of the testing device, ensuring control of the combustion regimes.

			The testing device contains a cylindrical combustion chamber with coaxially arranged cylinders between which gaps are formed for the passage of air. The chamber is equipped with pipes for supplying combustible gas and air, fitted with temperature measurement devices. Inside the chamber, a thermocouple is installed to monitor the combustion temperature regime.

			The proposed method is implemented in the following sequence.

			At the first stage, a batch of identical propellant charges of artillery rounds is delivered for verification, for which confirmation of the heat of explosion obtained at the loading plant and documented by the packing arsenal is available. A sample of the propellant charge (1) is taken from a randomly selected round and placed in the cylindrical tank (2) of the system, after which the tank is hermetically sealed with the flanged cover (3).

			At the second stage, a specified constant pressure is set in the throttling regulator of the gas pressure regulator (13) for the subsequent throttling of the propellant gas.

			The third stage involves removing air from the tank by purging it with inert gas, which is supplied through the inlet fitting (4) with shut-off equipment (5) and discharged through the outlet fitting (6) with corresponding equipment (7).

			At the fourth stage, the pressure of the inert gas is monitored by the pressure gauge (12) connected through the fitting (9). After atmospheric pressure has been established, the shut-off equipment (5) and (7) are closed and voltage is supplied to the electric igniter (11), igniting the propellant charge sample (1).

			At the fifth stage, the generated propellant gases are directed from the tank (2) through the fitting (8) and the gas pressure regulator (13) to the installation for determining the composition of the combustible gas (15).

			At the sixth stage, the propellant gas is burned in an air atmosphere in the installation (15), and the gross formula of the gas formed during the combustion of the propellant charge sample (1) is determined.

			At the seventh stage, the obtained gross formula is transmitted to a personal computer with appropriate software. Additionally, the temperature value obtained from the thermocouple via the indication device (14) installed in the sleeve (10) on the wall of the tank (2), the pressure value set by the gas pressure regulator (13), and the declared heat of explosion of the propellant charge are entered.

			At the eighth stage, using the computer software, a thermodynamic calculation of the heat of explosion of the propellant charge sample is performed based on the determined gross formula of the propellant gas and the measured process parameters. The obtained value is compared with the declared one, taking into account measurement and calculation errors. If the values coincide within the permissible error, a conclusion is made regarding the positive verification of the heat-of-explosion property of the artillery propellant charge; otherwise, the verification result is considered negative.

			The initial data for determining the heat of explosion of the propellant charge are presented in Table 2.1. In Example 1, calculated and experimental data are presented concerning the application of the system and the method at site B, where assembled rounds of the same type in the amount of N units were delivered from arsenal WW. For the study, one of the delivered rounds was randomly selected. A sample (1) of the propellant charge was taken from the selected round for the measurement experiment. The sample (1) was placed in the cylindrical tank (2) of the heat-of-explosion determination system.

			Similarly, in Example 2, calculated and experimental data are presented concerning the application of the system and the method at site C, where assembled rounds of the same type in the amount of M units were delivered from arsenal WV. An analogous procedure of round selection and sample preparation was performed for Example 2. In both cases, the experiment was carried out and a result was obtained.

			From the presented data, the following conclusions can be drawn. The declared heat of explosion of the artillery propellant charge in Example 1 is 950 kJ/kg, and in Example 2 it is 945 kJ/kg (see item 7 of Table 2.1). The total relative error of measurements and calculations is 1.5% (see item 6 of Table 2.1) and is adopted as the criterion for comparing the declared and calculated values of the heat of explosion. The gross formula of the propellant gas obtained experimentally was determined as C1H1.44N0.37O1.57 for Example 1 and C1H1.43N0.32O1.56 for Example 2 (item 2 of Table 2.1).

			

				
					
							
							Table 2.1 Indicators of the properties of quantities obtained during the verification of the heat of explosion of the propellant charge of an artillery round

						
					

					
							
							No.

						
							
							Name of indicator, unit of measurement

						
							
							Values of indicators in the experiments

						
					

					
							
							Example No. 1

						
							
							Example No. 2

						
					

					
							
							1

						
							
							Pressure of the propellant gas during throttling set on the gas pressure regulator, Pa

						
							
							1.1 · 105

						
							
							1.1 · 105

						
					

					
							
							2

						
							
							Gross formula of the propellant gas

						
							
							C1H1.44N0.37O1.57

						
							
							C1H1.43N0.32O1.56

						
					

					
							
							3

						
							
							Temperature value recorded by the thermocouple, K

						
							
							2800

						
							
							2300

						
					

					
							
							4

						
							
							Pressure value in the cylindrical tank after the formation of the propellant gas, Pa

						
							
							5.1 105

						
							
							4.8 105

						
					

					
							
							5

						
							
							Total relative measurement and calculation error, %

						
							
							1.5

						
							
							1.5

						
					

					
							
							6

						
							
							Declared heat of explosion of the propellant charge of the artillery round, kJ/kg

						
							
							950

						
							
							945

						
					

					
							
							7

						
							
							Calculated heat of explosion of the propellant charge of the artillery round, kJ/kg

						
							
							958

						
							
							890

						
					

					
							
							8

						
							
							Value of the relative experimental error, %

						
							
							0.84

						
							
							5.82

						
					

					
							
							9

						
							
							Comparison of the errors of the declared and calculated heat of explosion values

						
							
							0.84 < 1.5

						
							
							5.82 > 1.5

						
					

					
							
							10

						
							
							Conclusion on the comparison of declared and calculated heat of explosion

						
							
							Equality within the limits of experimental error

						
							
							No equality within the limits of experimental error

						
					

					
							
							11

						
							
							Verification result

						
							
							Positive

						
							
							Negative

						
					

				
			


			Based on the determined gross formula of the propellant gas and the measured process parameters, the heat of explosion of the propellant charge was calculated, amounting to 958 kJ/kg for Example 1 and 890 kJ/kg for Example 2 (item 7 of ­Table 2.1). The relative experimental errors were determined as 0.84% for Example 1 and 5.82% for Example 2 (item 9 of Table 2.1).

			An analysis of the obtained results shows that the calculated value of the heat of explosion is primarily influenced by the determined gross formula of the propellant gas and the measured temperature, which define the thermodynamic state of the combustion products. Pressure plays a secondary role under the adopted calculation scheme, while the total measurement and calculation error establishes the admissible range for comparing the calculated and declared values. Therefore, deviations exceeding the specified error threshold may indicate changes in the physicochemical properties of the propellant charge rather than measurement uncertainty.

			An analysis of the results presented in Table 2.1 shows that for Example 1 the verification result is positive, whereas for Example 2 it is negative.

			The data obtained from Examples 1 and 2 demonstrate the practical feasibility of verifying the propellant charge of an artillery round using the proposed system and method.

			2.4 Method for localizing the initial projectile velocity during the generation of acoustic fields of the shot

			There are studies in the field of information technologies that have demon­strated the possibility of performing automated diagnostics of the "barrel-chamber" system state based on the velocity of the projectile exiting the barrel [2, 3, 15–17, 20].

			The method is illustrated by the equipment arrangement shown in Fig. 2.2. In Fig. 2.2, the following are indicated: 1 – gun, 2 – microphone or microphones, 3 – air temperature sensor at the gun, 4 – air pressure sensor at the gun, 5 – air humidity sensor near the gun, 6 – wind direction and speed sensor, 7 – air temperature sensor near the microphone or microphones (2), 8 – air pressure sensor near the microphone or microphones (2), 9 – air humidity sensor near the microphone or microphones (2), 10 – wind direction and speed sensor near the microphone or microphones (2), 11 – ballistic wave, 12 – muzzle wave, S1 – distance from the gun to the microphone or microphones (2) along the firing direction, S2 – distance from the microphone or microphones (2) to the location of the ballistic wave (11) along the firing direction at the moment the microphone or microphones (2) registered the muzzle wave (12), S3 – distance from the gun to the location of the muzzle wave (12) at time tbal (14), when the ballistic wave (11) was registered by the microphone or microphones (2) at distance S1.

			[image: ]

			In Fig. 2.3, the following are shown: 13 – moment of muzzle wave registration tmuz, 14 – moment of ballistic wave registration tbal, 15 – time interval recorded by the microphone or microphones (2) between the passage of the ballistic wave tbal and the muzzle wave tmuz.

			[image: ] 

			The method is implemented in the following sequence:

			Step 1. A gun (1) with a barrel and chamber is placed at the firing position and subjected to inspection. The degree of gun wear is preliminarily assessed by the total number of rounds fired from the gun. The gun is then loaded with a specific projectile and a corresponding propellant charge.

			Step 2. A microphone or microphones (2) are placed along the line of fire at a distance of 50–500 meters from the gun (1). The microphone or microphones (2) are positioned along the firing direction for the registration of the ballistic (11) and muzzle (12) waves. Measurements of atmospheric parameters near the gun are carried out using temperature (3), pressure (4), humidity (5), and wind speed and direction (6) sensors. Similar measurements are performed at the location of the microphone using sensors (7–10). Based on the obtained values, a correction to the propagation velocity of the muzzle wave under the existing atmospheric conditions is determined.

			Step 3. A shot is fired from the gun (1) in the firing direction.

			Step 4. Using the microphones (2), the ballistic wave (11) is first registered. At this moment in time tbal (14), the muzzle wave (12) is located at a distance S3 from the gun (1). After a time tmuz (13), the microphones (2) register the muzzle wave (12) from the shot; at this moment the ballistic wave (11) is located at the total distance S1 + S2 from the gun (1).

			Step 5. From the obtained temporal signal patterns, the amplitude and duration of the ballistic wave signal (11) are determined, as well as the amplitude and the duration of the first half-period of the muzzle wave (12) at the microphone location (2) at a distance S1 from the gun (1).

			Step 6. The signals from the microphone or microphones (2) are transmitted to an analog-to-digital converter and then to a computer, where the signals are transformed into the spectral domain by computing the Fourier transform. In the spectral domain, the power spectral density (or simply the spectrum) is obtained, characterizing the distribution of signal energy over different frequencies.

			Step 7. For the obtained spectra, the width at the level of 0.707 is determined for the ballistic wave signal (11), and the central frequency (frequency of the maximum) is determined for the muzzle wave (12).

			Step 8. The travel time of the muzzle wave tmuz (13) from the gun (1) to the microphones (2) is determined from the measured distance from the gun (1) to the microphones (2), S1, and the calculated propagation velocity of the muzzle wave (12).

			Step 9. The travel time of the ballistic wave tbal (14) from the gun (1) to the microphones (2) is determined as the difference between the travel time of the muzzle wave tmuz (13) to the microphones (2) and the time interval (15) recorded during the passage of the ballistic wave (11).

			Step 10. The velocity of the ballistic wave (11) (which corresponds to the instantaneous projectile velocity) is determined using the time tbal (14) at which it is registered by the microphones (2) at a distance S1 from the gun (1).

			Step 11. The calculated actual initial projectile velocity – 558.2 m/s (item 17 in Table 2.2) – is compared with the calculated nominal initial projectile velocity – 560 m/s (see item 16 in Table 2.2), and a conclusion is drawn regarding the degree of wear of the barrel and chamber based on the change in projectile velocity.

			After that, a second shot is fired from the same gun (1) at the firing position, and all the operations described above are repeated.

			Table 2.2 shows that the first gun (item 2 in Table 2.2) does not exhibit a significant difference between the calculated actual projectile velocities – 558.2 m/s and 556.9 m/s – and the calculated nominal initial velocity of 560 m/s.

			The difference between the calculated nominal initial projectile velocity and the calculated actual initial projectile velocity is 0.32% and 0.55%, respectively.

			The wear of the first gun is insignificant (Table 2.2), since the difference does not exceed the permissible threshold of 8–10%.

			This conclusion is based on the proposed method, in which the criterion for assessing barrel and chamber wear is primarily determined by the relative deviation of the calculated actual initial projectile velocity from the nominal (tabulated) ­value. At the same time, the recorded acoustic parameters (signal amplitudes, durations, and spectral characteristics) are used as auxiliary informative features that ensure the reliability of velocity determination. Thus, the final conclusion about the degree of wear is formed according to a combined criterion, where the key quantitative indicator is the velocity deviation, supported by the stability of the acoustic signal parameters.

			

				
					
							
							Table 2.2 Indicators of barrel and chamber wear of the artillery gun

						
					

					
							
							No.

						
							
							Name of indicator, unit of measurement

						
							
							Value of the indicator for the gun

						
					

					
							
							First

						
							
							Second

						
					

					
							
							1

						
							
							Experiment number

						
							
							1

						
							
							2

						
							
							3

						
							
							4

						
					

					
							
							2

						
							
							Total number of shots fired from the gun

						
							
							91

						
							
							1968

						
					

					
							
							3

						
							
							Shot number from the gun

						
							
							1

						
							
							2

						
							
							1

						
							
							2

						
					

					
							
							4

						
							
							Distance from the gun to the measuring microphone, m

						
							
							300

						
					

					
							
							5

						
							
							Tabulated firing range according to the sight setting, m

						
							
							9000

						
					

					
							
							6

						
							
							Total correction for meteorological conditions, m

						
							
							–137

						
							
							–157

						
							
							–215

						
							
							–215

						
					

					
							
							7

						
							
							Ballistic corrections, m

						
							
							+12

						
					

					
							
							8

						
							
							Calculated firing range, m

						
							
							8875

						
							
							8855

						
							
							8797

						
							
							8797

						
					

					
							
							9

						
							
							Actual firing range determined by the rangefinder, m

						
							
							9165

						
							
							9082

						
							
							8665

						
							
							8671

						
					

					
							
							10

						
							
							Amplitude of the ballistic wave, Pa

						
							
							380

						
							
							240

						
					

					
							
							11

						
							
							Duration of the ballistic wave signal, ms

						
							
							4.8

						
							
							4.1

						
					

					
							
							12

						
							
							Amplitude of the muzzle wave, Pa

						
							
							140

						
							
							90

						
					

					
							
							13

						
							
							Duration of the first half-period of the muzzle wave, ms

						
							
							22

						
							
							14

						
					

					
							
							14

						
							
							Spectrum width at the 0.707 level of the ballistic wave signal, Hz

						
							
							180

						
							
							250

						
					

					
							
							15

						
							
							Central frequency (frequency of the maximum) of the muzzle wave signal spectrum, Hz

						
							
							12

						
							
							16

						
					

					
							
							16

						
							
							Calculated initial projectile velocity, m/s

						
							
							560

						
					

					
							
							17

						
							
							Calculated actual initial projectile velocity, m/s

						
							
							558.2

						
							
							556.9

						
							
							504.2

						
							
							504.5

						
					

				
			


			Subsequently, a second gun is placed at the firing position and all the operations listed above are performed. The obtained data are entered into the table. For the second gun (Table 2.2), the calculated actual projectile velocities are 504.2 m/s and 504.5 m/s, while the calculated nominal initial projectile velocity is 560 m/s, which corresponds to deviations of 9.96% and 9.91%, respectively.

			Thus, as a result of performing the specified sequence of operations for two guns (item 2 of Table 2.2), each of which fired two shots (item 3 of Table 2.2), a set of parameters was obtained that characterizes disturbances of the atmos­pheric environment caused by the shot and calculated from the registration times of the muzzle wave tmuz (13) and the ballistic wave tbal (14). On this basis, a conclusion was drawn regarding the level of wear of the barrel bore and the chamber of each gun (items 10–17 of Table 2.2). The wear of the second gun is significant, since the calculated actual projectile velocities in the two shots are 9.96% and 9.91% lower than the calculated nominal initial velocity, which is confirmed by the data presented in items 5, 8, and 9 of Table 2.2.

			The obtained results confirm the possibility of practical application of the ­method for assessing the wear of the barrel bore and the chamber. Previously, it was considered that rifled barrels of an artillery gun are unsuitable for further use if the total loss of the projectile's initial velocity due to barrel wear reaches 10% or more of the tabulated value.

			2.5 Method for determining the energy efficiency of an artillery gun

			Studies in the field of automated control systems have demonstrated the possibility of automated diagnostics of the state of the "propellant charge – chamber – barrel – shot" system based on the projectile velocity at the moment it exits the barrel bore and on the parameters of the muzzle emission [1, 5, 21, 22].

			The method is aimed at determining the energy efficiency of an artillery gun, which makes it possible to increase the reliability of assessing its current condition. The method is explained by a specific arrangement of equipment shown in Fig. 2.4–2.6.

			[image: ]

			[image: ]

			[image: ]

			Artillery gun – 1; muzzle of the gun barrel bore – 2; digital high-frequency wide-angle video camera operating in the visible and infrared spectrum – 3; personal com­puter with processing software package – 4; projectile used for firing – 5; boundary of the camera field of view – 6; projection of the surface of unburned propellant gases of increased pressure – 7; projection of the surface of the flame of burned propellant ­gases – 8; projection of the surface of propellant gases expanded to atmospheric pressure and forming the acoustic muzzle wave – 9; internal volume of the barrel tube – 10; projectile caliber diameter – D; center of mass of the projectile – M; white field of the binary-colored projectile – W; black field of the binary-colored projectile – B; projectile length – L1; distance between the center of mass of the projectile (5) and the muzzle of the gun barrel bore – L2; curved line representing the boundary between the projection of the surface of unburned propellant gases with pressure higher than atmospheric, forming the shock muzzle wave, and the atmosphere – L3; curved line representing the boundary between the projection of the surface of the flame of burned propellant gases with pressure higher than atmospheric and the unburned propellant gases with pressure higher than atmospheric – L4; curved line representing the boundary between the projection of the surface of the flame of burned propellant ­gases with pressure higher than atmospheric and the atmosphere – L5; volume occupied by high-pressure propellant gases at the moment when the projectile (5) has passed the muzzle of the gun barrel bore (2) (internal volume of the barrel tube (10)) – V.

			The method for determining the energy efficiency of an artillery gun is implemented in the following sequence:

			Step 1. At the firing position, the artillery gun (1) is positioned so that the muzzle of the gun barrel bore (2) is perpendicular to the line along which the digital high-frequency wide-angle video camera (3) is placed, the latter being connected to a personal computer with a processing software package (4).

			The position of the camera relative to the gun is not of fundamental importance.

			Step 2. The projectile (5) prepared for firing is painted in two colors, white and black; the boundary line between the colors passes through the projectile nose along the generatrix of its contour (Fig. 2.6).

			Step 3. The video camera (3) is activated, a shot is fired with the binary-colored projectile (5), recording is performed in the visible and infrared spectra, and the digital video stream is transmitted in real time to the personal computer with the processing software package (4).

			Step 4. After the projectile (5) passes through the camera recording boundary (6), recording is stopped and the video camera (3) is switched off.

			Step 5. Using the software package (4), the digital video stream is processed and converted into a sequence of frames.

			Step 6. The frames are analyzed to detect the projectile, and an array of frames is formed from the moment it exits the muzzle of the barrel bore (2) to the moment it leaves the recording boundary (6).

			Step 7. In the personal computer with the processing software package (4), for each time frame:

			– the center of mass of the projectile M is determined;

			– at point M, the geometric scaling coefficient is determined using the a priori known projectile characteristics (diameter and length) in each time frame;

			– the linear distance between the center of mass of the projectile (5) and the muzzle of the gun barrel bore is determined from the image of the barrel muzzle point (2) to point M of the projectile image (5), taking into account the geometric scaling coefficient;

			– the instantaneous linear velocity of the projectile (5), v, is determined;

			– the statistically reliable initial linear velocity of the projectile (5), vstart, is determined from the first time frames;

			– the current color of the binary coloring of the projectile (5) (W or B) with the corresponding time is determined, and a temporal binary sequence is formed;

			– from the temporal binary sequence, the number of rotations of the projectile (5) per unit time or the angular velocity wstart of the projectile (5) is determined;

			– the length of the curved line L3, representing the boundary between the projection of the surface of unburned propellant gases and the atmosphere, is determined;

			– the length of the curved line L4, representing the boundary between the projection of the surface of the flame of burned propellant gases and the unburned propellant gases, is determined;

			– from the constructed temporal series of lengths and areas, the gradients of pressure variation are determined; the absence of a pressure gradient indicates the formation of the curved line representing the boundary between the projection of the surface of the flame of burned propellant gases and the atmosphere (line L5).

			Step 8. Using the personal computer with the processing software suite (4), for each i-th time frame, the volume of propellant gases [image: ], the temperature of propellant gases [image: ] measured by the video camera (3), and the pressure of propellant ­gases [image: ] at the front of the muzzle blast wave are determined. Based on these values, the functional dependence P(V) = f(V) is established.

			Step 9. The volume of burnt propellant gases V* at atmospheric pressure is determined along curve L5 – the boundary between the projection of the surface of burnt propellant gases at pressure above atmospheric and the atmosphere – corresponding to the pressure gradient generated by the shot.

			Step 10. The following energies are determined for the projectile (5):

			Kinetic energy along the trajectory: the projectile of mass m has

			[image: ]

			measured from the muzzle of the gun barrel (2).

			Rotational energy

			[image: ]

			Work of expanding gases

			[image: ]

			where V – the volume of high-pressure propellant gases at the moment the projectile passes through the muzzle (internal barrel volume – 10), and V* – the volume of burnt propellant gases at atmospheric pressure.

			The energetic efficiency of the artillery gun is then calculated as

			[image: ]

			where [image: ] – the energy of the propellant charge used for firing, with mc the charge mass and Qexpl the specific energy of the charge.

			Table 2.3 presents the determination of the geometric dimensions of curve L3 and the projections of the propellant gas surfaces, as well as the volume of gas [image: ] that burns out, from the moment the projectile separates from the muzzle of the gun barrel until 100 ms, obtained through digital processing of the video stream captured by a high-speed wide-angle digital camera (2000 fps) in the visible and infrared spectra.

			

				
					
							
							Table 2.3 Determination of geometric dimensions of curve L3

						
					

					
							
							Number of the i-th video frame

						
							
							Recording time, s

						
							
							Length of the curve line L3, m

						
							
							Area of the surface projection 9, m2

						
							
							Volume of propellant gases, [image: ], m3

						
					

					
							
							002

						
							
							0.001

						
							
							2.79

						
							
							0.39

						
							
							1.2

						
					

					
							
							010

						
							
							0.005

						
							
							13.74

						
							
							9.65

						
							
							144.4

						
					

					
							
							020

						
							
							0.010

						
							
							15.47

						
							
							12.23

						
							
							206.1

						
					

					
							
							049

						
							
							0.020

						
							
							16.88

						
							
							14.56

						
							
							267.8

						
					

					
							
							060

						
							
							0.030

						
							
							17.61

						
							
							15.84

						
							
							303.9

						
					

					
							
							080

						
							
							0.040

						
							
							18.09

						
							
							16.72

						
							
							329.5

						
					

					
							
							100

						
							
							0.050

						
							
							18.45

						
							
							17.38

						
							
							349.4

						
					

					
							
							120

						
							
							0.060

						
							
							18.73

						
							
							17.92

						
							
							365.6

						
					

					
							
							140

						
							
							0.070

						
							
							18.96

						
							
							18.36

						
							
							379.3

						
					

					
							
							160

						
							
							0.080

						
							
							19.16

						
							
							18.74

						
							
							391.2

						
					

					
							
							180

						
							
							0.090

						
							
							19.33

						
							
							19.08

						
							
							401.7

						
					

					
							
							200

						
							
							0.100

						
							
							19.48

						
							
							19.37

						
							
							411.1

						
					

				
			


			Table 2.4 presents the determination of the temperature and the overpressure of the burnt propellant gases above atmospheric pressure from the moment the projectile separates from the muzzle of the gun barrel until 100 ms. These values are obtained by processing the video stream recorded by a high-speed wide-­angle digital video camera (2000 fps) with data acquisition in the visible and infrared spectral ranges.

			

				
					
							
							Table 2.4 Determination of the temperature and overpressure of propellant gases above atmospheric pressure

						
					

					
							
							Number of the i-th video frame

						
							
							Recording time, s

						
							
							Gas temperature [image: ], K

						
							
							Calculated overpressure of propellant gases, [image: ], Pa

						
					

					
							
							002

						
							
							0.001

						
							
							303

						
							
							66273

						
					

					
							
							010

						
							
							0.005

						
							
							486

						
							
							1010

						
					

					
							
							020

						
							
							0.010

						
							
							669

						
							
							973

						
					

					
							
							049

						
							
							0.020

						
							
							829

						
							
							928

						
					

					
							
							060

						
							
							0.030

						
							
							832

						
							
							821

						
					

					
							
							080

						
							
							0.040

						
							
							765

						
							
							696

						
					

					
							
							100

						
							
							0.050

						
							
							673

						
							
							578

						
					

					
							
							120

						
							
							0.060

						
							
							580

						
							
							476

						
					

					
							
							140

						
							
							0.070

						
							
							497

						
							
							393

						
					

					
							
							160

						
							
							0.080

						
							
							428

						
							
							328

						
					

					
							
							180

						
							
							0.090

						
							
							372

						
							
							277

						
					

					
							
							200

						
							
							0.100

						
							
							328

						
							
							239

						
					

				
			


			Based on the presented data, the energetic efficiency of the artillery gun is eff = 0.31 (see item 17 in Table 2.5). This value corresponds to the typical range for artillery systems of this class, where a significant part of the energy of the propellant charge is dissipated through thermal losses, gas expansion, and acoustic emission. At the same time, a decrease in this value relative to expected levels may indicate increased energy losses associated with barrel wear, incomplete combustion of the propellant charge, or deviations in the internal ballistic process. Therefore, the energetic efficiency parameter can be considered as an integral diagnostic indicator of the technical state of the gun.

			If any term in the numerator (items 10, 11, 13 in Table 2.5) or in the denominator (item 16 in Table 2.5) changes, the value of eff also changes. This indicates that the current shot differs from the previous ones and should not be taken into account, which makes it possible to reduce the time required for gun sighting.

			

				
					
							
							Table 2.5 Determination of the energetic efficiency of the artillery gun

						
					

					
							
							No.

						
							
							Name of the parameter, unit of measurement

						
							
							Calculated value

						
					

					
							
							1

						
							
							Projectile mass, m, kg

						
							
							46

						
					

					
							
							2

						
							
							Projectile diameter, D, m

						
							
							0.152

						
					

					
							
							3

						
							
							Analyzed video frames

						
							
							2, 3, 4, 5, 6, 7, 8, 9, 10

						
					

					
							
							4

						
							
							Time interval, τ, ms

						
							
							4

						
					

					
							
							5

						
							
							Distance traveled by the projectile, L2, m

						
							
							3.7

						
					

					
							
							6

						
							
							Average initial linear velocity of the projectile, vstart, m/s

						
							
							925

						
					

					
							
							7

						
							
							Number of revolutions during the time interval τ

						
							
							2.6

						
					

					
							
							8

						
							
							Angular velocity of the projectile, wstart, s–1. 

						
							
							650

						
					

					
							
							9

						
							
							The obtained dependence P(V) = f(V), from Tables 2.3, 2.4

						
							
							P(V) = 85042·V–0.882

						
					

					
							
							10

						
							
							Kinetic energy of the projectile, [image: ], J

						
							
							1.96 · 107

						
					

					
							
							11

						
							
							Rotational energy of the projectile [image: ], J

						
							
							5.6 · 104

						
					

					
							
							12

						
							
							Integration limits: V – internal volume of the barrel, V* – volume of the propellant gases at atmospheric pressure, m3

						
							
							0.148; 411

						
					

					
							
							13

						
							
							Work of gas expansion [image: ], J

						
							
							8.9 · 105

						
					

					
							
							14

						
							
							Charge mass, mc, kg

						
							
							18.4

						
					

					
							
							15

						
							
							Specific explosion energy of the charge, Qexpl, J/kg

						
							
							3.6 · 106

						
					

					
							
							16

						
							
							Energy of the charge used to fire the projectile, [image: ], J

						
							
							6.62 · 107

						
					

					
							
							17

						
							
							Energetic efficiency of the artillery gun, [image: ]

						
							
							0.31

						
					

				
			


			2.6 Method for verifying the impact coordinate of an artillery projectile on a surface

			Studies in the field of automated control systems have demonstrated the possibility of performing automated diagnostics of the system "effective shot – projectile – flight trajectory – impact with the surface" based on the velocity of a projectile moving along a free trajectory [23–28].

			This verification method can be considered as the final stage in the operation of modern automated artillery fire control systems, which rely on continuous monitoring of the states of the artillery system: "charge – breech – barrel – projectile – flight trajectory – impact with the surface".

			The method is based on the task of determining the impact coordinate of an artillery projectile on a surface through acoustic registration of the sound field generated by the projectile moving along a free trajectory after being fired from an artillery gun (Fig. 2.7).

			[image: ]

			Implementation of the proposed method is carried out in the following sequence:

			Step 1. Place the artillery gun (1), the meteorological measurement station (2), and the computing device (3). Obtain the coordinates of the gun (1) (X0, Y0) and the target (7) (Xt, Yt), and enter them into the computing device (3).

			Step 2. Along the firing line from the gun (1) to the expected table range (9), position the measuring microphones (4), (5), (6), which are connected to the computing device (3). The placement is determined by ensuring equal distances: from the gun to the first group L1, between the groups L2 and L3, and from the last group to the point where the projectile loses supersonic speed L4.

			Step 3. Record the coordinates of the measuring microphones (4), (5), (6) along the firing line as (X1, Y1), (X2, Y2), (X3, Y3).

			Step 4. Connect the measuring microphones (4), (5), (6) to the computing device (3) through switching equipment, synchronize them in time, and input the meteorological data (2).

			Step 5. Fire the gun (1), causing the projectile to move along the trajectory (8) toward the target (7) at coordinates (Xt, Yt). As the projectile travels over the firing line (10), an acoustic field is formed, consisting of ballistic and muzzle waves. Both waves are recorded by the measuring microphones (4), (5), (6). The ballistic wave propagates at supersonic speed, gradually decreasing, while the muzzle wave propagates at the constant speed of sound.

			Step 6. Each measuring microphone (4), (5), (6) first records the ballistic wave – (TB1, TB2, TB3), and then the muzzle wave (TM1, TM2, TM3).

			Step 7. Calculate the time interval between the events of recording the ballistic and muzzle waves by the microphones (4), (5), (6) that are closest and farthest from the gun.

			Step 8. Using the moments of registration of the muzzle (TM1, TM2, TM3) and ballistic (TB1, TB2, TB3) waves by the microphones (4), (5), (6), determine the ballistic wave velocities (V1, V2, V3). These values correspond to the current speed of the projectile at the moments the ballistic wave passes over the respective microphones.

			Step 9. Determine the initial projectile velocity V0 from the firing tables for the given type of charge.

			Step 10. Calculate the drag coefficient of the projectile (Cx) between the two nearest groups of microphones.

			The integral drag coefficient of the projectile over the monitored section is determined by the expression

			[image: ]

			where Fff – friction force acting on the projectile of mass mmm with air over the monitored section; S – cross-sectional area at the projectile's midsection; ρ – air den­sity; V – average projectile velocity over the section between the two measurement points; M – Mach number.

			The impulse of the force is determined for two different measurement points, for example, the first (indices i) and the second (indices j). For the first point: Fiti = mVi, hence Fi = mVi/ti, and for the second point: Fjtj = mVj, hence Fj = mVj / tj and Vj are the current velocities of the projectile over the measurement points. ti and tj are the times of projectile travel from the gun (1) to the measurement points. Then the friction force is Fff = Fi − Fj.

			Step 11. Determine the trajectory approximation coefficients for the position coordinates (based on velocity, time, and trajectory length): artillery gun (1) – a1, first measuring microphone or first group of microphones with switching equipment (4) – a2, second measuring microphone or second group of microphones with switching equipment (5) – a3, third measuring microphone or third group of microphones with switching equipment (6) – a4.

			Step 12. Construct three approximating parabolic dependencies based on the measured parameters.

			The first-type parabola is formed using the coordinates of the gun (1) X0 and the coordinates of the first X1 and second X2 microphone groups, using the trajectory coefficients a1, a2, a3. From this dependency, the projectile-surface impact coordinate X1imp is determined.

			The second-type parabola is formed using the coordinates of the gun X0 and the first X1 and third X3 microphone groups, using coefficients a1, a2, a4. From this dependency, the coordinate X2imp is determined.

			The third-type parabola is formed using the coordinates of the gun X0 and the second X2 and third X3 microphone groups, using coefficients a1, a3, a4. The coordinate X3imp is determined from this dependency.

			Step 13. The lateral deviation coordinates (Y1imp, Y2imp, Y3imp) caused by the rotational motion of the projectile (derivation) are determined for the three parabolic dependencies.

			Step 14. Calculate the arithmetic mean of the three projectile-surface impact coordinates (X1imp, Y1imp), (X2imp, Y2imp), and (X3imp, Y3imp), which represents the projectile impact location according to the proposed method.

			The use of parabolic approximation in the proposed method is justified for trajectory segments where the projectile motion can be considered smooth and weakly perturbed. Under conditions of significant meteorological disturbances, complex terrain, or non-standard variations in projectile velocity along the observation segment, the approximation accuracy may decrease. In such cases, refinement of the approximation model or the use of additional measurement points may be required.

			Tables 2.6, 2.7 present the calculation results illustrating the application of the method for determining the projectile-surface impact coordinate based on the acoustic registration of the sound field generated by the ballistic and muzzle waves.

			

				
					
							
							Table 2.6 Determination of the approximation parabola coefficients

						
					

					
							
							Name of the parameter being determined 

						
							
							Parameter values for the microphone number along the firing line

						
					

					
							
							1

						
							
							2

						
							
							3

						
					

					
							
							Distance to the target, km

						
							
							15

						
					

					
							
							Distance from the gun to the microphone (L), m

						
							
							5436

						
							
							7789

						
							
							9896

						
					

					
							
							Projectile velocity at the measurement point, m/s

						
							
							674.2

						
							
							583.3

						
							
							519.4

						
					

					
							
							Length of the projectile trajectory to the measurement point, m

						
							
							7111

						
							
							10188

						
							
							12944

						
					

					
							
							Ballistic wave registration time, s

						
							
							10

						
							
							15

						
							
							20

						
					

					
							
							Muzzle blast wave registration time, s

						
							
							16.4

						
							
							23.5

						
							
							29.8

						
					

					
							
							Time interval between ballistic and muzzle blast wave registrations, s

						
							
							6.4

						
							
							8.5

						
							
							9.8

						
					

					
							
							Integral drag coefficient over the section

						
							
							0.025940

						
							
							0.016011

						
							
							0.010749

						
					

					
							
							Approximation parabola coefficients y = A · L2+B · L

						
							
							A

						
							
							–0.000096

						
							
							–0.000088

						
							
							–0.00008

						
					

					
							
							B

						
							
							1.3182

						
							
							1.2772

						
							
							1.1937

						
					

				
			


			

				
					
							
							Table 2.7 Determination of the projectile-surface impact coordinate

						
					

					
							
							Name of the parameter being determined

						
							
							Parameters corresponding to the coefficients of the approximating parabola

						
					

					
							
							–0.000096

						
							
							–0.000088

						
							
							–0.00008

						
					

					
							
							1.3182

						
							
							1.2772

						
							
							1.1937

						
					

					
							
							Calculated coordinates of the projectile impact with the surface, m

						
							
							13794

						
							
							14511

						
							
							15001

						
					

					
							
							Lateral deviation coordinates

						
							
							29

						
							
							33

						
							
							36

						
					

					
							
							Average impact coordinates of the projectile, m

						
							
							(14435; 33)

						
					

				
			


			2.7 Conclusions

			The results of the study allow the following conclusions to be drawn.

			The main links in the chain of states "charge – chamber – barrel – projectile – flight trajectory – impact with the surface" have been identified, which characterize the life cycle of an artillery shot.

			The possibility of informational localization of individual shot states has been demonstrated based on parameters of acoustic, thermodynamic, and videometric processes accompanying the shot.

			A method for verifying the explosive energy of the propellant charge has been developed, based on determining the gross formula of the propellant gas and performing a subsequent thermodynamic calculation of its energetic characteristics.

			An acoustic method for localizing the initial velocity of the artillery projectile based on the parameters of ballistic and muzzle waves has been proposed.

			A method for determining the energetic efficiency of an artillery gun has been developed, relying on videometric registration of the projectile's exit from the barrel and the expansion of propellant gases.

			A method for verifying the coordinates of the projectile's impact with the surface has been proposed, based on the analysis of the shot's acoustic fields.
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			CHAPTER 3

			Model of free carbon formation when firing an artillery piece

			Oleksandr Brunetkin, Pavlo Gultsov, Oleksandr Sidelnykov

			Abstract

			A phenomenon present in almost every shot, yet rarely addressed or explained in the literature, has been identified. It manifests itself in the muzzle discharge in the form of a certain volume of soot. The Boudouard thermochemical reaction (also referred to in some sources as the Boudouard-Bell reaction carbon monoxide disproportionation), which accounts for soot formation in propellant gases during firing, has been identified. The conditions under which this reaction can occur are discussed. A distinctive feature of this reaction is the formation of a condensed carbon phase during the firing process after gasification of the propellant charge.

			Based on the physicochemical processes governing the expansion of propellant gases in the gun barrel, a mathematical model is proposed that makes it possible to estimate the temperature distribution during firing. The initial model is constructed using generally accepted assumptions. The modeling results obtained on its basis can therefore only be regarded as approximate. For this reason, the method relies on simple calculations, making it unnecessary to employ high-performance computing equipment.

			A simulation of the temperature distribution of propellant gases along the barrel, between the chamber and the moving projectile, was carried out using a model system similar to the 2A38 artillery system. The possibility of varying the extent of the Boudouard-Bell reaction zone (the soot formation zone) depending on the initial parameters is demonstrated. The use of both fresh and degraded propellant charges was modeled. Full and reduced charges were considered. The simulation results reveal the cause of possible initiation of a secondary muzzle flash, both from the frontal side and from the side of the muzzle brake.

			Keywords

			Gun, propellant gases, temperature distribution, disproportionation reaction, soot, muzzle flash.

			3.1 The role of muzzle discharge in assessing the parameters of internal ballistics processes

			In many cases, when solving internal ballistics problems, the thermodestruction (thermal (thermochemical) decomposition) process of a propellant charge is considered under the following assumptions:

			– a lumped-parameter model of the thermochemical transformation of the propellant charge is used;

			– once formed, the composition of the propellant gases (PG) is assumed to remain unchanged ("frozen") throughout the entire firing cycle;

			– the temperature and pressure of the propellant gases are treated as time-dependent variables but are assumed to be spatially uniform over the entire length of the bore behind the projectile at any given moment.

			These assumptions are restrictive, yet well balanced for the model employed. Such a model makes it possible to identify general trends and the order of magnitude of the parameters governing internal ballistics processes. Subsequently, the obtained values are refined using empirical correction coefficients.

			This approach is effective when the composition of the nitrocellulose (NC) propellant is known and specified. However, during storage, propellants undergo changes in composition and energetic characteristics (degradation). In peacetime conditions, this issue is addressed through laboratory monitoring of propellant condition and their disposal when necessary. Under conditions of intensive use (combat conditions), propellants may be supplied from various storage depots or even from different countries with uncontrolled storage conditions. As a result, batches of charges may be encountered, which characteristics would require disposal in peacetime. At the same time, instrumental inspection of such large volumes of propellants, especially under field conditions, is impracticable.

			Changes in propellant composition, often uncontrolled, lead to variations in the parameters of internal ballistics processes. This, in turn, results in reduced firing accuracy, the need to expend a greater number of projectiles to engage a target, increased wear of materiel, and decreased combat survivability of a unit due to longer exposure time at firing positions [1].

			Muzzle discharge and the subsequent muzzle flash are among the effects accompanying a shot. These phenomena are usually attributed to external ballistics, more precisely to muzzle (transitional) phenomena. In classical ballistics, muzzle discharge is often identified as a transitional region between internal and external ballistics. It can therefore be assumed that its features and characteristics are shaped by internal ballistics processes, representing a manifestation of the thermodestruction of the propellant and reflecting the specific nature of these processes.

			Muzzle discharge and muzzle flash can be recorded by video with minimal expenditure of time and resources under virtually any conditions, including combat. Analysis of their features and characteristics may serve as a basis for analyzing and assessing the parameters of internal ballistics processes and, ultimately, for evaluating the condition of propellant charges.

			3.2 Characteristics of the muzzle discharge

			Nitrocellulose propellants are generally classified as smokeless powders. Laboratory experiments record only small amounts of condensed-phase products during and after the thermal decomposition of nitrocellulose propellants. In the available literature, the presence of such products is mainly attributed to various additives contained in the propellant formulations. However, frame-by-frame imaging of the firing process (Fig. 3.1–3.3) reveals a different picture. In the muzzle discharge, prior to the onset of the muzzle flash, a substantial amount of soot is observed. The presence of soot in the discharge is the result of reactions occurring inside the barrel during the firing process. Nevertheless, a well-substantiated and generally accepted explanation of these reactions is absent from the available literature.

			[image: ]

			The composition of a propellant and its energetic characteristics can be inferred from the composition of its thermal decomposition products-namely, the propellant gases (PG). However, even the qualitative composition of PG is reported inconsistently across different sources. Most nitrocellulose (NC) propellants are characterized by a negative oxygen balance. Under these conditions, it remains unclear which compounds are formed in the PG and in what proportions the oxygen contained in the NC propellant participates in their formation.

			[image: ]
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			Thus, a number of sources, for example [2], assert that PG consists predominantly of gaseous reaction products in the form of vapors of H2O, CO, CO2, H2, and N2. This description corresponds to the Kistiakowsky-Wilson rule. A negative oxygen balance indeed favors the formation of free hydrogen. However, such an assumption is not supported by the composition of the products of combustion and detonation of nitrated high-energy materials. In particular, studies [3, 4] report the presence of soot in explosion products. In [5], not only is the presence of soot in the muzzle exhaust documented, but an attempt is also made to quantify it in the course of investigating the muzzle flash. At the same time, the mechanisms responsible for its formation are not discussed.

			In [6], a modified Kistiakowsky-Wilson rule is proposed. According to this rule, oxygen from nitro compounds first completely binds hydrogen atoms to form H2O vapor. It then binds carbon atoms to form CO, and only thereafter does the remaining oxygen further oxidize CO to CO2. On this basis, the appearance of free carbon in PG in the form of soot can be explained. However, under such a scheme and with a negative oxygen balance, there is insufficient oxygen even to bind all carbon atoms to CO; the formation of H2 and appreciable amounts of CO2 is not accounted for.

			Thus, the composition of PG corresponds neither to the original nor to the modified Kistiakowsky-Wilson rule, nor to the composition of PG obtained under laboratory conditions. In addition to CO and H2O vapor, PG contains CO2, H2, and as shown in Fig. 3.1–3.3 – free carbon in the form of soot.

			An analysis of Fig. 3.1–3.3 also makes it possible to identify other features of the muzzle exhaust and muzzle flash and, consequently, potential characteristics of the internal ballistic processes of propellant thermal decomposition:

			– in [7], the muzzle flash is attributed to the ignition in air of combustible PG components, namely CO and H2. The initiating factor is assumed to be the muzzle blast, which causes additional heating of the PG. Given the finite spatial extent of the blast, ignition would be expected to occur over an extended surface. However, the images in Fig. 3.1, a and Fig. 3.2, a demonstrate point-like ignition at the leading front of the exhaust plume, in its central region (outlined in red). At the same time, the photograph in Fig. 3.3, b indicates the possibility of PG ignition on the opposite side of the muzzle exhaust – near the muzzle brake – which cannot be explained by the action of the muzzle blast;

			– within the framework of the PG composition discussed above, the intense luminosity of the muzzle flash can be explained by soot combustion. Combustion of gaseous H2 and CO in air is practically colorless. In Fig. 3.2, b, against the bright background of burning soot, a low-contrast gaseous jet can be distinguished (outlined in red). It is located in the leading part of the exhaust plume. A similar jet can also be identified in the trailing part of the muzzle exhaust (Fig. 3.2, c, outlined in yellow). The inhomogeneous structure of the muzzle exhaust may be caused by longitudinal nonuniformity in the composition of PG. This, in turn, may indicate a similar nonuniformity in the PG composition along the barrel length at the moment the projectile exits the muzzle.

			3.3 Possible causes of the specific features of the muzzle exhaust as a consequence of internal ballistics processes

			In the previous section, the following characteristic features of the muzzle exhaust were identified:

			– the presence of a significant amount of condensed carbon (soot);

			– the possibility of muzzle flash initiation in various regions of the muzzle exhaust;

			– heterogeneity of the muzzle exhaust structure with respect to the composition of the PG.

			When the muzzle exhaust is considered as a transitional region, its distinctive features should be interpreted as a consequence of internal ballistics processes associated with the thermal decomposition of NC propellant. However, a lumped-parameter model of these processes does not allow the aforementioned features to be adequately explained.

			At present, computational resources make it possible to solve internal ballistics problems using distributed-parameter formulations. Increasing model complexity may potentially improve the accuracy and reliability of the results. At the same time, model modification should not be limited solely to increasing computational complexity, but should also incorporate more subtle physical and chemical effects. The following studies may be cited as illustrative examples. Thus, in [8] the solution is obtained within a one-dimensional formulation, whereas in [9] a three-dimensional formulation is employed. In both studies, only the motion of propellant gases inside the barrel is considered. Their composition is assumed to remain constant during the motion. Despite the significantly higher computational complexity of the approach used in [9], the results obtained in both studies are comparable. In another case, the article [10] investigates the muzzle flash process. A model is employed that describes gas-dynamic processes in a two-dimensional formulation, as well as ignition and combustion of propellant gases in atmospheric oxygen. The reversibility of chemical reactions is taken into account, and reaction rates are calculated. It is correctly noted that the characteristics of the muzzle exhaust and muzzle flash depend on the parameters of internal ballistics processes. However, despite the detailed modeling of the exhaust and flash, the internal ballistics processes themselves are treated by neglecting multicomponent effects and chemical reactions. As a result, the possibility of free carbon formation during firing is not considered, nor is its influence on the muzzle flash process taken into account.

			In many cases, chemical reactions of NC propellant thermal decomposition during firing are considered from the standpoint of chemical equilibrium. This approach is justified by the high temperatures and pressures at which these ­processes occur. However, significant variations of these parameters during the firing process – both in time and along the barrel length at any given moment – may give rise to reversible chemical reactions between the formed components of the propellant gases. For example, the computational results presented in [1] demonstrate that, at certain moments in time, temperature differences along the propellant gas column may reach 500 K or more.

			The equilibrium composition calculation method makes it possible to determine the relative proportions of the components constituting the propellant gases and their temperature, but not the actual list of species itself. The set of possible reaction products is specified prior to the calculation. Thus, in [11], results of propellant gas composition calculations based on three different models are presented. Each model assumes a different composition of propellant gases. Some components are common to all models; however, their calculated quantities for the same propellant may differ by several times depending on the model used. Among the considered approaches, the Kamlet-Jacobs model included free carbon and carbon dioxide (CO2) in the propellant gas composition, but did not account for the presence of carbon monoxide (CO). As a result, calculations based on this model for various propellant formulations yielded free carbon contents of 20–30%, which clearly contradicts practical ballistic applications of propellant mixtures. Moreover, the calculated combustion products do not contain hydrogen or other combustible species, which also contradicts the flame observed when combustion products exit the barrel. These results indicate the necessity of an adequate selection of the propellant gas composition to enable correct calculation of their quantities.

			The article [12] presents results of equilibrium composition calculations for the reaction products of methane (CH4) with oxygen (O2) under oxygen-deficient conditions (oxidizer excess coefficient α = 0.6, corresponding to a negative oxygen balance). The list of possible reaction products included H2O, H2, CO2, CO, and free carbon (Ccrb). The equilibrium composition of reaction products corresponding to temperatures ranging from the combustion temperature (~1780 K) down to 500 K was analyzed. A characteristic feature is noted in [12]. At the combustion temperature, free carbon is not detected. However, as the temperature decreases, starting from approximately 1300–1200 K, the possibility of free carbon formation is shown. Simultaneously, the amount of CO decreases while the amount of CO2 increases. Beginning at temperatures of approximately 700 K, the calculated results no longer indicate the presence of CO. Under normal ambient conditions, such behavior is not observed. A mixture of methane (CH4) and oxygen (O2) under normal conditions remains stable in the absence of external influences, and free carbon is not formed. This is explained by the extremely low reaction rate, despite the thermodynamic possibility of the reaction.

			A chemical reaction exhibiting similar characteristics is well known. This is the Boudouard-Bell reaction, representing the disproportionation of carbon monoxide (CO) into free carbon

			[image: ].	(3.1)

			This reaction is characterized by reversibility. At elevated temperatures up to approximately 1300 K, the equilibrium is almost completely shifted toward CO ­formation. Nevertheless, the reverse reaction remains exothermic. At the same time, equilibrium calculations indicate the formation of a certain amount of free carbon, which is associated with the endergonic nature of CO disproportionation. At temperatures of about 400 K, the thermodynamic equilibrium of the Boudouard-Bell reaction is shifted toward the formation of CO2 and C. However, under normal or near-normal conditions, CO remains stable due to the low rate of the disproportionation reaction.

			During firing, by the moment the projectile exits the barrel, the temperature of the propellant gases decreases to values of approximately 1000 K, corresponding to a shift of the thermodynamic equilibrium of the disproportionation reaction toward the formation of condensed carbon. At the same time, a high pressure of the propellant gases is maintained, which may reach approximately 50 MPa. In accordance with Le Chatelier's principle, high pressure favors a shift of the equilibrium toward the formation of a condensed phase. The disproportionation reaction of CO is of second order. In this case, at identical propellant-gas temperatures, the rate of formation of condensed carbon in the barrel system, compared with laboratory conditions (0.1 MPa), increases by a factor of about (50/0.1)2, i.e., approximately 250,000. This estimate should be regarded as an order-of-magnitude illustration rather than a detailed kinetic description.

			It is necessary to consider the possible influence of the process described by reaction (3.1) on changes in the pressure of the propellant gases in the barrel channel as the projectile moves. After completion of the thermodestruction of the propellant charge, the barrel volume behind the projectile continues to increase as it travels, while the amount of propellant gas does not increase. This stage is characterized by an accelerated decrease in propellant-gas pressure. However, under these conditions, prerequisites arise for reaction (3.1) to proceed. Its result is a twofold reduction in the volume of the reacting fraction of the propellant gases, which may locally affect pressure evolution.

			3.4 Simplified one-dimensional model of internal ballistics processes

			3.4.1 Composition of propellant gases

			The structure of the muzzle blast and muzzle flash makes it possible to assess the nature of the distribution of PG parameters along the barrel length at the moment the projectile exits the muzzle. Accordingly, the current composition and energy characteristics of the propellant charge can be estimated from the PG parameters. Such an assessment may be carried out using the library-based method described in [12, 13]. A distinctive feature of this method is the high speed of evaluating the state of the propellant charge. However, this requires the prior creation of a database that reflects the possible values of PG parameters as functions of varying propellant charge compositions and energy characteristics. This, in turn, necessitates solving the internal ballistics problem a very large number of times (hundreds of millions or more). In doing so, the PG parameters along the barrel length must be obtained in a distributed form. Modern computational resources make it possible to perform such calculations within a reasonable time frame. Nevertheless, to adequately represent the PG parameter values, the employed model should be as simple as possible.

			The development of such a model is a multistage process involving an assessment of the assumptions adopted at each stage, with a gradual increase in model complexity up to the required level. At the initial stage, it is necessary to evaluate the feasibility of adequately reproducing the character of variation of PG parameters for the chosen overall model structure and computational strategy under the most permissive assumptions.

			To assess the possible equilibrium composition of propellant gases at different temperatures, calculations were performed for a propellant charge, which composition is given in [14] and presented in Table 3.1.

			

				
					
							
							Table 3.1 Initial composition of the NC propellant charge

						
					

					
							
							Component

						
							
							Substance

						
							
							%

						
							
							Molecular formula

						
					

					
							
							Energetic base

						
							
							Nitrocellulose

						
							
							96.0

						
							
							C6H7.7N2.3O9.6

						
					

					
							
							Plasticizer

						
							
							Ethanol

						
							
							0.5

						
							
							C2H6O

						
					

					
							
							Diethyl ether

						
							
							0.5

						
							
							C4H10O

						
					

					
							
							Chemical stability stabilizer

						
							
							Diphenylamine

						
							
							1.0

						
							
							C12H11N

						
					

					
							
							Impurity substances

						
							
							Water (moisture)

						
							
							2.0

						
							
							H2O

						
					

				
			


			Based on these data, the gross formula (molecular formula) of the propellant charge was calculated. The formula is expressed relative to a single carbon atom

			[image: ].	(3.2)

			The determination of the propellant gases' composition is based on solving a system of equations that includes the law of mass action, the law of conservation of matter, and Dalton's law. The enthalpy of formation is also used for both the propellant charge and the components of the propellant gases. The calculation is based on equating the enthalpy of the propellant to the sum of the enthalpies of formation of the propellant gas components, taking their temperature into account.

			A distinctive feature of this approach is the specific form of the mass-action equations. The equations are formulated based on the formation reactions of possible propellant gas components from elementary chemical substances [15]. For example:

			[image: ]	(3.3)

			This form of representation is universal. It allows for the construction of a closed system of equations based on a list of substances that may be present in the mixture. In the established models describing the firing process, the composition of the propellant gases for the propellant charge is determined based on the following list of constituent components

			[image: ].	(3.4)

			To account for the potential formation of soot, this list is supplemented with an additional component, denoted as Ccrb (finely dispersed condensed carbon phase). The consideration of carbon in the propellant gases is a specific feature of the model used in the calculations. The method for calculating the thermodynamic parameters of the gaseous mixture in the presence of a condensed phase is given in [15].

			The equilibrium composition of the propellant gases at various temperatures is shown in Fig. 3.4.

			From the calculation results presented in the graphs (Fig. 3.4), it follows that the molar concentrations of the propellant gas components remain almost constant over a wide range of temperatures during their expansion in the firing process. However, as noted in [12], at temperatures of 1200–1300 K and below, the quantitative composition of the propellant gas components changes. ­Condensed carbon appears. The amounts of not only carbon-containing elements but also all other elements (except for nitrogen, N2) are altered.

			[image: ]

			3.4.2 Method for determining propellant gas temperature along the barrel during firing for a distributed-parameter model

			At the first stage of developing a model for internal ballistics processes, the values of parameters governing the gas-dynamic processes (pressure and temperature) occurring in the PG along the barrel length at each moment of the shot are averaged. This procedure simplifies the solution. The justification for its use lies in the minor influence of deviations of pressure and temperature from their mean values on the processes under consideration.

			For instance, in [16], calculations were performed for a 100 mm, caliber gun with a chamber length of [image: ] and a barrel length of [image: ]. The charge mass varied in the range of 2.5–45 kg. Pressure values were determined at the breech face and at the base of the projectile as it passed the muzzle. For all calculations, the deviation of pressure at the base of the projectile from that at the breech face ranged from 6% to 53%. Deviations of pressure values in different parts of the space behind the moving projectile can affect the accuracy of determining the projectile velocity, but have practically no effect on the composition of the propellant gases. High pressures, regardless of their magnitude, under high PG temperatures imply an equilibrium composition.

			Many sources do not use data on the distribution of PG temperature along the barrel during projectile motion. When using models that do not account for the formation of a condensed phase, such information is unnecessary. It is assumed that, during the shot, within the temperature range of the PG, their composition remains practically unchanged. This is confirmed by the calculation results shown in Fig. 3.4. In the range from the combustion temperature (2940 K) to the temperature at which a significant amount of soot begins to form (~1400 K), the PG composition remains nearly constant.

			The temporal behavior of the muzzle blast (Fig. 3.1–3.3) indicates not only the potential for condensed phase formation but also the non-uniformity of this process along the barrel. To identify the principal possibility of conditions supporting the disproportionation reaction of carbon monoxide, modeling of the PG temperature distribution along the barrel during the shot is necessary. Let's consider the model and the projectile firing process. Let's introduce a set of assumptions corresponding to the first stage of model development:

			– the burn rate of the propellant charge depends solely on pressure;

			– the propellant volume is neglected;

			– PG pressure is uniform (averaged) at all points between the breech face and the base of the projectile;

			– during projectile motion, PG movement along the barrel is one-dimensional, with no mixing of newly formed gases with previously generated PG;

			– the PG expansion process is adiabatic, with a known adiabatic index;

			– backpressure in front of the projectile is neglected;

			– energy expenditures for processes other than projectile acceleration are accounted for using a coefficient that increases the projectile mass in calculations (a fictitious projectile mass);

			– PG is considered an ideal gas mixture, and covolume effects are neglected.

			To account for the PG temperature distribution along the barrel, the mathematical model (MM) must be expressed in partial differential form, which usually requires numerical solution methods. For preliminary assessment of temperature distribution under the adopted assumptions, this approach is impractical. The following approach has been proposed to describe the firing process:

			– projectile motion along the barrel is roughly divided into two stages: during propellant combustion and after its completion;

			– the propellant burns in discrete portions of equal mass;

			– the pressure at which the next portion of the charge burns is assumed constant and equal to the pressure after the previous step of PG expansion. This pressure determines the burning time ti of the current portion, which also defines the time step for the calculation. The time interval for burning each portion (and thus for the calculation step) is variable depending on the current pressure;

			– formation of each new portion of PG mass mi occurs without affecting the existing PG (e.g., outside the barrel). This step corresponds to the assumption of ­neglecting the propellant volume, and thus the change in pre-chamber volume as the propellant burns;

			– the newly formed PG portion enters the chamber instantly through its end surface (Fig. 3.5). The pressure rises instantaneously, forming a new value [image: ], determined by the added PG, as well as the volume ([image: ]) and pressure of the pre-existing PG;

			– during the time interval [image: ] (duration of the current calculation step), PG expansion and projectile acceleration occur (without additional PG input). At the end of this interval, the PG pressure is determined, which is used to calculate the burning time of the next portion of the propellant in the following time step;

			– after the propellant is fully burned, the expansion of PG and projectile acceleration are calculated until the projectile exits the barrel.

			[image: ]

			At this stage, the PG temperature distribution along the barrel during the shot is estimated. Average values of certain quantities, corresponding to modern barrel systems, are used in the calculation relationships.

			In describing propellant properties, their energetic characteristic is conventionally expressed as their strength f. At the same time, the calculation is based on the enthalpy of the NC thermal decomposition reaction. Let's estimate the relationship between these quantities. Assume: the combustion process is isoenthalpic (constant-enthalpy process); the gas-phase process is adiabatic. According to the ­adopted assumptions

			[image: ]	(3.5)

			where [image: ] – the specific enthalpy of gunpowder; [image: ] – the specific enthalpy of gunpowder gases; γ – the adiabatic index; f – the propellant force.

			Let's assume γ = 1.2, f = 950 kJ/kg. In this case [image: ]. Further calculations were performed taking these values into account:

			Step 1. From equation (3.5), the temperature of the propellant gas (PG) is determined, and from the equation of state, the amount of propellant charge required to generate the forcing pressure in the breech chamber is calculated. The magnitude of the forcing pressure, the volume of the breech chamber (excluding the charge volume), and the adiabatic index are specified. Based on the fraction of the charge burned, the enthalpy of the considered PG volume is determined. The remaining mass of the propellant charge is calculated, and the number of calculation steps is selected. The mass of the portion of the charge mi, which combustion is considered in a single calculation step, is determined. All portions have equal masses. The forcing pressure serves as the initial pressure for the next calculation step and determines the burning rate of the corresponding portion of the propellant charge. This PG volume is hereinafter denoted as [image: ] (Fig. 3.5).

			Step 2. Using the final pressure obtained in Step 1, the burning time ti of the portion mi of the propellant charge is determined. A linear burning law [image: ] and a constant burning surface area F are assumed. Accordingly

			[image: ].	(3.6)

			The method for determining the expression in parentheses is described below.

			Step 3. The generated portion of PG is introduced (instantaneously) into the breech chamber without changing its volume. According to the current calculation step number i, this portion of PG is hereinafter denoted as wi. The enthalpy ([image: ]) of the PG is calculated as the sum of the enthalpy from the end of the previous calculation step and that contributed by the current portion. According to

			[image: ]	(3.7)

			the mixture pressure ([image: ]) at the beginning of the calculation step is determined. Considering the assumption that the PG volumes from the respective calculation steps do not mix, their updated values are calculated.

			Step 4. Expansion of the PG and acceleration of the projectile during the current calculation step occur over the time ti determined in Step 2 and are described by the relation

			[image: ],	(3.8)

			here M – the projectile mass; φ – the coefficient accounting for the effective mass of the projectile; x – the length of the breech chamber; P – the PG pressure; and S – the cross-sectional area of the barrel.

			The value of P is determined from the relation describing the adiabatic expansion of the gas

			[image: ],	(3.9)

			where [image: ], [image: ] – the pressure and volume of the breech chamber at the initial moment of the calculation step (corresponding to the values at the end of the ­previous step); and Pi, Wi – the pressure and volume at the current moment of the calculation.

			Taking into account Wi = S · xi and equation (3.9), expression (3.8) can be rewritten as

			[image: ],	(3.10)

			here [image: ] – denotes the length of the projectile space at the initial moment of the calculation step.

			Let's linearize the second term of equation (3.10) at the point [image: ]. As initial conditions, it is possible to use the values of [image: ] and the projectile velocity [image: ] at the initial moment of the current calculation step (the final velocity from the previous calculation step). Assuming, as before, γ = 1.2, the solution of (3.10) can be expressed as

			[image: ].	(3.11)

			By substituting the value of ti into this expression, the magnitude of the charge-free space [image: ] at the end of the current calculation step is determined, and from the derivative of (3.11)

			[image: ]	(3.12)

			the velocity of the vik projectile at this instant.

			Step 5. Under the assumptions adopted, based on the first law of thermodynamics

			[image: ]	(3.13)

			Taking into account the adiabatic expansion of the propellant gases and, accordingly, I = γ · U, it follows from equation (3.13) that by the end of the current computational step

			[image: ],	(3.14)

			here ΔU – the change in the internal energy of the propellant gases ­expended to perform the work A required to accelerate the projectile with the fictitious mass φM; Icom – the total enthalpy introduced with the propellant gases into the ­behind-the-projectile space; and Ires – the residual enthalpy at the end of the current computational step after the work of projectile acceleration has been performed. Equation (3.14) may be regarded as a simplified enthalpy-based analogue of the Résal equation. From the relation

			[image: ]	(3.15)

			the pressure of the propellant gases at the end of the calculation step is determined.

			Step 6. If, by the beginning of the next calculation step, the entire propellant charge has not been consumed, proceed to Step 2.

			Step 7. The calculation is performed in accordance with the method described in Steps 2–5, but without accounting for the inflow of propellant gases into the behind-the-projectile space. The termination time of the calculation is defined as the instant when the projectile reaches the muzzle.

			In the course of the calculation, for each propellant-gas element wi (Fig. 3.5), the current temperature can be determined from the equation of state.

			3.4.3 Results of modeling the temperature distribution in the barrel region between the chamber and the moving projectile

			For the model system (Table 3.2) corresponding to the 2A36 gun, the temperature distribution of the propellant gases along the barrel length during the firing process at various time instants was calculated using the method described in the previous section.

			The averaged firing characteristics were selected so that the characteristic terminal parameters of the shot were close to the corresponding terminal parameters of the real system (Table 3.3).

			As a result of the calculations, it was established that when 0.5 kg of propellant charge is burned with the projectile fixed in the chamber, a pressure of approxi­mately 3.06 · 107 Pa is reached, which is close to the adopted value of the forcing pressure. The subsequent combustion process of the remaining portion of the charge with a mass of 10.5 kg was approximated using a discrete scheme and divided into 35 computational steps with a mass increment of [image: ] at each step.

			

				
					
							
							Table 3.2 Firing parameters of the model artillery system

						
					

					
							
							Name

						
							
							Symbol

						
							
							Value

						
					

					
							
							Caliber

						
							
							d, m

						
							
							0.152

						
					

					
							
							Barrel cross-sectional area

						
							
							S, m2

						
							
							0.0181

						
					

					
							
							Free volume of the propellant chamber (excluding propellant volume)

						
							
							WKC, m3

						
							
							0.0155

						
					

					
							
							Length of the free volume of the propellant chamber

						
							
							xKC, m

						
							
							0.85

						
					

					
							
							Projectile mass

						
							
							M, kg

						
							
							46

						
					

					
							
							Propellant mass (reduced charge)

						
							
							m, kg

						
							
							11

						
					

					
							
							Specific enthalpy of the propellant

						
							
							I, J/kg

						
							
							5.7 · 106

						
					

					
							
							Adiabatic index

						
							
							γ

						
							
							1.2

						
					

				
			


			

				
					
							
							Table 3.3 Characteristic values

						
					

					
							
							Name

						
							
							Symbol

						
							
							Value

						
					

					
							
							Forcing pressure

						
							
							Pf, Pa

						
							
							3 · 107

						
					

					
							
							Projectile velocity (for the reduced charge)

						
							
							V, m/s

						
							
							775

						
					

					
							
							Projectile velocity at the end of propellant combustion ([image: ])

						
							
							[image: ], m/s

						
							
							620

						
					

				
			


			By adjusting the value of the expression in parentheses in formula (3.6), the calculated velocity values [image: ] = 633.5 m/s and V = 774.5 m/s were obtained, which are in satisfactory agreement with the reference data presented in Table 3.3. In these calculations, the parameter value u0 · F = 8.65 · 10–8 m3/s was adopted.

			Since, during the calculations, the main reference quantities were reproduced with a high degree of proximity to the specified values, it can be reasonably assumed that the resulting calculated temperature distribution of the propellant gases in the space behind the projectile adequately reflects the actual behavior of the process under consideration.

			The graphs presented below show the results of the calculations performed on the basis of the data from Tables 3.2, 3.3. Fig. 3.6 illustrates the variation of propellant gas pressure, while Fig. 3.7 presents the temperature distribution in the space behind the projectile for different projectile positions corresponding to the scheme shown in Fig. 3.5.

			It should be noted that the pressure values in Fig. 3.6 are referred to a point ­rigidly attached to the base of the projectile, which explains why the initial section of the curve does not originate at zero. In this case, the abscissa coordinate is determined by the length of the charge chamber, while the ordinate represents the forcing pressure.

			[image: ] 

			In Fig. 3.7, the temperature fields are shown for points corresponding to different portions of the propellant gases. All the portions considered have the same mass (0.3 kg in the present calculation); however, due to differences in the instantaneous pressure, their spatial extent in the space behind the projectile is not the same. For this reason, the initial abscissa coordinates of curves 1, 2, and 3 in Fig. 3.7 do not coincide, which reflects the physical features of the propellant gas distribution during the firing process.

			[image: ]

			Analysis of the results of the performed calculations shows that up to the point of complete combustion of the propellant charge, the conditions for the Boudouard-Bell reaction in the cartridge space are practically absent. This is clearly illustrated by the temperature distributions shown in Fig. 3.7 (curves 1 and 2): at this stage, the temperature of the propellant gases along the entire length of the cartridge volume predominantly exceeds the lower threshold for the onset of the aforementioned ­reaction (see also the boundary curve 4 in Fig. 3.7). Thus, during the active combustion period of the charge, the formation of a condensed phase in the form of soot is thermodynamically not realized.

			A different situation is observed during the subsequent expansion stage of the propellant gases after the completion of charge combustion, which corresponds to the temperature distribution shown in Fig. 3.7 (curve 3). At this stage, regions are formed in the cartridge space where the temperature drops below the threshold for the carbon monoxide disproportionation reaction, creating conditions for the Boudouard-Bell reaction and, consequently, for the formation of a condensed carbon phase. At the moment the projectile passes the muzzle, the highest temperatures are maintained near the base of the projectile and the base of the chamber.

			In the central part of the propellant gas volume, the temperature remains below the threshold value corresponding to the onset of the CO disproportionation reaction for the longest period. It is precisely in this zone that the most intensive formation of the condensed phase is expected, which may have a noticeable effect on the composition of the firing products and the characteristics of the exiting gases.

			In order to assess the influence of the degree of degradation of the propellant charge on the magnitude of the main firing parameters, an additional calculation was performed for the propellant with the same gross formula (3.2) but with an 8% reduction in its energy capacity (propellant degradation). Using the ­adopted specific enthalpy value of I = 5240J/kg and other initial data corresponding to Tables 3.2, 3.3, the calculated dependencies presented in Fig. 3.8, 3.9 were obtained. For convenience of comparison, the notations and graphical representations analogous to those shown in Fig. 3.6, 3.7 were used.

			As a result of the performed calculations, the characteristic velocities of the combustion products were determined, amounting to [image: ] and V = 750 m/s. A comparison of the obtained values with the previously calculated corresponding values for fresh propellant showed that the difference between them does not exceed 2.5–3.5%, which indicates the preservation of the overall gas-dynamic characteristics of the process and confirms the correctness of the adopted computational model.

			[image: ]

			[image: ]

			The pattern of changes in the pressure and temperature profiles of the combustion products generally remained similar to those shown in Fig. 3.6, 3.7. At the same time, the absolute values of these parameters underwent significant changes. In particular, in the considered case, the expected decrease in maximum pressure is observed. Simultaneously, the temperature levels in most of the combustion products' volume, as well as during the majority of the process duration, remain below the threshold value that determines the possibility of the Boudouard-Bell reaction occurring. This circumstance indicates a reduction in the intensity of this reaction and, consequently, an increased likelihood of the formation of a condensed phase, primarily carbon.

			To assess the range of variation in the temperature of the combustion products when varying the charge amount, an additional calculation was performed for a mass of fresh propellant m = 18.4 kg, corresponding to the full charge. The results of this calculation are presented in Fig. 3.10, 3.11. In their presentation, the notations and range of displayed quantities are consistent with those used in Fig. 3.6, 3.7. This ensures a clear comparison and continuity in the analysis of the obtained data.

			[image: ]

			[image: ]

			For the case under consideration, the reference values of the characteristic velocities were taken as V = 945 m/s and [image: ]. The conducted calculations ­yielded refined values of these parameters, amounting to V = 944 m/s and [image: ], respectively. The practical coincidence of one of the velocities with the reference value and the moderate deviation of the other indicate satisfactory agreement of the calculated data with the initial assumptions and confirm the robustness of the chosen model for describing the process.

			A characteristic feature of the obtained results is that the temperature of the combustion products near the bottom of the charge chamber, as well as in the muzzle region, exceeds the threshold value that determines the possibility of the Boudouard-Bell reaction. This circumstance is of fundamental importance for interpreting the physicochemical processes accompanying the muzzle blast. Under ­conditions where the temperature exceeds this threshold, the formation of a condensed carbon phase becomes thermodynamically unfavorable, and consequently, the sooty component in the combustion products does not form.

			In other words, during the initial and final phases of the muzzle blast, the presence of soot in the ejected combustion products is not expected, which may have a noticeable effect both on the optical characteristics of the muzzle flame and on the overall structure of the gas outflow from the barrel.

			3.4.4 What the calculation results show: determination of the ignition point and the shape of the muzzle flash

			The considered model of internal ballistics processes is based on a number of fundamental assumptions that allow a significant simplification of the mathematical description of the phenomena taking place, thereby making the model suitable for performing preliminary calculations. In particular, the model employs averaged parameters of the propellant gases, simplified relations for their expansion, and idealized boundary conditions, which undoubtedly limits the strict applicability of the model. Nevertheless, a comparison of the simulation results with known experimental and computational data shows that the obtained dependencies of propellant gas pressure variations along the barrel during a shot do not contradict, either qualitatively or quantitatively, the generally accepted concepts of internal ballistics.

			At the same time, an analysis of the thermal regime of the propellant gases revealed a number of features worthy of separate consideration. The nature of the temperature variation of propellant gases along the barrel during a shot proved to be considerably more complex and cannot be described by a monotonic or quasi-­linear distribution. The performed calculations showed that, for a significant portion of the shot duration, the propellant gas temperature values in the initial and muzzle regions of the barrel exceed the corresponding values in its central part. Thus, the temperature field in the barrel exhibits a pronouncedly non-uniform character, with temperature maxima localized in regions different from the geometric center of the space behind the projectile.

			It should be noted that in most available sources, such a feature of the temperature distribution is either not considered or not explicitly recorded, which is ­likely due both to the limited capabilities of experimentally measuring the propellant gas temperature along the barrel and to the use of simpler computational models. At the same time, a similar pattern of temperature variation along the barrel can be observed, for example, in [8], which presents numerical simulation ­results demonstrating elevated temperature values near the beginning and end of the barrel (Fig. 3.12). In this figure, the horizontal axis represents coordinates along the barrel length from the breech (0) to the muzzle (7), and the vertical axis represents time during the shot. Points at the boundary between parts of the image in the upper-left and lower-right corners (light blue) indicate the position of the projectile base (horizontal axis) at the corresponding moments in time (vertical axis). The distance from any point on this boundary to the vertical axis represents, at the corresponding moment (vertical axis), the length of the barrel portion behind the projectile occupied by the propellant gases. Changes in the color scale along this segment reflect the spatial distribution of propellant gas temperatures behind the projectile at the given moment.

			[image: ]

			The results obtained in the present work, despite their approximate nature, can be considered as a theoretical basis for further analysis of the relationship between the parameters of the propellant gas expansion process in the barrel and the features of muzzle flash formation. In particular, the identified non-uniformity of the temperature field may have a significant impact on the intensity of chemical and gas-dynamic processes in the muzzle region, which opens up prospects for a more detailed study of the mechanisms of muzzle flash initiation and development based on refined internal ballistics models.

			Analysis of images of the muzzle blast and the accompanying flash shows that their structure and characteristics vary significantly depending on the firing conditions. The observed diversity of spatio-temporal forms of the muzzle blast indicates the complex nature of the physicochemical processes occurring in the projectile chamber.

			As a characteristic example, consider the results of muzzle blast visualization for the 2A36 gun. The images presented in Fig. 3.1, 3.3 clearly show that soot clouds are present along the entire length of the muzzle blast. The soot is evenly distributed along the jet, giving the blast a uniform dark appearance accompanied by intense glow during subsequent combustion.

			A different picture is observed in Fig. 3.2. In this case, the soot-containing region occupies only part of the muzzle blast, and its volume is noticeably smaller compared to the corresponding regions in Fig. 3.1, 3.3. Moreover, at least two zones with almost no soot can be distinguished in the structure of the muzzle blast in Fig. 3.2. The first is located at the front of the blast, ahead of the soot cloud (Fig. 3.2, b) and is highlighted with a red contour. The second zone is behind the soot cloud, closer to the muzzle face of the barrel (Fig. 3.2, c), and is marked with a yellow contour. It should be noted that against the bright glow of burning soot, these zones are weakly visible and become discernible only upon detailed image analysis.

			One of the characteristic features of the muzzle blast is the spatial location of the muzzle flash initiation point. Analysis of the experimental data presented in Fig. 3.1, a and Fig. 3.2, a shows that in some cases, ignition of the muzzle blast is initiated at the front of the soot cloud, highlighted in red in the corresponding images. At the same time, the results shown in Fig. 3.3, b indicate a qualitatively different scenario: the initiation of the muzzle flash occurs in a region immediately adjacent to the muzzle face. Thus, experimental observations reveal variability in the location of the ignition zone.

			These features of the muzzle blast and flash are explained by the results of approximate thermochemical calculations based on the proposed model. The data presented in Fig. 3.7, 3.9 indicate that by the time the projectile reaches the muzzle, temperature conditions favorable for the Boudouard-Bell reaction, accompanied by solid carbon (soot) formation, are established along almost the entire barrel length. However, the realization of these conditions strongly depends on the state of the propellant charge.

			In the case of a degraded propellant charge (Fig. 3.9), the temperature of the PG drops below the threshold value corresponding to the onset of carbon monoxide disproportionation even before the projectile exits the barrel. This leads to a high likelihood of soot formation throughout the projectile chamber. As a result, soot particles are present along the entire length of the muzzle blast, which is consistent with the experimental observations shown in Fig. 3.1, 3.3, b.

			A different situation occurs when using a fresh propellant charge (Fig. 3.7). In this case, the PG temperature drops below the characteristic level of approxi­mately 1300 K only in localized regions – near the chamber and at the base of the projectile – and only during the final stage of its travel through the barrel, immediately before exiting the bore. Under these conditions, the likelihood of soot formation in the initial and final phases of the muzzle blast is significantly lower than in its middle part. Such a distribution of the soot phase may correspond to the experimental picture shown in Fig. 3.2.

			Definitive confirmation of this scenario is provided by the calculations for a full fresh propellant charge (Fig. 3.11). According to these data, by the time the projectile is near the muzzle, the high PG temperature in the chamber and at the base of the projectile prevents soot formation along the entire projectile chamber. Therefore, soot inclusions in the muzzle blast occupy only a limited section of its length, which also agrees with experimental observations (Fig. 3.2).

			The spatial location of the muzzle flash initiation point can be further explained by considering the PG temperature profile along the barrel. Calculations show the presence of temperature maxima in the chamber region and near the muzzle face. The ignition temperatures of the main combustible components of the muzzle blast – hydrogen (around 800 K) and carbon monoxide (around 900 K) – play a significant role. As follows from the calculation data (Fig. 3.6–3.8), during PG expansion and outflow, their temperature can fall below these limits, and this decrease continues even after the gases exit the barrel.

			As a result, under certain combinations of firing parameters, propellant charge state, and thermodynamic outflow conditions, ignition of the combustible components of the muzzle blast may not occur. In such cases, a muzzle flash does not form, as observed in Fig. 3.13.

			Thus, the presence, spatial localization, and intensity of the muzzle flash are determined by the combined influence of the temperature field of the propellant gases, the kinetics of soot formation, and the ignition conditions of the gas phase outside the bore.

			[image: ]

			The examples presented above clearly demonstrate the complex, multivalued, and nonlinear relationship between the parameters of the internal ballistic ­processes of a shot and its external manifestations, in particular the characteristics of the muzzle outflow and the muzzle flash. The formation of these external effects is governed by the combined action of thermo-gas-dynamic processes within the bore, the evolution of propellant-gas pressure, the burning rate of the charge, as well as the conditions of combustion-product discharge beyond the muzzle. Even minor variations in internal parameters may lead to qualitatively different external manifestations, which substantially complicates the direct interpretation of observed effects.

			At the same time, the parameters of internal ballistics are not invariant and depend to a large extent on the current condition of the elements of the artillery system. Among the determining factors, first and foremost, are the condition of the propellant charge and the technical state of the barrel. The degree of propellant-charge degradation caused by aging, moisture exposure, thermal cycling, and mechanical damage leads to changes in its energetic and kinetic characteristics, including the burning rate, heat of explosion, and gas generation. Similarly, wear of the bore – manifested as an increase in diameter, distortion of rifling geometry, and changes in surface roughness – has a noticeable effect on projectile motion conditions, propellant-gas leakage, and the pressure distribution along the barrel.

			The combined influence of these factors results in internal ballistic parameters effectively carrying information about the current technical condition of the artillery system. Consequently, given an adequate physico-mathematical model describing the relationship between internal processes and the external manifestations of a shot, it becomes fundamentally possible to develop a method for diagnosing the system state directly during firing and in real time.

			The proposed model makes it possible to treat this problem as an inverse problem of internal ballistics, in which the internal parameters of the system – including the degree of barrel wear and the degree of propellant-charge degradation – must be reconstructed from measured or recorded external indicators of the shot (parameters of the muzzle outflow, the intensity and shape of the muzzle flash, and the temporal characteristics of gas discharge).

			It should be noted that solving inverse problems of internal ballistics is associated with significant computational difficulties. These arise from the nonlinearity of the governing equations, their stiffness, and the non-uniqueness of the ­correspondence between internal parameters and observable external effects. Direct numerical solution of such a problem in real time is generally difficult or practically impossible when using standard computational approaches.

			To overcome these limitations and to enable the operational use of results during firing, it is expedient to apply the so-called "library" method [13]. The essence of this method lies in the preliminary formation of an extensive array (library) of solutions to the direct internal ballistics problem for various combinations of system state parameters. Each element of the library corresponds to a set of characteristics of the external manifestations of a shot, calculated or obtained experimentally for a fixed state of the artillery system.

			Within the framework of the problem under consideration, the library can be formed by recording the parameters of the muzzle outflow and muzzle flash for known and fixed values of barrel wear and propellant-charge degradation. During actual firing, the measured external parameters are compared with the library entries, which makes it possible to estimate the current state of the system with acceptable accuracy and minimal computational cost. This approach provides a compromise between the physical fidelity of the model and the requirements for computational efficiency, making it promising for practical implementation in technical monitoring systems and automated control of artillery complexes.
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			CHAPTER 4

			Methods for determining the states of an artillery gun under dynamic disturbances

			Oksana Maksymova, Pavlo Gultsov, Volodymyr Demydenko, Yevhenii Dobrynin

			Abstract

			This chapter develops a comprehensive model for assessing the technical condition and combat capabilities of a self-propelled artillery system (SPAS) considered as a complex dynamic object operating under conditions of cumulative wear and exposure to external combat factors. An approach to formalizing the system state is proposed, based on the integration of acoustic, visual, thermodynamic, and mechanical parameters with the construction of a generalized system of serviceability criteria.

			Mathematical models are developed to describe the acoustic field of a shot, the processes of formation and evolution of the muzzle discharge, as well as methods for evaluating barrel stability with account taken of thermal and mechanical wear factors. An information model of artillery barrel operation is formulated, incorporating multivector serviceability conditions and enabling automation of residual life calculations.

			A state tree of the system is constructed for rank-based assessment of the current technical condition, and combat capability criteria are integrated into a unified decision-making model using the ideal point method. An analytical relationship is derived to determine the required number of rounds to engage a target with a specified probability, together with a time-based model for evaluating mission execution that considers a window of particular vulnerability and maneuverability constraints. Computational examples demonstrate the practical implementation of the proposed approach and its applicability to assessing the risk of system loss and substantiating the advisability of opening fire.

			The results establish a methodological foundation for further automation of condition monitoring of artillery systems and may be employed as an algorithmic module within decision-support systems for combat employment.

			Keywords

			Self-propelled artillery system, dynamic assessment, combat capability, barrel service life, state tree, decision-making model, time budget.

			4.1 Introduction

			Modern artillery systems operate in highly dynamic conditions characterized by rapid fire exchange, intensive mechanical and thermal loading, and the necessity for continuous assessment of technical state and combat readiness. Under such conditions, traditional static evaluation approaches are insufficient, and operational monitoring based on physical signals generated during firing becomes essential.

			Acoustic emissions, thermal radiation of muzzle gases, mechanical vibrations, and optical manifestations of the muzzle blast contain informative data about internal ballistic processes and system condition. Processing such heterogeneous information requires mathematical models combining physical description with statistical estimation and parameter identification techniques [1–3].

			Existing studies have addressed individual aspects of artillery system assessment, including acoustic monitoring of firing processes, thermal diagnostics of barrel condition, and statistical models for projectile trajectory estimation. In many of these works, attention is primarily focused on the analysis of specific physical signals or on isolated parameters characterizing firing efficiency and barrel wear. While such approaches provide valuable diagnostic information, they are typically limited to separate subsystems or measurement modalities and do not explicitly integrate operational factors such as ammunition availability, mobility constraints, and survivability considerations. In contrast, the approach proposed in this chapter aims to combine heterogeneous physical indicators with operational parameters ­within a unified dynamic framework for evaluating the current combat capability of a self-propelled artillery system.

			Repeated thermal and mechanical loading leads to barrel wear, erosion, and structural degradation, which affect projectile velocity and firing accuracy. Therefore, predictive models for resource estimation based on operational data are required to evaluate residual service life and system performance [4–6].

			Modern combat doctrine emphasizes high-mobility tactics such as "shoot-and-scoot", where fire missions are followed by immediate relocation to reduce vulnerability. Decision-making must account for technical parameters, ammunition availability, mobility constraints, and survivability. Formalized state models and transition-based representations provide a unified framework for integrating these factors [7–9].

			This chapter develops a system of dynamic criteria for evaluating the current combat capability of a SPAS. The criteria include firing efficiency, accuracy degradation, ammunition stock, mobility level, and ability to operate under partial system damage. Their aggregation into an integrated metric enables quantitative comparison of operational states and supports tactical decision-making.

			Special attention is given to engagement scenarios involving high-value time-critical targets. In such situations, feasibility analysis must consider probabilistic hit models, time constraints, and survivability risks. The proposed framework integrates resource assessment, mobility analysis, and probabilistic engagement modeling into a coherent structure suitable for practical implementation in automated support systems [10].

			The methodological approach is illustrated using parameters typical for modern 155-mm self-propelled artillery systems, with the Archer SPAS (BAE Systems, ­Sweden) used as a representative prototype for numerical modeling.

			4.2 Analysis of models and methods for determining the states of an artillery gun

			Mobility of artillery is a determining factor in preserving combat capability, since counter-battery warfare systems enable the adversary to rapidly detect firing positions and deliver a retaliatory strike. This has led to the widespread adoption of the "shoot-and-scoot" tactic, which involves executing a fire mission followed by an immediate change of position. Modern artillery systems, due to their high rate of fire and mobility, implement multiple cycles of "shot – displacement – shot" within a short time interval [11].

			Scientific sources consider models that account for rate of fire, targeting procedures, firing errors, and the probability of target engagement, as well as approaches to selecting positions and routes with regard to terrain topology and feedback control [12]. The Markov model of artillery combat describes the organization of fire but does not account for the reduction in effectiveness caused by combat damage during maneuvering. Studies [13, 14] emphasize temporal parameters of combat and the minimization of target engagement time while considering the risk of detection after the first shot.

			For the analysis of the artillery system state, informational features of a shot are considered (Fig. 4.1). The main features include the acoustic fields of the ballistic and muzzle waves (MW), as well as visual manifestations of the muzzle discharge in the visible and infrared spectra. Assessment of system operability additionally accounts for barrel wear, deterioration of the running gear, and possible combat damage.

			[image: ]

			4.3 Acoustic waves for the identification of artillery guns

			Acoustic field of a shot is formed by ballistic and muzzle waves and can be used to determine the location of an artillery system [15]. Physical models and experimental data make it possible to establish the main parameters of these waves and assess their informational value.

			When a projectile flies at a velocity V > c, a ballistic wave (BW) is formed with a front in the form of a Mach cone. The opening angle is determined by

			[image: ]	(4.1)

			where M – the Mach number.

			The BW signal is a short-duration broadband pulse lasting 3–8 ms with a characteristic frequency band of 1–10 kHz. Its amplitude and temporal parameters can be estimated using the empirical acoustic model of a shock wave generated by a supersonic projectile (Whitman model), which is applied in studies devoted to estimating flight parameters based on acoustic signals:

			[image: ]	(4.2)

			[image: ]	(4.3)

			while the rise (and decay) time of the pulse front is

			[image: ]

			where A – the amplitude of the BW, Pa; TN – the duration of the main part of the pulse; [image: ] – the duration of the rise and decay fronts of the BW pulse, respectively; P0 – the atmospheric pressure; φ – the projectile caliber; l – the projectile length; dsM – the shortest distance from the recording point to the Mach cone; c – the speed of sound in air; λ ≈ 6.8 × 10–8 m – the mean free path of an air molecule.

			The BW is recorded by a microphone only if the observation point lies inside the Mach cone. At a certain point along the trajectory, the projectile velocity becomes lower than the speed of sound, and the wave disappears; therefore, it must be recorded at relatively short distances from the firing point. Due to the short rise time of the BW, it must be recorded with a high sampling rate.

			The MW is formed as a result of the expansion of propellant gases after the projectile exits the barrel. It propagates at the speed of sound and has an impulsive character with a sound pressure level of up to 150 dB. The signal duration is 30–50 ms, and the main spectral range extends up to 100 Hz.

			The shape of the overpressure pulse can be described by the generalized Friedlander model

			[image: ]	(4.4)

			where Amw – the pulse amplitude; T0 and β – parameters defining the pulse shape.

			Alternatively, the Berlage model is applied to describe the oscillatory structure of the pulse tail

			[image: ]	(4.5)

			where nr – the exponent characterizing the power-law rise rate of the leading front of the MW; α – the attenuation coefficient of the oscillatory process of the MW; f0 – the dominant frequency.

			The MW front has a spherical character; however, at distances exceeding 50 m it may be considered planar. For ranges up to 2–3 km, the amplitude of the muzzle wave typically exceeds that of the ballistic wave by a factor of 2–3 [15].

			Within the structure of the acoustic signal, the ballistic wave is recorded earlier than the MW, since V > c. After the short ballistic wave impulse, a pause is observed, followed – after a temporal delay – by the arrival of the muzzle wave. The total duration of recording the signal of a single shot is approximately 0.6 s.

			When recording signals in the near-ground atmospheric layer, the dominant interference is wind noise, which spectral density decreases proportionally to 1/f, corresponding to the "pink noise" model. Experimental data confirm the adequacy of such a description.

			A typical representation of the recorded acoustic field at SNR = 10 dB is shown in Fig. 4.2. The segments corresponding to the ballistic wave and the muzzle wave are clearly identified in the recording against the noise background. Analysis of experimental data confirms the adequacy of the pink noise model for describing real interference.
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			4.4 Visual field of propellant gases in the muzzle discharge

			The muzzle discharge of propellant gases after the projectile exits the barrel exhibits a complex spatial structure formed by the axial flow and lateral jets through the openings of the muzzle brake. The dynamics of its development contain informative features for the identification of the artillery system. Their registration is possible by means of high-speed video recording. Experimental data from field firing tests were used for the analysis [16].

			Studies [17, 18] substantiate the feasibility of using video data of the muzzle discharge for diagnosing the state of an artillery system. Temporal changes in the geometric parameters and temperature of the gases during the transition from a shock wave to an acoustic wave have been recorded.

			Fig. 4.3 presents a generalized frame-by-frame sequence of the development of the muzzle discharge for different variants of propellant charges at characteristic time moments of 0.04 s and 0.12 s after the projectile exits the barrel. The selected intervals correspond to the initial stage of gas volume formation and the stage of its intensive expansion. A comparison of the frames indicates significant differences in the spatial configuration and luminosity intensity for charges with different energy characteristics.

			[image: ]

			The complete temporal evolution of the process within the interval of 0.04–0.16 s is presented in Table 4.1. Joint data processing revealed differences in the projected pressure and temperature distributions for different charges. The transition time from the shock wave to the acoustic wave depends on the charge energy and lies within 0.04–0.12 s after projectile exit.

			Geometric and temperature parameters of the muzzle discharge can be used as identification features of a shot.

			The time interval from 0 to 0.20 s is characterized by intensive formation and expansion of the muzzle discharge volume, which is analyzed in detail for different charge variants (Fig. 4.3, Table 4.1). Further development of the process is mainly determined by the interaction between the gas volume and the atmospheric environment.

			

				
					
							
							Table 4.1 Perimeter of the generatrix, projected area, and gas temperature in the muzzle discharge within the time interval of 0.16 s after projectile exit
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			The analysis results make it possible to distinguish two independent identification channels. The first is the variation of the projected area of the muzzle discharge volume, which increases monotonically until pressure equalizes with the atmosphere, after which its evolution is governed by diffusion and wind-driven processes [18, 19]. The dynamics of this process are observed within the time interval of 0–0.2 s and are characterized by a stable tendency toward an increase in the projected area.

			The second is the temperature characteristic of the gas volume, which decreases during expansion but may exhibit a local maximum at the moment of oxidation of combustion products in the atmosphere. The mixing of propellant gases with atmospheric oxygen is accompanied by oxidation of soot particles and additional energy release, which explains the possible temperature surge and the appearance of a flame.

			Within the time interval up to 0.20 s, a characteristic spatiotemporal structure of the muzzle discharge is formed, after which the process transitions to a stage of gradual reconfiguration and interaction with the atmospheric environment.

			Fig. 4.4 illustrates the development of the three-lobed shape of the muzzle discharge within the interval of 0.24–0.54 s after the shot. The frame sequence is presented with a time step of Δt = 0.08 s. Visual features of the shot persist for up to 1 s after the projectile exits the barrel.

			[image: ]

			4.5 Methods for calculating the stability of artillery system barrels

			4.5.1 Methods and models for calculating the stability of an artillery barrel

			Barrel stability (service life) is determined by the wear rate of the bore and depends on two groups of factors – thermal and mechanical.

			Thermal factors include:

			– heating of the bore by propellant gases with temperatures of 2000–3500 K; 

			– heating of the bore surface due to frictional heat in the contact zone of the projectile driving bands; 

			– heat generation within the barrel metal caused by deformation under the pressure of propellant gases and the impact interaction of the projectile's centering band with the rifling.

			Mechanical factors are associated with wear of the heated barrel resulting from erosive removal of metal by the flow of propellant gases, as well as wear in the clearances between the projectile driving band and the bore surface and its guiding elements.

			The wear intensity is determined by the gas temperature, the projectile muzzle velocity, the barrel caliber, and the material properties. The permissible number of shots N is estimated using the empirical relationship

			[image: ]	(4.6)

			where KT – the temperature coefficient accounting for the energy capacity of the propellant and the characteristics of the barrel steel; Cq – the weapon power; v0 – the projectile muzzle velocity; d – the bore diameter.

			For guns with similar ballistics and a constant propellant grade, KT is assumed to be constant.

			If the value of the coefficient KT is unknown, expression (4.6) is conveniently used for a comparative assessment of stability when varying the muzzle velocity, caliber, and projectile mass. As a first approximation, KT may be taken for medium-caliber guns as KT ≈ 7 × 1024. It is important to correctly determine stability for high-power systems characterized by [image: ] tf · m/dm3. 

			The firing mode significantly affects barrel heating and, consequently, its service life. At high rates of fire, critical deformations and a reduction in accuracy are possible; therefore, stability control is ensured by limiting burst length and intervals between shots.

			For calculating the stability of such systems, Yustrov's expression may be applied

			[image: ]	(4.7)

			where x = f1(pmax, R, k, Qh); pmax – the maximum pressure in the barrel bore; R – the gas constant of the propellant gases; k – the adiabatic exponent of the propellant gases; y = f2(d, n); n – the rate of fire; [image: ], where Lc – the barrel length; σ – the ultimate tensile strength of the barrel material; ε – the relative tangential strain of the barrel walls; μ – the friction coefficient of the driving band against the barrel walls; k1 – the compressive strength of the driving band material; Cq – has the dimension of gf/cm3; d – has the dimension of cm. Barrel stability N is determined by a 10% reduction in the muzzle velocity v0.

			Various empirical relationships (Yustrov, Linthe, Gabo, Slukhotsky) are used to estimate service life, taking into account geometric, ballistic, and technological parameters. However, their applicability is limited to specific experimental conditions; therefore, modern systems require adaptation of the models based on actual operational data.

			4.5.2 Methods and models for calculating the stability of the "barrel – charge – projectile" system

			Methods and models of wear and stability are considered as a consequence of the transition from lumped to distributed system properties. This approach is necessary for predicting barrel stability without conducting experimental testing and for evaluating the effectiveness of technological measures aimed at reducing wear. Mathematical models must take into account the characteristics of the "barrel – charge – projectile" system and the effectiveness of the applied technologies.

			The complexity of modeling is determined by the large number of factors influencing wear and stability. A simulation model should include the calculation of the barrel temperature field, bore wear characteristics, internal ballistic parameters of the shot, projectile dispersion for a worn barrel, and the functional limit of the projectile driving elements.

			In calculation methods, reliance on "analogs" creates the problem of the absence of reference values. Therefore, modern computational approaches employ fundamental mathematical models with a high level of generalization rather than empirical formulas based on lumped properties. Thermal field modeling is performed under firing regimes typical for the barrel and involves the selection of "analogues" based on heat transfer and wear results.

			The specific diametral wear Δdspec is calculated per shot, taking into account the geometry of the bore, the firing regime, instantaneous heat transfer and cooling coefficients, as well as the thermophysical properties of the material. The maximum surface temperature of the bore [image: ] is determined for a series of cross-sections. Based on this value, the material damage characteristic of the bore δd and the corresponding energy expenditures for damage formation Ad are determined.

			The empirical dependence of the specific diametral wear can be expressed as a power function

			[image: ]	(4.11)

			where A – the experimental coefficient; α, β, γ – experimentally determined ex­ponents.

			The values of the arguments and the coefficient A are determined on the basis of design – ballistic and operational data, taking into account the adopted calculation method. The application of the dependence to new weapon systems is valid within the limits of parametric similarity to the reference "analogue" for which its identification was performed.

			Based on Δd, the following barrel bore parameters are calculated: the elongation of the chamber Δλ1, the increase in projectile travel distance until complete engagement of the driving band Δλ2, and the area of propellant gas breakthrough δS. Neglecting the longitudinal wear δl and approximating the wear curve by a straight line, let's obtain:

			[image: ]	(4.12)

			These dependencies are valid under the condition that [image: ].

			Otherwise, Δλ1 = 0, δS = 0, and only the geometry of the forcing cone changes.

			The value of cot  β is corrected based on experimental data. The calculation is performed for the extreme values of the expected number of shots (N1, N2) or for a single number of shots N.

			To assess the internal ballistic characteristics of the shot and the reduction in muzzle velocity, the internal ballistic problem for a worn barrel is solved, taking into account the engagement of the driving band and gas leakage. The failure criterion of the driving elements is determined simultaneously. Methods of plasticity theory account for the dynamic deformation of the driving band (DB) and make it possible to determine whether the protrusions of the DB will be sheared and whether the barrel will reach its stability limit at a given level of wear.

			Barrel stability is assessed by comparing the reduction in muzzle velocity Δv0 and the shear of the driving band. This can be performed for a given N or for an admissible velocity reduction Δ[image: ] at which the corresponding Δλ1, Δλ2, and δS are determined.

			To evaluate stability according to the criterion of projectile dispersion or ovality of impact holes, the external ballistic problem is solved, taking into account the initial deviations of translational, rotational, and nutation velocities caused by bore wear.

			4.6 Information modeling of artillery barrel operation

			The task of modeling the operation of an artillery barrel is associated with incomplete or redundant and potentially contradictory input data. This specificity necessitates a stepwise consideration of the process, taking into account the intensity of combat operations.

			4.6.1 Automation of modeling of artillery barrel operation

			Automation must ensure the input of any initial data obtained during operation, as well as monitoring of the limiting properties of the barrel required for mission execution.

			The result of modeling artillery barrel operation is the acquisition of reliable data on the service life and the characteristics of its variation depending on the initial firing conditions. The system must provide the possibility, at the operator's discretion, to use non-limit values of the input data to extend the period of resource utilization without violating the logic of combat operations.

			The formation of different scenarios for the use of residual service life is envisaged.

			The informational nature of the process makes it possible not only to automate modeling but also to optimize it in real time on the basis of modern computing systems. The information model is considered as a set of mathematical models of distributed properties, models of serviceability states, and interface tools for displaying results. The basis for constructing the information model is the need to assess the barrel state, ensured by a set of model-based calculations of its current properties. The sources for model formation include technical documentation of the weapon system, results of range and ballistics tests, as well as statistical data from serial production.

			The model input data include constants of mechanical, thermophysical, and chemical-kinetic quantities, as well as data arrays of properties required for calculations.

			The analysis of the processes occurring in the barrel during operation has made it possible to identify groups of parameters for evaluating the residual service life.

			The first group characterizes the general, longitudinal, and local strength of the barrel. The serviceability condition for this group has the form σ ≤ [σ] and P1 ≤ [P], where [image: ] – the vector of calculated strength parameters; [image: ] – the vector of calculated allowable elastic and resistance parameters; [σ] – the vector of allowable stress values; [P] – the vector of required resistance values; the corresponding safety factors are determined experimen­tally; σeq – the equivalent stress in the barrel rifling; σej – the maximum stress in the region of injection holes; σmb – the maximum stress before the muzzle thickening; [image: ] – the elastic limit of the monoblock; [image: ] – the limit of possible resistance of the reinforced (banded) barrel; [image: ] – the elastic resistance of the barrel sleeve; [image: ] – the conditional elastic limit; [image: ] – the destructive pressure.

			The second group characterizes changes in the shape, dimensions, and surface condition of the bore and is defined by the condition δ ≤ [δ]. The components of the vector describe the state of the bore with respect to wear and may be determined either analytically or experimentally: [image: ] where Δdwps – the diametral wear per shot; Δλch – the chamber elongation; δm – the depth of the melting zone; δst – the depth of the structural transformation zone; δpl – the depth of the plastic deformation zone; δT – the thermal expansion of the bore; lcr – the average crack length.

			The third group describes the barrel as a mechanical vibrational system and is defined by the condition γ ≤ [γ], where the vector components are [image: ], γm – the muzzle angle; fst – the static deflection of the barrel under its own weight; EI – the bending stiffness of the barrel; νi – the natural frequencies corresponding to radial, transverse, and longitudinal vibration modes.

			The fourth group characterizes the barrel as a structural element of the system and is defined by the condition ε ≤ [ε], where the vector components are [image: ] where Qb – the barrel mass; Ji (i = 1, 2) – the mass moments of inertia; xcm – the coordinate of the center of mass; δrj – the radial expansion of the barrel at the junction with the cradle; Tch – the chamber surface temperature; Pb – the force acting on the breech.

			The thermal factor affects all groups of parameters and determines changes in the permissible stress values and material properties. This influence extends both to the magnitude of the parameter on the left-hand side of the inequality and to the magnitude within the allowable limit.

			Non-uniform heating of the barrel wall leads to the development of thermal stresses and to a reduction in the allowable stress due to the degradation of the strength properties of structural steel at elevated temperatures.

			The maximum surface temperature of the barrel is a determining factor in wear and must be taken into account within the second group.

			For different groups of barrel parameters associated with possible failure during operation, different characteristics of the thermal field are significant.

			For the parameters of the first group, the temperature gradient and the overall heating level are important; for the second group, the maximum temperatures are significant; for the third group, the longitudinal temperature gradient is decisive; and for the fourth group, the integral thermal characteristic δrj is relevant.

			Therefore, the thermal aspect of the serviceability conditions is expressed by the inequality T ≤ [T], where the vector of characteristic thermal parameters is [image: ] where Tb0 – the bore surface temperature at the beginning of rifling before the current shot, characterizing the overall heating ­level; Tmax – the maximum bore surface temperature; Tch0 – the chamber surface temperature before cartridge insertion; ΔTL – the longitudinal temperature difference of the average wall temperature along the barrel; Tp(x) – the temperature profile at the cross-section corresponding to the maximum pressure; Tcool – the coolant ­temperature at the outlet of the continuous cooling system; Tavg(r) – the average temperature across the wall thickness.

			Each of the listed property vectors should be understood as open, since the development of concepts regarding barrel serviceability expands the set of parameters. The system of inequalities forms a generalized model of the serviceability conditions. Its practical implementation requires the accumulation and systematization of experimental data, followed by iterative verification for new weapon systems.

			4.6.2 Automation of calculations using internal ballistic models for assessing barrel condition and service life

			Modern computational tools make it possible to automate the solution of internal ballistics problems and the assessment of barrel stability parameters, including the modeling of gas-dynamic processes, optimization problems, and inverse cal­culations.

			Classical approaches include empirical, analytical, and hybrid methods for solving the main internal ballistic problem, in particular models based on the generalized thermodynamic scheme of STANAG 4367.

			4.7 Method for dynamic assessment of the current combat capability of an individual self-propelled artillery system

			4.7.1 System of criteria for dynamic assessment of combat capability

			Let's consider a new combat unit – a next-generation SPAS. As a prototype, the Archer SPAS manufactured by BAE Systems (Sweden) [20] is selected, and its tactical and technical characteristics are adopted as the baseline for subsequent modeling.

			Let's assume that the general scheme of combat employment of an individual SPAS has the following structure. During targeting, i.e., determining the priority of targets and the sequence of their engagement [21], the system is assigned N targets Ti by the higher-level command, and their coordinates [image: ], are communicated for sequential engagement.

			Target engagement is carried out from prepared firing positions [image: ], each of which lies within the firing range corresponding to the respective target. After firing at target Ti from position i, and in accordance with the "shoot-and-scoot" concept, the SPAS moves to position I + 1 to engage target (Fig. 4.5).

			[image: ]

			Since combat capability can be assessed using different indicators, the following criteria were selected:

			1. Current shot effectiveness. Shot effectiveness is determined by relation (4.13) according to [1]. This implies that the projectile muzzle velocity, reduced due to barrel wear, [image: ], at the moment of assessment t is at least 0.95 of the tabulated value [image: ]. In the proposed methodology, the level of correct assessment of current shot effectiveness is determined using a rank-based control criterion:

			[image: ]	(4.13)

			[image: ]	(4.14)

			where Δ[image: ] – the deviation of the muzzle velocity from the tabulated value; [image: ] – the number of shots fired from the barrel from the time of the last instrumental assessment of the muzzle velocity v0 up to the moment of firing t.

			The acceptance criterion is defined by the condition Crit1 ≥ 0.95.

			2. Shooting accuracy reduction factor. This criterion accounts for combat damage (indirect hits) inflicted on the SPAS by the adversary, nattacks. Such damage reduces the probability of a shot hitting the target pfact compared with the probability of hitting without damage p:

			[image: ]	(4.15)

			[image: ]	(4.16)

			3. Residual ammunition stock (ammunition stock). The assessment of the resid­ual ammunition stock at time t, ASt, is performed according to the criterion

			[image: ]	(4.17)

			where ASfull – the full ammunition load of the SPAS. The critically low value of the criterion Crit3 is considered to be [image: ] (for ASfull = 21).

			4. Capability of firing in MRSI mode. The ability to fire in MRSI (Multiple Rounds Simultaneous Impact) mode may become unavailable due to indirect enemy hits causing failure of the vertical barrel elevation mechanism or its control system. Accordingly, the capability of firing in MRSI mode is evaluated according to the criterion:

			[image: ]	(4.18)

			The value 1 indicates the possibility of operating in MRSI mode, while 0 denotes its loss as a result of damage to the vertical elevation mechanism or its control system when nattacs ≥ 2.

			5. Rate of fire. The rate of fire of the SPAS may decrease due to indirect enemy projectile hits. The current rate of fire RFt is proposed to be evaluated according to the following criterion:

			[image: ]	(4.19)

			The first level of rate of fire corresponds to the situation RFt = RFmax shots per minute, where RFmax is the maximum rate of fire; the second level of rate of fire corresponds to the condition RFt = RFmax − 2; the third level of rate of fire corresponds to the condition RFt = RFmax − 3.

			6. Residual mobility. The SPAS movement from one firing position to another may be carried out either via roads or across rough terrain. Despite the adaptability of next-generation systems to movement along complex off-road routes, the tires of wheeled chassis may be damaged during such movement, resulting in a temporary reduction in speed and a decrease in mobility. The residual mobility at time t is proposed to be evaluated according to the criterion:

			[image: ]	(4.20)

			Let vt denote the average speed of movement of the SPAS over the time interval t. In this case, mobility corresponds to the first level if vt = vmax, where vmax – the maximum movement speed; to the second level if vt = vmax / 2; and to the third level if vt = vmax / 3.

			The six proposed criteria can be integrated into a unified assessment of the current combat capability of the SPAS using an aggregation based on the ideal point method with the L2 norm

			[image: ]	(4.21)

			where [image: ] – the maximum possible value of the corresponding criterion; wk – the weight of the respective criterion determined in accordance with the combat situation.

			The proposed approach provides an integrated assessment of the current system state based on criteria (4.13)–(4.20).

			4.7.2 Selection of the movement route between firing positions

			It should be emphasized that the movement of the SPAS between firing positions may be carried out either along roads or across rough terrain, as shown in Fig. 4.6.

			[image: ]

			When moving along roads, the high travel speed significantly reduces the relocation time. However, roadways are typically subject to intensive enemy fire. Therefore, there is a risk of the SPAS being hit during movement.

			When moving across rough terrain, the system's speed is lower; at the same time, wear of the running gear increases, but the probability of being targeted by enemy fire decreases and the movement trajectory becomes shorter.

			If several possible routes exist for movement from position FPi to position FPi+1, the optimal one can be selected by solving a two-criteria transportation problem with minimization of the objective functions – ravel time t and losses Q:

			[image: ]	(4.22)

			In this case, losses are evaluated as the product of the probability of a hit and the cost of the SPAS. It is proposed to assume that the probability of a hit is proportional to the time spent moving along a road under enemy fire. The two-criteria transportation problem is reduced to a linear programming problem. Its solution time on a computer of average performance does not exceed 5 seconds.

			4.7.3 Model of combat operations in an exceptional tactical situation

			Let's consider the combat employment of the SPAS in an exceptional tactical situation. The main task is counter-battery warfare, within which the system, using the "shoot-and-scoot" tactic, sequentially engages N targets Ti, moving between firing positions FPi, i = 1, …, N.

			Consider a situation in which, after engaging target Ti from position FPi, information is received about the appearance of a high-value target (EDT – especial danger target) requiring immediate engagement. The EDT is not an artillery battery but has significantly higher combat value. It must be engaged within a "window of especial danger" (WED) ΔtWED. The EDT is considered destroyed provided that at least two hits occur with probability p*.

			After receiving targeting information, the SPAS makes a short stop and opens fire from a temporary firing position (TFP). The spatial and temporal schemes are shown in Fig. 4.7, 4.8.

			It is assumed that after completing firing at position FPi, a dynamic assessment of the current combat capability of the SPAS is performed using the method formulated above.

			Based on the conducted dynamic assessment, a state tree of the SPAS is formed (Fig. 4.9), reflecting the most probable variants of event development.

			Before constructing the decision tree, it is assumed that the SPAS moves on prepared road surfaces and that its mobility is not restricted by external conditions. Under such assumptions, criterion Crit6 is set equal to one and does not affect the structure of the state tree.

			[image: ]

			[image: ]

			The first branching level corresponds to criteria Crit1 – Crit5, while subsequent levels reflect the capability to perform combat operations and the rank-based assessment of parameters. The current state is represented by the tuple [image: ], where [image: ], [image: ], [image: ], [image: ], [image: ] is the numbers of the terminal branches.

			Further, the sequence for assessing the possibility of engaging the EDT is as follows.

			Let the probability of a hit with a single shot in the ideal state be equal to p. Taking into account the current state, the adjusted value of p is determined in accordance with the state tree. Assuming independence of shots, the required number of shots n* to ensure K hits with probability p* is determined from the inequality

			[image: ]	(4.23)

			[image: ]

			From this, the following relationship is obtained

			[image: ]	(4.24)

			The formula is applicable for 0 < p < 1.

			After rounding

			[image: ]	(4.25)

			the number of shots required to destroy the target with probability p* can be obtained. A visualization of relationship (4.24) is presented in Fig. 4.10.

			[image: ]

			Considering the discrete nature of the variable n** (Fig. 4.10), only nodal values are used.

			The obtained value n* is correlated with the available ammunition load according to Criterion 3. If [image: ], the assigned task is infeasible. It is provided that the ammunition load is sufficient, the input data of Criterion 4 are verified. If firing in the MRSI mode is not possible, the operation can only be carried out by single shots with a rate of fire determined according to Criterion 5.

			Subsequently, the time budget required to engage a high-priority target is assessed. The time allocated for accomplishing the fire mission against the EDT, denoted as t*, includes the time required to prepare the artillery system for firing during a short halt tprep_fire, the firing time tfire = n** / RFt, and the projectile time of flight to the EDT tflight

			[image: ]	(4.26)

			This time shall not exceed the duration of the window of enhanced danger ΔtWED

			[image: ]	(4.27)

			If condition (4.27) is not satisfied, the execution of the mission is considered impractical.

			The safety of the artillery system is associated with the possibility of its detection by enemy artillery covering the EDT. It is assumed that detection occurs after four shots [22]. In this case, the time of possible engagement of the artillery system is determined by the following expression

			[image: ]	(4.28)

			where [image: ] – the time required by the enemy to determine the coordinates of the TFP and prepare for firing. It is assumed here that the enemy covering artillery is deployed close to the EDT; therefore, the projectile time of flight is approximately the same as that from the TFP to the EDT.

			If [image: ], the mission can be accomplished even under the risk of losing the artillery system, which is justified by the higher value of the EDT. If [image: ], the maneuverability criterion becomes decisive, and the artillery system must immediately leave the TFP.

			4.7.4 Example of calculation and analysis of results

			The effectiveness of the SPAS in engaging the EDT is evaluated under the condition of achieving the specified probability of destruction p* = 0.95. The duration of the window of enhanced danger is ΔtWED = 300 s. The projectile time of flight is tflight = 60 s; an analogous value is assumed for the projectiles of the enemy's covering artillery.

			According to the results of the dynamic assessment, the SPAS is in the state [image: ], which corresponds to the "ideal point". The probability of a hit with a single shot is p = 0.9. According to (4.25), to ensure p* = 0.95, n** = 4 shots are required. Firing is conducted in the MRSI mode; the firing time is tfire = 30 s, and the preparation time before opening fire is tprep_fire = 20 s.

			The total time required to accomplish the mission is

			[image: ]

			110 s < ΔtWED = 300 s – therefore, the mission can be accomplished.

			If detection occurs after the fourth shot during the 60 s projectile flight time, the system, moving at a speed of 60 km/h, relocates approximately 1 km from the TFP, thereby avoiding engagement.

			The calculation results for different technical states of the system are summarized in Table 4.2, which makes it possible to compare the impact of system degradation on the required number of shots, mission duration, and final outcome.

			

				
					
							
							Table 4.2 Comparative results of evaluating the SPAS effectiveness for different technical states
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							200

						
							
							Mission with SPAS loss

						
					

				
			


			Analysis of the tabulated data confirms a regular increase in mission execution time and in the required number of shots as the technical condition of the SPAS deteriorates, which increases the risk of its destruction.

			The presented examples demonstrate the implementation of the four-component model of combat operations of the SPAS (Fig. 4.11).

			[image: ]

			The obtained results are consistent with previously reported studies on acoustic identification of artillery shots and barrel wear modeling [15–19]. In contrast to earlier approaches focused on individual subsystems, the proposed method integrates acoustic, visual, thermodynamic, and mechanical parameters into a unified decision-support framework.

			4.8 Conclusions

			This chapter develops a comprehensive model for assessing the state of an artillery system as a multifactor dynamic object operating under conditions of accumulated wear and external combat impact. The integration of acoustic, visual, thermodynamic, and mechanical parameters into a unified system for quantitative evaluation of technical condition and residual service life is substantiated. A state tree of the system is constructed, formalizing possible technical configurations of the SPAS and enabling a rank-based assessment of its combat capabilities. An analytical expression is derived for determining the required number of shots to engage a target with a specified probability, establishing a link between the system state and mission parameters.

			A model for temporal evaluation of combat mission execution is proposed, taking into account the balance between firing time, maneuvering time, and the target engagement time window. An integrated system of combat capability criteria is developed with aggregation of indicators using the ideal point method, ensuring justified decision-making regarding the feasibility of opening fire.

			The obtained results form a methodological basis for further automation of artillery system condition monitoring and may be implemented as an algorithmic module in decision support systems for combat employment.
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			CHAPTER 5

			Methods for rapid determination of the composition and condition of nitrocellulose propellants based on thermodynamic modeling

			Oleksandr Brunetkin, Oksana Maksymova, Yevhenii Dobrynin, Oleksandr Sidelnykov

			Abstract

			A method for rapid verification of the composition and energetic characteristics of nitrocellulose propellants is presented. It is based on a library approach to solving direct and inverse problems of thermal decomposition modeling. The library method forms a multidimensional array of solutions by varying elemental composition, enthalpy, and combustion conditions. This approach allows efficient determination of propellant composition from measurable parameters, primarily the temperature and combustion conditions of the reaction products, even in ill-conditioned inverse problems. An algorithm for encoding initial parameters and a procedure for successive data reduction ensure unambiguous reconstruction of the composition. Special attention is given to modeling combustion in closed volumes, selecting real-gas equations of state, accounting for pressure effects, chemical equilibrium, and possible formation of condensed phases. The results provide a theoretical and methodological basis for practical tools to rapidly assess propellant condition and refine internal ballistics parameters under limited information.

			Keywords

			Nitrocellulose propellants, library method, rapid composition verification, inverse identification problems, Amagat's law, Peng-Robinson equation of state.

			5.1 Introduction

			Reliable determination of the composition and energetic characteristics of nitrocellulose propellants remains a critical task for both research applications and practical firing conditions. In real operation, propellant properties evolve due to storage aging, manufacturing variability, and differences between laboratory and firing environments. As a result, the actual state of a propellant charge may differ substantially from nominal data, which complicates internal ballistics calculations and reduces the reliability of predicted firing parameters. Traditional laboratory methods provide accurate information but are often too slow or technically demanding to support rapid decision-making when only limited experimental data are available.

			A key difficulty arises from the inverse nature of the problem: the composition of a propellant must be inferred from indirectly measurable quantities such as combustion temperature, pressure, or gas parameters. These inverse identification problems are typically ill-conditioned, meaning that small measurement uncertainties can lead to significant ambiguities in the reconstructed composition. Direct analytical reconstruction is therefore impractical in many cases, which necessitates alternative computational approaches capable of operating under uncertainty while maintaining sufficient speed for practical use.

			This chapter presents a methodology for rapid determination of nitrocellulose propellant composition and condition based on thermodynamic modeling and a library-based computational strategy. The proposed approach separates the process into a preparatory stage, during which a large set of direct thermodynamic problems is solved and structured into a searchable data array, and an operational stage, where experimentally measured parameters are matched with pre-calculated solutions. Such separation allows the main computational burden to be transferred to an offline phase, enabling fast identification procedures under field or laboratory conditions with limited resources.

			Particular attention is given to modeling the thermal decomposition of propellants under conditions that differ from conventional laboratory assumptions. These include combustion in closed volumes, the use of real-gas equations of state at elevated pressures, and the possible formation of condensed phases. By combining equilibrium modeling with an efficient encoding and data-reduction procedure, the chapter aims to provide a consistent framework for rapid verification of propellant composition and for improving the accuracy of internal ballistics calculations when only partial experimental information is available.

			5.2 Condition of the propellant charge

			5.2.1 Reasons for the need for rapid determination of propellant condition

			The replenishment rate of propellant stocks depends on production capacity and resources, while storage conditions influence their long-term stability. A distinctive feature of nitrocellulose (NC) propellants is the gradual change in their chemical composition and performance during storage. Even under controlled conditions, degradation processes cannot be completely prevented. As a result, the characteristics of propelling charges may vary significantly, especially after the expiration of guaranteed storage periods.

			Selective batch testing and limited data for individual charges complicate firing planning, since variations in propellant properties affect ballistic performance. During intensive operations, these challenges increase due to the use of charges from different production batches and storage conditions.

			These factors highlight the necessity of developing methods for rapid assessment of propellant condition directly at the point of use.

			5.2.2 Features of the thermal decomposition process of nitrocellulose propellant

			The thermal decomposition of NC propellants strongly depends on environmental conditions. Laboratory studies typically report predominantly gaseous reaction products [1], whereas firing experiments indicate the formation of condensed free carbon, visually observed as soot ejection with propellant gases [2]. The discrepancy is mainly attributed to differences in pressure and temperature during decomposition. According to [2], free carbon formation may occur via carbon monoxide disproportionation (Boudouard-Bell reaction). This effect should be considered when applying laboratory data to internal ballistics modeling.

			5.3 Determination of the composition of a nitrocellulose propellant charge

			5.3.1 Selection of a method for the rapid determination of the composition of nitrocellulose propellant and shot parameters

			Models of internal ballistics processes, as well as of the thermal decomposition of NC propellant under laboratory conditions, are in many cases based on the consideration of equilibrium reactions of propellant gas formation. In such models, the gross formula of the propellant is sufficient for calculations. However, direct experimental determination of gas composition requires complex laboratory techniques.

			Gas chromatography is widely used [3], but it has limitations such as long analysis times and sequential determination of components.

			New methods, such as Raman spectroscopy, are being studied, but they are still mainly at the laboratory stage and difficult to use in the field [4].

			A method was proposed to determine the composition of organic fuel gas from measured combustion data [5]. A similar approach can be used for nitrocellulose propellant.

			The following features of the method proposed in [5] should be noted. The model links the composition of the fuel with its combustion products using chemical equilibrium and mass conservation for the main elements (C, H, O, N) [5]. This allows solving the inverse problem of determining the fuel composition from measured data

			[image: ]	(5.1)

			A list of possible gaseous reaction products is specified, for example

			[image: ]	(5.2)

			A balance is constructed between the chemical elements in the initial substances (5.1) and the reaction products (5.2). The element balance is formed on the basis of the law of mass action for the equations of formation of the corresponding reaction product components. For example, for CO2

			[image: ]	(5.3)

			In addition, mass conservation equations are written for each chemical element from (5.1). Chemical equilibrium constants for gaseous components are most often specified in terms of partial pressures. In this case, it is more rational for the concentrations in the mass action equations to be numerically equal to the partial pressures of the corresponding components. To relate concentrations to partial pressures, the total amount of substance MT is introduced. Dalton's law is applied to close the system of equations

			[image: ]	(5.4)

			where T – the temperature of the mixture of reaction products, determined as a result of the calculations; PC, PO, [image: ] – the partial pressures of the terms in equation (5.3), numerically equal to their concentrations.

			On the basis of such a model, the inverse problem can also be solved. The mathematical model determines the interrelation between its parameters. Their assignment as input data or calculation results is subjective in nature. In the example considered above, the following are chosen as input data: the gross formula of the fuel gas in the form

			[image: ]	(5.5)

			the gross formula of the oxidizer, for example oxygen O2 or air, the ratio of their volumetric flow rates (VV), and the chemical equilibrium constants for all combustion products [image: ]. The calculation results are the partial pressures (Pi) of the combustion product components (5.2) and their temperature T.

			The unknown coefficients bC, bH, bO, bN are treated as additional unknowns, while the measured temperature is input data. Changing VV then affects the fuel formula and combustion temperature. Experiments vary input parameters, measure the combustion products, and then use the model to determine the fuel composition. Direct solution can be difficult due to poor conditioning, so the library method is applied [6].

			5.3.2 Library method for determining the composition of a gaseous fuel

			The library method solves direct and inverse problems efficiently through two stages: preparation and solution selection. During preparation, multiple calculations are performed with varied input data to create a library of solutions.

			The library is populated by repeatedly solving the direct problem while varying key parameters, including the elemental composition, the volumetric ratio of fuel and oxidizer (VV), and the enthalpy of the combustible gas. Normalization of the elemental composition reduces the number of required solutions without losing information.

			During the solution selection stage, input data are matched with stored library entries, and the corresponding solution is selected. This allows rapid determination of firing parameters for specified propellant compositions.

			For the inverse problem, the same gas temperature may correspond to different propellant compositions. Measurement errors make this more pronounced, necessitating a specialized algorithm to determine NC propellant composition from technological parameters.

			5.3.2.1 Procedure for filling the library

			When generating the library, a specific feature should be noted. The results of solving the direct problem are transformed into a form suitable for practical use in searching for a solution.

			The main portion of the calculated data array obtained from solving the direct problem consists of the partial pressures of gaseous components in the combustion products (CP) mixture. When determining the composition of the initial fuel, these quantities are not directly involved and, therefore, are not included in the generated library.

			The fuel composition is formed by varying the parameters dH, dO, dN, thus defining a specific elemental composition of the fuel for each realization of the direct problem. 

			For each such case, the ratio of volumetric flow rates of the fuel and oxidizer, VV, is determined.

			For all possible combinations of the input parameters VV, dH, dO, dN, It that arise during their variation within specified ranges, an attempt is made to solve the direct problem of determining the combustion products temperature. In some cases, the considered combinations of fuel composition and its enthalpy turn out to be physically incompatible, which makes obtaining a solution impossible. Such calculation variants are excluded from further consideration.

			For the remaining successfully implemented variants of the direct problem solution, the set of initial parameters dH, dO, dN, It are encoded as a single numerical identifier based on the positional principle of decimal number representation. Each para­meter is normalized within predefined bounds (5.6)

			[image: ]	(5.6)

			after which the normalized values are encoded into a single positional identi­fier "E" (Fig. 5.1).

			[image: ]

			As a result, information complexes are formed in which each pair of output parameters of the direct problem solution – the combustion products temperature T and the volumetric flow rate ratio VV – corresponds to a unique number "E" that contains, in a packed form, the values of the input parameters that led to this solution.

			At the next stage, the results of calculating the combustion products temperature T and the volumetric flow rate ratio VV are structured into a discretized T – VV plane with predefined resolution. The discretization step is selected according to the required computational accuracy and experimental resolution, while cell boundaries are defined by relations (5.7)–(5.9):

			[image: ] [image: ]	(5.7)

			where N and M – the numbers of discretization elements (intervals) along the temperature T axis and the volumetric flow rate ratio VV axis, respectively. Cell boundaries on the T – VV plane are given by:

			[image: ] [image: ] [image: ]	(5.8)
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			where i and j – the cell indices along the corresponding T and VV axes.

			Each cell on the T – VV plane is associated with a vector of dimension L (Fig. 5.2), whose elements are the values of numbers Ek corresponding to direct problem solutions that fall within this cell. Each cell contains a vector of encoded identi­fiers Ek sorted along the enthalpy axis It. The leading digits of Ek correspond to enthalpy intervals.

			Only those Ek values that fall within the specified enthalpy variation limits are placed into the elements of each vector.

			Thus, as a result of preliminary solving a set of direct problems and subsequent processing of the calculated data, a working three-dimensional array is formed. The values contained in this array can be used to determine the composition of various types of fuels, provided that their gross formulas include the chemical elements used in forming the array. The presence of all elements is not mandatory. In particular, the formed array can be used to determine the composition of both oxygen-containing and oxygen-free hydrocarbon fuels when they are combusted either in air or in oxygen without nitrogen admixture.

			[image: ]

			5.3.2.2 Determination of fuel composition using library data (inverse problem)

			The method for determining the fuel composition using the constructed working three-dimensional array is implemented as a sequential procedure of data selection and reduction, based on matching experimentally measured parameters with the results of a previously solved set of direct problems.

			At the first stage, the ratio of volumetric flow rates of oxidizer and fuel (VV)j is varied and fixed. For each prescribed value, the temperature of the combustion products Tj is measured. The number of variations and corresponding measurements is determined by the number of unknown fuel composition parameters. The unknown parameters of the fuel composition, including elemental amounts and enthalpy, are then narrowed down by selecting library entries consistent with the measurements.

			In accordance with the experimentally obtained values Tj and (VV)j, the corresponding cells are selected on the T – VV plane of the working three-dimensional array; these cells are shown in Fig. 5.2 by dashed lines, along with the associated vectors highlighted in color. The data contained in the remaining vectors of the array are not used at this stage of the analysis. The elements of each selected vector are the numbers Ek, which encode all possible combinations of the parameters dH, dO, dN, It, that ensure attainment of the measured temperature Tj at the given volumetric flow ratio corresponding to the selected cell.

			At the next step, the selected vectors are projected onto the VV – It plane (view A in Fig. 5.2), or, in effect, onto the enthalpy axis It. Possible variants of the mutual arrangement of the vector projections are schematically shown in Fig. 5.3 and highlighted in color. Since, for all variations of the volumetric flow ratio, the composition and enthalpy of the fuel being determined remain unknown but invariant, the corresponding values of the numbers Ek must be present in all considered vectors. On this basis, a subset of elements common to all projected vectors is identified; in Fig. 5.3 this subset is denoted as region D. Under real conditions, this region may cover more than two discretization intervals along the enthalpy axis. All other vector elements are excluded from further consideration.

			[image: ]

			The most significant digits of Ek encode the fuel enthalpy. During filtering, en­coded numbers are iteratively reordered so that each parameter becomes the leading digit at the corresponding stage (Fig. 5.4), enabling successive reduction of admissible solutions.

			The described procedure is successively repeated until all quantities from the list of parameters to be determined – dH, dO, dN, It – have been used. At each subsequent stage, the selection of numbers is performed not by coincidence of enthalpy It, but by the value of the parameter encoded in the most significant digits of the number Ek at the current step. Thus, during the second pass this parameter is dH, during the third pass it is dO, and so on. With each new pass, the number of considered Ek values decreases.

			[image: ]

			As a result, a single number Ek remains, which contains the values of the original parameters in a packed form. These values are consistent with all experimentally measured temperatures Tj at the specified volumetric flow ratios (VV)j. This number uniquely defines the sought fuel composition and enthalpy.

			5.3.3 Library method for determining the composition of nitrocellulose propellant

			5.3.3.1 Specific features of solving the direct problem when populating the library and determining propellant gas parameters during a shot

			The library method is used to solve the inverse problem – determination of the composition of NC propellant. The library is populated based on repeated solutions of the direct problem, i.e., determination of the physical characteristics of propellant ­gases (PG) under controlled variation of the propellant composition. In the case considered, the physical characteristics of propellant gases during a shot are also determined by solving the direct problem for a previously identified NC propellant composition. In both cases, equilibrium models of propellant gas formation are employed. Under these conditions, the use of identical modeling approaches is considered justified.

			Calculation of the propellant gas composition using an equilibrium model that allows for the formation of free carbon predicts its presence. However, laboratory experiments do not confirm this. This does not indicate an error in the equilibrium model but reflects the absence of conditions required for the Boudouard-Bell reaction. To use a single model for solving both the direct and inverse problems, it is sufficient to account for the presence or absence of the possibility of condensed-phase (free carbon) formation.

			In the example discussed above, when determining the composition of the combustion products of an organic fuel, only the gaseous phase was considered. In this case, the use of partial pressures is justified. This approach is applied in most calculations of the composition and temperature of propellant gases. However, when the possibility of condensed carbon formation is taken into account, computational difficulties arise in determining its amount via partial pressure. It appears more rational to construct a model using mole fractions of the propellant gas components. This approach allows representation of the composition in both gaseous and condensed phases.

			Equilibrium models employ an equation of state (EOS) that defines the relationship between p, V, T under thermodynamic equilibrium. The specific form of the EOS depends on the parameter ranges involved. The thermal decomposition of NC propellant is accompanied by high temperatures of 2500–3500 K. At such temperatures and at moderate pressures typical of most laboratory experiments, the ideal gas equation of state is often used, especially at the initial stage of calculations.

			At high pressures characteristic of firing conditions, it becomes necessary to account for the finite molecular volume and intermolecular attraction. In this case, a ­real-gas equation of state is used. Depending on pressure and temperature, ideal-gas, Noble-Abel, virial, and cubic equations of state may be applied. For high-pressure firing conditions, the Peng-Robinson EOS provides the most stable numerical behavior [2].

			When increased accuracy is required, more advanced real-gas EOS may be applied; however, for high-pressure firing conditions the Peng-Robinson EOS provides the most stable numerical behavior and is therefore adopted in this work [2]. This property is more important than high accuracy at low pressures.

			All numerical calculations were performed using custom-developed software written in C++. The computational experiments included large-scale equilibrium simulations for generating the initial dataset and constructing the solution library. Calculations were carried out on personal computers equipped with Intel Core i5 and i7 processors and 8 GB RAM under Windows 10 OS. Graphical dependencies and diagrams presented in this chapter were prepared using Microsoft Excel.

			5.3.3.2 Model of the propellant gas formation process using mole fractions

			The possibility of the presence of a condensed phase in the composition of propellant gases is not the only reason necessitating the modernization of the model and algorithm described in Section 5.2.2.1 for determining the composition of propellant gases.

			In the original model, the pressures of the gaseous reaction products are expressed in pascals (Pa). The chemical equilibrium constants KP given in reference literature are defined for such quantities. In the modified model, the quantities of the gaseous components of the propellant gases are expressed in bars (bar). In this case, the partial pressures of the gaseous combustion products are equal to their mole fractions. The amounts of condensed substances can also be expressed in the same units. To write the equations in accordance with the law of mass action, chemical equilibrium constants KX defined in terms of mole fractions must be introduced. For a reversible reaction of the form

			[image: ]	(5.10)

			the constants KP and KX are related by

			[image: ]	(5.11)

			where A, B, C, D are the chemical species participating in the reaction; a, b, c, d are the stoichiometric coefficients; P is the pressure of the mixture of gaseous reaction products expressed in Pa; KP is the chemical equilibrium constant defined in terms of partial pressures (a reference value). 

			For example, for a reaction of the form

			[image: ]	(5.12)

			A distinctive feature of the model is the introduction of the equation describing soot formation

			[image: ]	(5.13)

			where PC [bar] is the partial pressure and simultaneously the mole fraction of carbon vapor; [image: ] is the mole fraction of the formed soot; [image: ] is the chemical equilibrium constant for the corresponding temperature.

			When writing the law of conservation of matter for carbon, the amount of formed soot is taken into account in the balance of propellant combustion products, as in the original version.

			The resulting system of equations is nonlinear. The solution is obtained itera­tively on the basis of a linearized system of equations. During linearization, it is also necessary to account for the specific features of the mass-action-law equations arising from the different aggregate states of the propellant gases and soot. In the ­original model, it was assumed that, at a given temperature, the partial pressure of carbon is independent of the amount of its condensed phase. In this case, when linearizing equation (5.13), the derivative of PC was set equal to zero. In the present model, the calculation is performed using mole fractions. In this case, the components PC and [image: ] in equation (5.13) have the same status. When linearizing this equation, derivatives are taken with respect to both quantities.

			5.3.3.3 Influence of experimental conditions on the model of the thermal decomposition process of nitrocellulose propellant

			In the original version of the library method [6], the library was populated by modeling the combustion process in an open vessel at constant pressure. The effect of changing the ratio of gaseous fuel and oxidizer on the temperature of the combustion products was used. Due to the constancy of the pressure of the combustion products, as well as the use of the partial pressures of the reaction product components as a measure of their concentration, Dalton's law was used as the closing relation – the pressure in the chamber is equal to the sum of the partial pressures of the reaction products.

			When applying the library method to determine the composition of NC propellant, this approach does not correspond to the experimental conditions. Combustion of propellant samples occurs in a closed volume. The pressure of the propellant ­gases is variable, while their volume is constant. In a closed vessel, varying propellant mass changes afterburning conditions and gas temperature due to oxygen balance effects. When air is used instead of oxygen, nitrogen contained in the air will also act as a inert ballast gas.

			At constant vessel volume, instead of the partial pressures of the propellant gas components, their partial volumes are used

			[image: ]	(5.14)

			where Vim is the volume of one mole of the corresponding gaseous component of the propellant gases at the temperature and pressure of the gas mixture; ni is the number of moles of the corresponding gaseous component of the propellant gas mixture.

			The value Vim is determined from the equation of state.

			Consider an example of an equilibrium model of thermal decomposition of NC propellant with an overall (gross) formula of the form (5.5), although other chemical elements may be added if necessary. For the selected reaction products (5.2), with the addition of condensed carbon Ccrb, the equations of their formation are written as:

			[image: ]	(5.15)

			and the chemical equilibrium equations for them are:

			[image: ]	(5.16)

			Material balance equations:

			– for [C]: [image: ]

			– for [H]: [image: ]

			– for [O]: [image: ]

			– for [N]: [image: ]	(5.17)

			where nair is the number of moles of air in the vessel before the start of propellant combustion; [image: ] is the fraction of the corresponding gas in air; m is the mass of propellant subjected to thermal decomposition; bC, bH, bO, bN are the numbers of ­atoms of the corresponding chemical elements in the overall formula of the propellant; μΣ is the molecular mass corresponding to the overall formula of the propellant used.

			When partial volumes (5.14) are employed in the model under consideration, the closing relation is the equation expressing Amagat's law (fr. Émile Amagat). For the adopted list (5.2) of gaseous products of NC propellant thermal decomposition, it has the following form

			[image: ]	(5.18)

			In this equation, the terms on the right-hand side correspond to equation (5.14). In the carbon material balance equation (5.17), the term [image: ] is included to account for the presence of condensed carbon. In equation (5.18), the corresponding term is absent. This is due to the small volume of the condensed phase compared to the gaseous phase.

			When the numbers of moles ni are used as the unknowns, it is necessary to determine the molar chemical equilibrium constants [image: ] used in (5.16).

			For equations of the form (5.10), the state of chemical equilibrium expressed in terms of molar constants is written as

			[image: ]	(5.19)

			where nC, nD, nA, nB are the numbers of moles of the corresponding substances A, B, C, D; Kn is the chemical equilibrium constant based on the number of moles.

			The partial pressures pi can be expressed in terms of mole fractions as

			[image: ]	(5.20)

			where Xi are the mole fractions; PΣ is the total pressure of the gas mixture; ni is the number of moles of the corresponding substance; Σni is the total number of moles of the gaseous reaction products.

			The chemical equilibrium constants expressed in terms of partial pressures for equations (5.10) have the form

			[image: ]	(5.21)

			where the quantities pi are expressed in (bar). For this reason, PΣ in (5.20) and in the subsequent transformations is also expressed in bar.

			As a result, from (5.20) and (5.21) it follows that

			[image: ]	(5.22)

			From this it follows that

			[image: ]	(5.23)

			which confirms the dependence of the quantity Kn, adopted in (5.16), not only on temperature but also on the pressure of the gas mixture. From (5.23), taking into account the equilibrium equation for the condensed phase (5.16), it follows that

			[image: ]	(5.24)

			Pressure affects the position of equilibrium for reactions accompanied by a change in the number of moles of gas according to Le Chatelier's principle (fr. Le Chatelier). The quantities V for the corresponding gas and the total pressure PΣ are related by the real gas equation of state.

			5.3.3.4 Effect of pressure magnitude on the composition of propellant gases

			In experimental studies, when different amounts of propellant are burned in a closed vessel, the pressure may reach tens of bar. Under firing conditions, this value can reach several thousand bar. A change in pressure leads to a change in the compressibility factor

			[image: ]	(5.25)

			and, consequently, to a change in the molar concentrations of the gases even when their mass remains constant. Here, Vm is the molar volume.

			Calculated compressibility factors obtained using different equations of state (van der Waals, Noble-Abel, and Peng-Robinson) demonstrate substantial discrepancies over a wide pressure range (Fig. 5.5–5.7). These differences confirm that the choice of equation of state significantly affects the predicted composition of propellant gases and justify the use of the Peng-Robinson EOS for high-pressure conditions.
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			5.3.3.5 Effect of pressure on the molar equilibrium constant

			In addition to affecting molar concentrations, pressure variations according to relation (5.26) can significantly influence molar equilibrium constants even at nearly constant gas temperature. Within the framework of the mathematical model (5.19)–(5.21), computational studies were carried out on the thermal decomposition process of SB1 propellant [11], characterized by the normalized gross formula C1H1.19N0.384O1.45 and an enthalpy of formation Hf = –96.38 kJ/mol (normalized per one carbon atom).

			Modeling was performed for an evacuated chamber of 0.01 m3 (10 liters) at propellant masses of 20 and 2400 g, without accounting for condensed carbon formation. The computational case with a mass of 20 g reproduces conditions close to laboratory experiments, while the second corresponds to conditions typical of a firing scenario. The results of the calculations are presented in Table 5.1.

			Table 5.1 lists: m – burned propellant mass; Kn – molar equilibrium constant; ni/nΣ – mole fraction of each component. The last column shows the ratio of the molar equilibrium constants for the experimental and firing conditions. For both propellant masses, the same combustion gas temperature is reached, T [K] = 2070. When burning m = 20 g of propellant, the pressure in the vessel is P = 14.7 bar. When burning m = 2400 g, P = 2530 bar.

			

				
					
							
							Table 5.1 Molar equilibrium constants and molar fractions of thermal decomposition products of NC propellant
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							m [g] = 20

						
							
							m [g] = 2400

						
							
							Kn 20 / Kn 2400
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							ni/nΣ
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							4.57E-29

						
							
							1.19E-01

						
							
							2.23E-29

						
							
							9.24E-02
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							3.42E-22

						
							
							4.40E-01

						
							
							2.38E-22
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							1.04E-14
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							5.09E-15
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							5.98E-08

						
							
							1.43
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							3.63E-07

						
							
							1.99E-01

						
							
							2.53E-07
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							1.43
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							6.71E-08

						
							
							1.47E-13

						
							
							4.69E-08
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							3.13E-19

						
							
							1.08E-01

						
							
							2.18E-19

						
							
							1.07E-01
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			5.3.3.6 Consideration of condensed carbon formation during the thermal decomposition of nitrocellulose propellant

			To ensure comparability, database generation and firing simulations must use a unified model. However, a paradoxical situation arises. Equilibrium calculations that include condensed carbon predict its formation in significant amounts. At the same time, experimental studies of the thermal decomposition of nitrocellulose propellant at low pressure under laboratory conditions do not reveal the formation of free carbon.

			On the other hand, in solving internal ballistics problems, the possibility of carbon formation is not taken into account, whereas photographic evidence of firing (Fig. 5.8) demonstrates its limitations. A substantial amount of carbon is formed, and it burns out only during the development of the muzzle flash.

			[image: ]

			In [2], a possible mechanism for the formation of condensed carbon during firing was proposed, and in [9, 10] it was examined with respect to various conditions. Based on model (5.14)–(5.17), calculations were performed to simulate the thermal decomposition process of SB1 propellant [11] in an evacuated vessel with a volume of 0.01 m3 (10 liters). Mass fractions of propellant gas components relative to propellant mass are presented in Table 5.2. The Peng-Robinson equation of state was used to describe real gas behavior.

			Columns 2–3 show mass fractions with and without condensed carbon. These conditions were modeled by the presence or absence of component (5.13) in the model. The comparison confirms the validity of including condensed carbon formation even when it is not observed. The presence of free carbon (Ccrb) is not ­detected. The data presented in columns 2 and 3 correspond to the pyrolytic phase of the shot (the propellant combustion phase).

			Columns 4 and 5 (Table 5.2) present data corresponding to the expansion process of propellant gases during the thermodynamic stage of the shot at temperatures T = 1000 K and 900 K, respectively. The calculations were performed using the same model as for the results in column 2. In this case, the formation of free carbon is observed.

			

				
					
							
							Table 5.2 Mass fractions of propellant gases

						
					

					
							
							Component

						
							
							Percentage of gunpowder mass (2400 g)

						
					

					
							
							T [K] = 2070
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							56.0
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							1.5

						
							
							1.6
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							12.9

						
							
							12.9

						
							
							12.9

						
							
							12.9
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							0.0

						
							
							0.0

						
							
							6.2

						
							
							10.2

						
					

				
			


			Calculations of the thermal decomposition of SB1 propellant [11] were performed in a sealed vessel with a volume of 0.01 m3 (10 L) filled with air. The mass of the propellant charge in the calculations varied from 1 to 20 g, which corresponds to the conditions of experimental studies aimed at determining propellant composition using the library method [6]. The modeling results are presented in Fig. 5.9 as dependencies of the number of moles of individual propellant gas components on the mass of the burned propellant. The propellant under consideration is characterized by a negative oxygen balance; as a result, the propellant gases formed during thermal decomposition are incompletely oxidized. Additional oxidation of these products occurs due to the oxygen contained in the air inside the vessel.

			For propellant masses up to 6 g, the oxygen in the vessel exceeds the stoichiometric requirement for complete afterburning. In the computational model, the corresponding portion of oxygen is treated as an oxidizer participating in the reactions of complete afterburning, whereas the remaining oxygen, together with the nitrogen of the air, is considered as inert ballast gas. These components are taken into account when determining the thermodynamic parameters of the entire gas mixture, in particular its temperature.

			When the propellant mass exceeds 6 g, the oxygen content in the vessel becomes insufficient to ensure complete afterburning of the propellant gases. The boundary shown in Fig. 5.9 clearly separates the regions corresponding to excess oxygen (m < 6 g) and oxygen deficiency (m > 6 g), which is of fundamental importance for the interpretation of the modeling results and for the subsequent application of the library method.

			[image: ]

			The limiting value of the propellant mass burned in a vessel of a given volume filled with air is also identified by the nature of the variation of thermodynamic parameters, in particular the temperature, of the propellant gases. The corresponding trends are shown in Fig. 5.10, 5.11. 

			The obtained data correspond to the conditions of the numerical experiment, the results of which are presented in Fig. 5.9. In these plots, as in Fig. 5.9, the boundary separating the regions of excess oxygen (m < 6 g) and oxygen deficiency (m > 6 g) is clearly discernible.
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			5.4 Conclusions

			The presented material demonstrates that the problem of verifying the composition and energetic characteristics of nitrocellulose propellants under real operating conditions is substantially more complex than assumed within conventional laboratory approaches. The primary reason is the combined effect of storage degradation and differences between laboratory and firing conditions.

			The analysis confirms that the use of averaged batch data does not provide the required accuracy for internal ballistics calculations, especially after expiration of the guaranteed storage period or when charges of mixed origin are used. This circumstance substantiates the need to move from selective laboratory control to methods of rapid, in-situ assessment of the current propellant state directly at the point of use.

			The differences between laboratory conditions and firing conditions are not only quantitative but also qualitative. In particular, the possible formation of condensed carbon at high pressures and temperatures fundamentally alters the composition of reaction products and the energy balance of the system. Neglecting this effect in internal ballistics models may lead to systematic errors in the estimation of pressure, temperature, and energetic characteristics of propellant gases.

			The proposed library method demonstrates its effectiveness as a tool for solving ill-conditioned inverse problems in which a theoretically possible direct analytical reconstruction of propellant composition from measured parameters is practically infeasible. A key advantage of the method is the separation of the computational process into two stages: a resource-intensive preparatory stage for generating the solution library and a fast search stage suitable for operational use. This approach shifts the main computational burden to the "laboratory" phase and minimizes computational requirements under field conditions.

			A distinctive feature of the method is the encoding of composition and en­thalpy parameters as numerical identifiers, enabling rapid filtering of admissible solutions even under measurement uncertainty. Adapting the method to closed-volume combustion conditions and employing mole fractions with Amagat's law ensures consistency between laboratory modeling and firing simulations. The Peng-Robinson EOS provides a unified description across the entire pressure range considered.

			The obtained results demonstrate that the influence of pressure on the composition of propellant gases at a fixed temperature manifests not only through changes in the compressibility factor and, consequently, molar concentrations, but also through variations in molar equilibrium constants (Table 5.1). These constants can vary over a wide range – from approximately 40% to nearly a twofold change – leading to noticeable changes in mixture composition. For example, the mole fraction of CO2 may differ by ~22%, H2O by ~18%, and H2 by ~13%. Accounting for this effect explains discrepancies among propellant gas compositions proposed in various empirical models, for which pressure and temperature conditions are often not explicitly specified. The transition from calculations based on partial pressures to those based on molar concentrations made it possible to identify this factor and to justify the use of experimental data obtained at low pressures for firing conditions.

			The issue of condensed carbon (soot) formation during the thermal decomposition of nitrocellulose propellants remains debatable only at the level of theoretical models. Experimental observations, including photographic evidence and published studies, unequivocally confirm the practical occurrence of this process. Most internal ballistics calculations focus on the pyrodynamic stage of firing, characterized by high temperatures. Calculations show that, at this stage, conditions for condensed carbon formation are absent, and accounting for or neglecting its formation does not affect the calculated composition of propellant gases.

			A different situation arises during the thermodynamic stage of propellant gas expansion, when additional chemical reactions may occur at still high temperatures and pressures. One such reaction is the disproportionation of carbon monoxide (the Boudouard reaction). According to Le Chatelier's principle, increasing pressure shifts the equilibrium of this reaction toward the formation of free carbon. Temperatures on the order of 1000 K and pressures of 30–90 MPa create conditions under which the reaction rate increases by several orders of magnitude compared with normal laboratory conditions. This explains discrepancies between equilibrium calculations and experimental data and confirms the role of pressure as a key factor in soot formation.

			Hydrogen and water vapor in propellant gases further shift the equilibrium, supporting this mechanism. Within the refined model, not only qualitative but also quantitative estimates of condensed carbon formation become possible. ­Calculations show that during the thermodynamic ex pansion stage its amount may reach 10–16% of the propellant mass, in good agreement with literature data.

			The proposed model enables calculation of the composition and parameters of nitrocellulose propellant thermal decomposition products at moderate pressures, thereby allowing the formation of a library of calculated data. Using this library to determine propellant composition requires variation of propellant gas afterburning conditions, including preliminary filling of the experimental vessel with air or other oxygen-containing mixtures.
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			CHAPTER 6

			Improving methods and models for artillery combat control

			Pavlo Gultsov, Oksana Maksymova, Yevhenii Dobrynin

			Abstract

			This chapter deals with methodological approaches to estimating the effectiveness 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 characteristics, 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 combat employment of an artillery unit in conditions of counter-battery ­engagements 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 combat employment of an artillery unit which accounts for firing accuracy, time indicators 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 partial indicators. The partial indicators are normalized to their maximum values.

			Accuracy indicator

			[image: ],	(6.1)

			task execution time indicator

			[image: ],	(6.2)

			ammunition expenditure indicator

			[image: ],	(6.3)

			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; [image: ] – the time limit of firing at the current position; [image: ] – the number of ineffective shots; [image: ] – the total number of shots.

			For guns of caliber above 122 mm CEPD can be assumed to be about 1% D (that is, [image: ]). 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 distance to the ideal point using the L2 norm

			[image: ],	(6.4)

			where [image: ] – the value of partial indicators at the ideal point in an n-dimensional space, where all indicators take their minimum values; [image: ] – the partial indicators of the generalized criterion.

			A shot is considered ineffective when the muzzle velocity satisfies [image: ]. A shot is effective when the artillery projectile hits a circle of radius [image: ] 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. It decreases under the influence of external factors, including the actions of opposing 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 current 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 counteract 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 context, failure intensity can serve as a general quantitative measure of the combat capability of an artillery unit [10].

			This interpretation makes it possible to quantitatively evaluate the impact of operational 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

			[image: ],	(6.5)

			where λ – the intensity of sudden failures. It affects the muzzle velocity of the projectile, the transportation speed between firing positions and the energy characteristic of the artillery charge (powder strength).

			In the general case

			[image: ].	(6.6)

			The following relation is important for any distribution law

			[image: ], where [image: ],	(6.7)

			where [image: ] – the probability frequency of failures.

			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

			[image: ],	(6.8)

			where M – the mean value of the combat capability of the artillery unit.

			The standard deviation from the mean combat capability is defined as

			[image: ],	(6.9)

			where N – the number of failures during time t.

			The joint probability of the combat capability of an artillery unit, taking into account all types of failures over the period from [image: ] to t is defined as

			[image: ].	(6.10)

			In the case of a partial loss of combat capability, the joint probability is

			[image: ].	(6.11)

			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 opposing 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

			[image: ],	(6.12)

			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 following approach is used. From (6.7), in the general case, failure intensity is defined as [image: ].

			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 operating time. This value corresponds to the degree of combat capability reduction. The expression [image: ] describes the change of combat capability over time when only sudden failures are present. The expression [image: ] describes the change of combat capability during combat operation without considering destruction 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-propelled 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 battery 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 determined by the properties of the Markov chain. The simulation result is the time interval 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.

			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 ar­tillery battery includes the following states. Each state can reduce the current combat 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 parameters that describe detection and engagement conditions, such as the number 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 firing time before an opposing attack after detection, the battery recovery rate after 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 employment on condition of n guns availability for simultaneous firing. The following states Si [image: ] describe a shot fired simultaneously by i guns. The edge weight lij is the probability of a Markov process transition from state Si to state Sj. It is denoted as [image: ].

			[image: ]

			As the states are random, the process can be considered Markov. The stochastic model of automated control also accounts for disturbances. A characteristic disturbance is the difference between the current and the initial muzzle velocities of the projectile, Δv0. It is caused by chamber wear [image: ], barrel wear [image: ] and uncertainty in the charge energy, [image: ]. If all three types of disturbances occur simultaneously, the shot effectiveness can be considered an infinitesimal value.

			As the disturbances are random, let's consider the probability that the corresponding factor does not affect the shot result:

			[image: ]	(6.13)

			Then the probability of the presence of the corresponding disturbance factor is:

			[image: ]	(6.14)

			Thus, the transition matrix between states in the Markov modeling has the form:

			[image: ].	(6.15)

			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 [image: ]. This means that a transition from the initial state to state Sn is possible only when all n guns are ready for combat employment.

			The other elements are computed using row i as an example:

			[image: ]	(6.16)

			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 ar­tillery 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

			[image: ],	(6.17)

			where P0 – the transition probability matrix after the first firing cycle.

			Let's take the number of effective shots as the expected value of a random variable that describes the number of guns that perform an effective shot. For this purpose, it is possible to introduce the state vector svi. Its components indicate which guns participate in an effective shot

			[image: ].	(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: [image: ] (no chamber wear), [image: ] (no barrel wear), and [image: ] (no uncertainty of charge energy). Then the probability of an effective shot in the absence of all three types of disturbances is [image: ]. This value illustrates that even moderate degradations of individual 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 artillery unit in the following setting. Artillery unit AU1 must perform a combat task. The task is to destroy a stationary target with n shots on condition of full firing preparation 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 target 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. Movement 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 mathematical 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 following 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 [image: ]: [image: ];

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

			C2 – the total interval [image: ] 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 characterized by: 

			– a decrease in combat capability due to barrel wear per one shot: [image: ]; 

			– a decrease in combat capability due to chassis wear per one shot: [image: ].

			The impact of event B on the change of AU1 combat capability during transportation along road j is characterized by a decrease due to barrel wear [image: ] and chassis wear [image: ].

			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

			[image: ].	(6.19)

			The number of shells d is computed under the condition that AU1 fires ai shots at firing position i [image: ]

			[image: ],	(6.20)

			where INT( ) denotes taking the integer part of the resulting value.

			The impact of event C2 is characterized by the decrease value [image: ]. This decrease 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 computed as

			[image: ],	(6.21)

			where PBi–1 – the combat capability of AU1 after changing position [image: ]. By definition, [image: ].

			The decrease in combat capability when changing position [image: ] [image: ] is computed as

			[image: ].	(6.22)

			The combat capability of AU1 after completing the combat task with n shots, if the last shot is performed at position k [image: ], 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 [image: ]. Element [image: ] defines the number of shots fired at firing position i. 

			Let's also use an array [image: ]. Element [image: ] 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

			[image: ].

			Let's set the initial combat capability of AU1 to [image: ]. 

			Table 6.2 shows the time intervals of the corresponding actions of AU1 at a firing 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 chosen 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

						
					

				
			


			

				
					
							
							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, [image: ], s

						
							
							180

						
							
							720

						
							
							1440

						
					

					
							
							Decrease in AU1 combat capability due to barrel wear during transportation, [image: ]

						
							
							0.000025

						
							
							0.000055

						
							
							0.000075

						
					

					
							
							Decrease in AU1 combat capability due to chassis wear during transportation, [image: ]

						
							
							0.00074

						
							
							0.00094

						
							
							0.0024

						
					

					
							
							Decrease in AU1 combat capability due to enemy fire impact during transportation, [image: ]

						
							
							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 [image: ]. 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. Movement between the first and the second position is possible along several alternative 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 includes the number of shots fired at each firing position and the choice of the movement route between neighboring positions.

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

			[image: ].

			Here [image: ] and [image: ] define the number of shots at the first and second positions, respectively. Value [image: ] is the road number chosen for movement between them.

			For example, the structure [image: ], [image: ], [image: ] 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 [image: ], from Table 6.3. Thus, the chosen road [image: ] directly affects the total mission time.

			Similarly, the final combat capability is computed by accounting for its decrease 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 [image: ], [image: ] and [image: ] (Table 6.3).

			It is evident that another admissible structure, for example, [image: ], [image: ], [image: ], leads to different values of total time and to a different level of combat 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

			[image: ].

			This sequence uniquely defines a combat scenario for the artillery unit. A comparative 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 [image: ]. Thus, one shot is planned at each firing position. Here [image: ] is the number of positions in the scenario.

			Step 2. Initialize variables for extreme values of combat capability and mission time: [image: ] (maximum combat capability), [image: ] (minimum combat capability), [image: ] (maximum total time), and [image: ] (minimum total time).

			Step 3. Set the initial movement scenario by taking [image: ]. Thus, Road No. 1 is chosen at each movement stage.

			Step 4. For the current scenario, compute the final combat capability of AU1 using 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 [image: ] 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 [image: ] and [image: ] 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 ad­missible scenarios of movement between positions. For this, use the "Position change" algorithm to form the next variant of array [image: ] 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 combinations 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 [image: ].

			For a new shot structure, re-initialize enumeration of movement scenarios by setting [image: ], 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 scenarios.

			Computation results include final values Pmax, Pmin, Tmax, and Tmin, and mission structures – arrays [image: ] and [image: ] 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 mission scenarios.

			Step 11. Output the results in a form convenient for further analysis. The algorithm is complete.

			The "Positions" algorithm takes the input array [image: ], 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 current mission structure.

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

			[image: ].

			Step 3. Adjust element [image: ] with the constraint on the total number of shots:

			– if [image: ], set [image: ];

			– if [image: ], then sequentially for [image: ] set the value 1 while the constraint [image: ] is satisfied;

			– otherwise, decrease [image: ] by 1: [image: ].

			Step 4. Return the updated array [image: ] which defines the next admissible mission structure.

			The "Position change" algorithm takes the input array [image: ], 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 [image: ], the value of the last element increases: [image: ];

			– otherwise, increase [image: ] by 1 and set all following elements to 1:

			[image: ], 

			[image: ].

			Step 3. Return the updated array [image: ]. It defines the next admissible variant of choosing a route between firing positions.

			The "Combat capability" algorithm takes the input arrays [image: ] and [image: ] 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 [image: ].

			Step 2. For each firing position [image: ], 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).

			Step 5. Compute the combat capability decrease of AU1 during firing against the target

			[image: ].	(6.23)

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

			[image: ].	(6.24)

			Step 7. For movement between neighboring firing positions i and [image: ] [image: ][image: ], compute the decrease of AU1 combat capability due to movement along the selected route

			[image: ].	(6.25)

			Step 8. The algorithm output is [image: ], the combat capability of AU1 corresponding to the current mission structure.

			The "Time" algorithm takes the input [image: ] and [image: ] 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 [image: ], perform Steps 3–4.

			Step 3. Add the duration of AU1 operation at the i-th firing position, including deployment, firing, and packing time

			[image: ].	(6.26)

			Step 4. If [image: ], add the march time to the next firing position. It is determined by road choice [image: ]

			[image: ].	(6.27)

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

			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-oriented 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 firing 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 influence 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 transportation, [image: ]

						
							
							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 transportation, [image: ]

						
							
							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, [image: ]

						
							
							5.5 · 10–5

						
							
							3.0 · 10–5

						
							
							1.5 · 10–5

						
							
							5.5 · 10–4

						
							
							3.0 · 10–4

						
							
							1.5 · 10–4

						
					

				
			


			

				
					
							
							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

						
					

					
							
							(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 combat 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

						
					

					
							
							For min combat 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 combat 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 combat 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

						
					

				
			


			During the simulation experiment, it was assumed that all shots are effective [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 capabil­ity 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 opposing 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 combat 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 values) 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 values, 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.

			The analysis of shot allocation showed that optimal solutions range from a uniform distribution, with two shots at each of the first five firing positions, to a concentrated fire pattern with five shots from each of the first two positions.

			When choosing movement routes between positions, the best results correspond 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 preserve 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 computed 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 mission 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 correspond, 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 combat 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 typical 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, movement between firing positions is performed without accounting for route characteristics and the related combat capability losses. Such scenarios correspond to intensive 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 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 random dynamic external and internal disturbances that accompany mission execution.

			As a result, the proposed method provides both quantitative advantages, expressed 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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			CHAPTER 7

			Automated system for diagnostics of shot state parameters based on features of different physical nature

			Volodymyr Demydenko, Yevhenii Dobrynin, Oleksii Maksymov, Ruslan Riaboshapka

			Abstract

			This chapter presents an integrated approach to the verification and diagnostic assessment of an artillery shot based on the joint analysis of acoustic signals and optoelectronic observations. 

			The proposed method combines physical modeling of ballistic and muzzle wave formation with data processing techniques aimed at extracting informative parameters from heterogeneous measurement channels. 

			Particular attention is paid to the synchronization of acoustic records with ­video-based observations of the muzzle blast dynamics, which allows improving the reliability of determining key shot characteristics. A unified framework for representing measured and tabulated parameters is introduced, enabling consistent comparison of experimental data with reference values. 

			The chapter discusses the principles of feature selection, the formation of diagnostic indicators, and the interpretation of results under conditions of incomplete or uncertain information. 

			The obtained results demonstrate that the integration of acoustic and visual data provides additional robustness of diagnostic conclusions and can be used to enhance automated monitoring systems for artillery equipment. 

			The proposed approach may be applied to the development of advanced verification procedures and to the improvement of decision-support tools in complex technical systems where direct measurement of internal processes is limited.

			Keywords

			Acoustic diagnostics, muzzle blast dynamics, artillery shot verification, optoelectronic monitoring, parameter estimation, signal processing.

			7.1 Introduction

			The development of modern diagnostic and monitoring methods for complex technical systems increasingly relies on the integration of heterogeneous measurement channels and advanced data processing techniques. In the case of artillery systems, the analysis of acoustic fields, optical observations, and indirect physical indicators makes it possible to obtain informative features describing the state of the firing process and the technical condition of the weapon. Such an approach requires the application of unified mathematical models capable of describing nonlinear dynamic phenomena under conditions of uncertainty and incomplete measurement information [1, 2].

			A significant number of recent studies demonstrate that the effective analysis of dynamic physical processes is based on approximation models, inverse problem formulations, and analytical representations of system parameters. In particular, approaches involving sets of linear differential models, analytical solutions of Riccati-type equations, and parameter identification techniques provide a flexible framework for describing complex processes of various physical nature, including ballistic, acoustic, and physicochemical phenomena [3–7]. These methods enable the reduction of computational complexity while preserving sufficient accuracy for practical applications.

			Another important aspect of modern research is the transferability of modeling principles between different scientific domains. Methods originally developed for describing combustion processes, pyrolysis of materials, or energy transformations in reactive systems can be successfully adapted for analyzing measurement signals obtained during artillery firing. The use of library-based modeling approaches, adaptive process representations, and models of systems with variable composition demonstrates the universality of mathematical tools for interpreting experimental data and constructing diagnostic indicators [8–10].

			Within this context, acoustic and optoelectronic data acquired during a shot can be interpreted as manifestations of coupled dynamic processes governed by the physics of gas expansion, wave propagation, and interaction of combustion products with the environment. Physical models of acoustic wave formation and studies of ballistic processes provide the theoretical foundation for extracting informative parameters from measurement records and for constructing classification or estimation procedures [1, 5, 10].

			Therefore, the development of integrated diagnostic approaches based on heterogeneous physical fields represents a relevant scientific and applied task. The combination of mathematical modeling, signal processing, and experimental analysis creates prerequisites for improving the reliability of state assessment methods and for extending the functionality of automated diagnostic systems operating under real-world conditions [1–10].

			The present chapter focuses on the development of a diagnostic framework for artillery shot verification based on the combined analysis of acoustic measurements and video recordings of muzzle blast dynamics. Particular attention is given to the formation of informative indicators derived from heterogeneous data sources and to the harmonization of measured and reference parameters within a unified analytical scheme. The proposed approach aims to improve the reliability of identifying shot characteristics under real operating conditions, where direct observation of internal ballistic processes is limited. The following sections describe the structure of the experimental data, the principles of parameter representation, and the procedures used for extracting diagnostic features from synchronized acoustic and visual records.

			7.2 Methods for detection of diagnostic features of shot state parameters

			The system of automated diagnostics of artillery shot state parameters is based on two independent methods that use diagnostic features of different physical nature. In the first diagnostic channel, the features are formed by acoustic waves of two types – muzzle and ballistic waves. In the second diagnostic channel, the features are formed by the presence of free carbon in the propellant gases during the shot. The general scheme of the automated diagnostic system is shown in Fig. 7.1. 

			[image: ]

			The first channel registers acoustic fields that arise during the projectile motion after leaving the barrel bore. The diagnostic characteristic in this case is the projectile velocity. The improved diagnostic method of the first independent channel, which is based on the difference between the velocities of the muzzle and ballistic waves, is implemented according to the sequence given below.

			The detection of the diagnostic feature of the shot state based on projectile velocity [image: ] is performed as follows:

			Step 1. The artillery gun 1 is loaded with a projectile with a specified propellant charge which, according to the firing tables, should provide the initial projectile velocity [image: ].

			Step 2. A microphone 4 is placed on the firing line at a known distance from gun 1; it is connected to the analog-to-digital converter equipment 3 and to computer 2. The microphone 4 is positioned along the firing direction line 16 to register the ballistic wave 10 and the muzzle wave 11. Subsequently, the velocity of the muzzle wave from gun 1 to microphone 4 is determined taking into account the averaged atmospheric parameters near gun 1 and microphone 4.

			Step 3. After the shot from gun 1, along the firing direction 16, the microphone 4 records the signal of the ballistic wave 10 from the projectile 9 moving along the firing direction line 16; at this moment of time tbw the muzzle wave 11 is located at some distance from gun 1, and after a time tmw the microphone 4 registers the spectrum of the muzzle wave 11 generated by the shot of gun 1.

			Step 4. From the obtained current signal spectra, the amplitude and duration of the ballistic wave signal 10 are determined, as well as the amplitude and the duration of the first half-period of the muzzle wave 11 at the microphone location at a known distance from gun 1.

			Step 5. The signals from microphone 4 are transmitted to the analog-to-digital converter 3 and then to computer 2, where the signals are transformed into the spectral domain. In the spectral domain, the spectral energy density of the signal is determined over frequency.

			Step 6. For the obtained spectra, the width at the 0.707 level is fixed for the ballistic wave signal 10, and the central frequency (frequency of maximum) is determined for the muzzle wave 11.

			Step 7. The propagation time of the muzzle wave tbw 11 from gun 1 to microphone 4 is determined using the known distance between gun 1 and microphone 4 and the calculated propagation velocity of the muzzle wave 11.

			Step 8. The propagation time of the ballistic wave tbw is determined as the difference between the propagation time of the muzzle wave and the time interval between the registration of the ballistic and muzzle waves by the microphone.

			Step 9. The velocity of the ballistic wave 10, which corresponds to the actual projectile velocity [image: ], is determined from the time tbw of its registration by microphone 4 or using the known distance between gun 1 and microphone 4.

			Step 10. The measured projectile velocity [image: ] is compared with the tabulated projectile velocity [image: ], and the diagnostic feature is obtained based on the change in projectile velocity.

			The possibility of implementing the second channel is considered in [5]. In this approach, the formation of free carbon is proposed as a diagnostic characteristic. The suggested diagnostic method of the second independent channel is based on the appearance of free carbon in the muzzle blast of powder gases, which expand to atmospheric pressure after the moment when the projectile leaves the gun barrel, and it is implemented in the following way.

			Detection of the diagnostic feature by the presence of free carbon is performed according to the following sequence:

			Step 1. The artillery gun 1 is positioned so that the muzzle section of the gun barrel is perpendicular to line 15. Along this line a digital high-frequency wide-angle video camera 5 is installed, which is connected to a personal computer 6 where a software package for video stream processing is loaded.

			Step 2. The video camera 5 is switched on and recording starts in the visible and infrared ranges. After the shot, the digital video stream is transmitted in real time to the personal computer 6 with the processing software.

			Step 3. Video recording is stopped and the video camera 5 is switched off after the projectile 9 passes the boundary of the camera field of view 14.

			Step 4. The video stream is converted into a sequence of frames using the personal computer with the software package 6, and this sequence is transferred to the analysis module 7.

			Step 5. Each frame is analyzed in the analysis module 7 in order to detect the image of projectile 9 in the frame. The time frames containing the projectile image are selected into a separate array starting from the moment when the projectile image separates from the muzzle edge of gun 1 up to the moment when the projectile image is no longer present.

			Step 6. For each time frame further processing is performed if the necessary data for calculation are available.

			Step 7. In the frame image the position of the center of mass of projectile 9 is determined, and at this point the coefficient of geometric recalculation of linear dimensions is obtained using the a priori known dimensions of the projectile (diameter and length).

			Step 8. The linear distance between the center of mass of projectile 9 and the muzzle section of the gun barrel is determined from the image of the muzzle section of gun 1 to the point of the projectile center of mass, taking into account the geometric recalculation coefficient, and the averaged instantaneous velocity of projectile 9 on this segment is evaluated [image: ].

			Step 9. A statistically reliable initial linear velocity of projectile 9 [image: ] is calcu­lated after analysis of all time frames.

			Step 10. The length of curved line 19 – the boundary between the projection of the free carbon surface and the powder gases 20, when present, which exit the gun barrel into the atmosphere with excessive pressure during the observation time interval – is determined, and time series of lengths 19 and areas 20 are formed; these characteristics constitute a diagnostic feature of the shot state parameters.

			Step 11. The length of curved line 17 – the boundary between the projection of surface 18 of powder gases and free carbon at the stage of instantaneous ignition with pressure higher than atmospheric and the surrounding atmosphere – is determined over the observation interval, forming a muzzle shock wave in the atmosphere and generating time series of lengths 17 and areas 18.

			Step 12. The length of curved line 12 – the boundary between the projection of the burned powder gas surface 13 with atmospheric pressure and the atmosphere, formed by the volume of the powder exhaust and the surrounding air during the observation interval – is determined, and time series of lengths 12 and areas 13 are formed.

			Step 13. Based on the formed time series of lengths and areas, pressure change gradients are evaluated; the absence of a pressure gradient indicates the formation of a curved boundary line between the projection of powder gases and the atmosphere, which characterizes the transition between stages of the muzzle blast: free carbon with hot powder gases without mixture ignition; expansion of the mixture in the air atmosphere with ignition and afterburning; and stabilization of the pressure of powder gases that have burned in the atmospheric air.

			Step 14. Using personal computer 6 with the software complex and the calculation-analysis module 7, the current volume of powder gases and their temperature are determined for each time frame; the temperature is measured by the digital high-frequency wide-angle video camera operating in the visible and infrared ranges 5, and the current pressure of powder gases at the front of the muzzle shock wave is calculated.

			Step 15. The volume of burned powder gases at atmospheric pressure is determined along curved line 12 – the boundary between the projection of the flame surface of burned powder gases 13 and the atmosphere.

			Thus, two methods are proposed that are based on measurements of physical fields of different nature, but describe one process – the artillery shot.

			7.3 Muzzle blast video recording

			The muzzle blast during firing from modern large-caliber weapons has a complex three-lobed shape (Fig. 7.2).

			[image: ]

			The frontal exhaust of powder gases is associated with their eruption from the barrel, while the left and right lateral exhausts are formed when the combustion products exit through the openings of the gun's compensator. For diagnosing the barrel's condition, it is important to obtain the maximum amount of information on the dynamics of muzzle blast development. This is achieved by high-speed video recording of the muzzle blast from different angles.

			The field experiment was carried out during training firing of 152-mm towed guns. Shots were performed with two guns: Gun No. 1 – with a barrel of minimal wear (91 shots); Gun No. 2 – with a barrel of significant wear (1968 shots). During subsequent firing, physical fields were recorded from 59 shots: 34 from Gun No. 1 and 25 from Gun No. 2.

			The scheme of video recording during firing is shown in Fig. 7.3.

			In the scheme (Fig. 7.3), the origin O is aligned with the muzzle of the gun barrel (1). The Ox axis coincides with the firing direction. The projectile (2), after leaving the muzzle, moves along its trajectory. Upon the projectile's exit, frontal (3) and lat­eral (4, 5) muzzle blasts are formed. At a distance of l1 = 60–100 m on a line perpendicular to the firing direction, a ground-based high-speed video system is installed. The video system consists of a visible-range camera (6) and an infrared (IR) camera (7). This setup (6, 7) is used to record the dynamics of the muzzle blast development from a ground-level side view. A high-speed camera (8) is positioned along an inclined line in the vertical plane at a distance of l2 = 60–100 m. During the experiment, camera (8) was mounted on a hovering unmanned aerial vehicle. Camera (8) records the muzzle blast from a vertical perspective. The video streams from cameras (6–8) are synchronized and transmitted via radio and wired channels to a computing workstation.

			[image: ]

			In the experiment, the following equipment was used:

			1) infrared camera: high-speed MWIR Science-Grade Camera FLIR X6980; resolution 640 × 512 px; frame rate up to 1004 Hz; standard ND2 filter used: (250…2000)°C; dynamic range 14 bit; real-time connection via Ethernet port;

			2) visible spectrum cameras: high-speed FASTCAM MINI WX camera, shockwave-protected; resolution 1920 × 1080 px; frame rate from 240 Hz; linear imaging (without lens or perspective distortions); real-time video signal connection;

			3) workstation for processing recorded data: GPU: RTX 3080; CPU: 4.5 GHz, 12 cores; storage: SSD 4 TB M.2 NVME; RAM: 64 GB; OS: Windows 10.

			During all shots, acoustic fields – ballistic and muzzle waves – were additionally recorded. Since the methods of their registration are discussed in detail in works [2, 11, 12], they are not covered in this section.

			Fig. 7.4 shows consecutive frames of the muzzle blast dynamics in a top vertical view. 

			Analysis of consecutive frames reveals significant differences between muzzle blasts from worn and serviceable barrels. This allows considering the possibility of creating an automatic barrel condition classifier based on video data.

			[image: ]

			7.4 Method for forming diagnostic features of the muzzle blast based on video analysis

			The procedure for forming diagnostic features of the muzzle blast based on video analysis is implemented as follows:

			Step 1. Synchronous video recording is performed with all cameras, and ­shortly after, the shot is fired. Two visible-spectrum video streams from cameras (6) – file_1 (horizontal view) and (8) – file_2 (vertical view), as well as the IR stream from camera (7) – file_1ir, are transmitted to the computer.

			Step 2. The video streams (file_1), (file_2), and (file_1ir) are converted into a synchronized sequence of frames with discrete time stamps.

			Step 3. Each frame is analyzed to locate the projectile in the image. An array of frames containing the projectile is then formed – from the moment it separates from the barrel muzzle or leaves the powder-gas cloud until it disappears from the frame.

			Step 4. For each frame, if IR stream data (file_1ir) is available, the projection of the temperature field is analyzed. The frames from all three video streams are synchronized and form two geometric projections of the muzzle blast, as well as, if data is available, the distribution of the average temperature field.

			Step 5. On the side-view frame, the position of the projectile's center of mass is determined. At this point, a geometric scaling coefficient for linear dimensions is calculated based on the a priori known projectile dimensions (diameter and length).

			Step 6. The actual distance between the center of mass of the projectile and the barrel muzzle is determined, taking into account the geometric conversion factor. The average velocity of the projectile along this segment is then calculated.

			Step 7. Based on the analysis of all frames, the statistically reliable initial velocity of the projectile is determined immediately after leaving the barrel [image: ].

			Step 8. From the IR frames, the length of the boundary between the projections of free carbon, gunpowder gases, and the atmosphere is determined, as well as the area of this region, if present.

			Step 9. Using frames from cameras (6) and (8), the areas of the muzzle flash projections are determined, based on which the current volume of the muzzle flash is calculated.

			Step 10. For each time frame, the current pressure of the gunpowder ­gases at the front of the muzzle shock wave is calculated. The current gas pressure of the muzzle flash is determined from the average temperature, the current gas volume, and the characteristics of the gas contained in the muzzle flash. Reaching atmospheric pressure indicates the disappearance of the shock wave as a diagnostic feature.

			Step 11. Analysis of the obtained calculation vectors. Two vectors are formed during the analysis: pressure and temperature of the muzzle flash gases. The pressure vector shows a monotonic decrease to the atmospheric value. The temperature vector may show a monotonic decrease, a jump followed by decline, or a stabilization section.

			The presence of free carbon is indicated by a temperature jump or stabilization, explained by additional oxidation during mixing with atmospheric oxygen. This temperature property of the muzzle gas volume confirms that during its expansion and mixing with atmospheric oxygen, additional oxidation of free carbon occurs, releasing extra energy, which produces the described temperature characteristic.

			Fig. 7.5 shows a diagram of the processing of the video information stream corresponding to the described methodology.

			Below are the key operations of the methodology that require illustration. Fig. 7.6 shows a condensed video sequence of combined frames from the vertical and side views, highlighting the key moments of the projectile exit and the development of the muzzle blast.

			[image: ]

			[image: ]

			After converting the video streams (file_1) and (file_2) into frame sequences, for each pair of frames file_1_1.i and file_2_2.i, filtering, extraction of closed contours, and determination of their geometric dimensions relative to the baseline size – the outer diameter of the gun barrel – were performed using the OpenCV library. From the processed frame of camera file_1_1.i, the diameter D1 and length L1 of the frontal muzzle blast were determined. Additionally, the diameter D2 of the left-side muzzle blast through the muzzle brake was measured. It was assumed that the diameters of the right and left side blasts are equal in the current frame. From the processed frame of the vertical camera file_2_2.i, the lengths L2 of the left-side muzzle blast and L3 of the right-side muzzle blast from the gun with the muzzle brake were determined (Fig. 7.7).

			[image: ]

			It was assumed that the obtained geometric dimensions of the "lobes" of the muzzle blast correspond to bodies in the form of rotational ellipsoids. In this case, the total current volume of the muzzle blast was determined as the sum of the volumes of three geometric bodies

			[image: ]

			The current pressure Pi in the gas volume Vi with an average temperature Ti is determined based on the ideal gas law, using the Mendeleev-Clapeyron equation

			[image: ]

			This assumption is acceptable for the considered stage of the muzzle blast expansion, when the powder gases rapidly expand into the atmosphere and the pressure decreases to values close to atmospheric pressure. Under these conditions, the deviation of the gas mixture behavior from the ideal gas model does not significantly affect the calculated pressure estimates.

			While the gas expands from the barrel into the air atmosphere after exiting the muzzle, it is assumed that no chemical reactions occur in the muzzle-blast gas; that is, the gas mixture maintains a constant composition. For this reason, the molar mass M of the gas mixture in the system "charging chamber – barrel bore – muzzle blast" is constant. Accordingly, the mass m of the gas mixture contained within the entire muzzle system ("charging chamber – barrel bore – muzzle blast") remains unchanged. The universal gas constant is also constant. The product [image: ] is therefore treated as a constant value for the calculations, and its detailed evaluation is presented in [5]. It should be noted that for each shot this product has its own value and depends on the propellant charge, the powder type, its granulometric properties, and the wear condition of the barrel system.

			The temperature Ti is determined from horizontal recording using an infrared video camera that captures temperature data in file (file_1ir). Based on the correspondence between video frames file_1_1.i and file_1_1ir.i, the property of the measured temperature is extended to the entire portion of the muzzle-blast gases of the given fragment.

			Fig. 7.8 presents the results of joint processing of frames from the video se­quences (file_1), (file_2), (file_1ir), demonstrating changes in gas pressure and temperature within the muzzle blast. Fig. 7.8 was obtained by processing the video sequence shown in Fig. 7.6 (the left column corresponds to a shot from a barrel with high wear, the right column corresponds to a shot from a barrel without wear).

			[image: ]

			7.5 Selection of informative parameters for classification of barrel condition based on analysis of video recordings of muzzle blast dynamics

			By analogy with classification based on acoustic fields, for classification using video recordings of the muzzle blast the main objective of video analysis is the selection of informative features that distinguish a worn barrel from a defect-free one. Analy­sis of the obtained video sequences made it possible to form a set of informative parameters (IP) used for binary classification of defect-free and worn barrels.

			The following parameters were used as the main classification features:

			– [image: ] – the perimeter of the contour bounding the muzzle-blast region in the frame recorded at time t s after the shot – Lt; the perimeter was calculated for time instants t = 0.04 s, 0.08 s, 0.12 s, 0.16 s, thus forming four informative parameters (IP): [image: ], [image: ], [image: ], [image: ];

			– [image: ] – the projection area of a part of the muzzle blast onto the image plane at time t s after the shot – St; it was calculated for the same time instants, forming four additional informative parameters (IP): [image: ]

			These time instants correspond to characteristic stages of muzzle blast development identified during the preliminary analysis of the video sequences. The selected moments provide stable measurements of geometric parameters while keeping the dimensionality of the feature vector limited.

			The volume of a part of the muzzle blast at time instants t = 0.04 s, 0.08 s, 0.12 s, 0.16 s was used as informative parameters from the 9th to the 12th:

			[image: ]

			Since previous experiments revealed differences in the dynamics of changes in the volume of a part of the muzzle blast, the following derived features were formed:

			– [image: ] – estimation of the growth rate of the volume of a part of the muzzle blast in the time interval from 40 ms to 120 ms;

			– [image: ] – estimation of the growth rate of the volume of a part of the muzzle blast in the time interval from 120 ms to 160 ms.

			These features were calculated as follows:

			[image: ]

			[image: ]

			For all recorded shots, 14 informative parameters were calculated.

			Since the SVM (support vector machine) classifier [12] proved effective for classifying barrel condition based on ballistic and muzzle acoustic waves, this classifier was also tested for assessing barrel condition from muzzle flash ­video recordings. Unlike [12], in this case a more efficient variant of SVM was chosen – the least squares support vector machines (LSSVM) method [13]. LSSVM is a modified SVM approach that reduces the problem to solving linear systems of equations, effectively transforming it into a linear programming task, whereas the classical SVM method requires solving a quadratic programming problem. The LSSVM method significantly reduces computation time while maintaining classification quality. Its use also allows for a substantial reduction (by 2–4 times) in the required training dataset [14]. The LSSVM method is implemented as a MATLAB Toolbox [15].

			For the binary classification of barrel condition from muzzle flash video recordings, feature vectors were calculated for 59 recordings obtained during the experiment. The standard procedure of training, tuning, and testing the LSSVM classifier [13, 14] was then performed. All the above-mentioned informative features were normalized to the interval [0, 1]. The training dataset for tuning and training the classifier consisted of feature vectors from 30 randomly selected recordings. After training, the classifier's performance was evaluated using a test dataset consisting of feature vectors from 25 recordings, 13 of which were from shots with a defect-free barrel, and 12 from a worn barrel. The remaining four recordings were not included in the training or test subsets and were reserved as additional data for verifying the stability of the obtained results.

			Until now, classification quality was quantified using a single metric – accu­racy, defined as the ratio of correctly classified objects to the total number of objects [16]. This measure alone is not sufficient. The classification logic and results are presented in Table 7.1. Columns 2 and 3 of Table 7.1 indicate the true classes corresponding to the barrel condition. The rows of Table 7.1 show the classifier's decisions, indicating to which of the two classes the classifier assigned each shot. Each cell at the intersection of a row and a column contains the number of true or false classification outcomes.

			Since the primary goal of classification is to detect barrel condition, the state "Barrel truly worn" is considered the true positive condition, whereas the opposite state, "Barrel truly operational", is considered the true negative condition. Classifier outputs may therefore be: "Barrel worn", which is a true positive decision, and "Barrel operational", which is a true negative decision. The meaning of false positive and false negative decisions is evident from Table 7.1. The ­corresponding cells in ­Table 7.1 show the quantitative classification results for the examined dataset.

			

				
					
							
							Table 7.1 Logic of barrel condition classification results

						
					

					
							
							Barrel condition

						
							
							True positive condition

						
							
							True negative condition

						
					

					
							
							Classifier decision

						
							
							"Barrel actually worn"

						
							
							"Barrel actually serviceable"

						
					

					
							
							Classified as: "barrel worn"

						
							
							True positives (TP)

						
							
							False negatives (FN)

						
					

					
							
							Classified as: "barrel serviceable"

						
							
							False positives (FP)

						
							
							True negatives (TN)

						
					

				
			


			The classification quality was evaluated using three metrics. 

			The first metric is the Type I classification error, defined as the proportion of classifier decisions that identify a worn barrel as serviceable

			[image: ]

			where Ndef – the actual number of worn barrels.

			The second metric, Type II classification error, is defined as the proportion of classifier decisions that identify a serviceable barrel as worn

			[image: ]

			where Nok – the actual number of serviceable barrels.

			Undoubtedly, a Type I error is more critical in terms of consequences, but in combat conditions, a Type II error also has operational impact, as it leads to removing a serviceable gun from the field and transporting it to a technical unit for diagnostics.

			Therefore, a third metric is introduced, which serves as a generalized measure of classification quality and indicates the probability of error-free barrel condition classification

			[image: ]

			The summarized results of barrel condition classification based on different physical fields and their combinations are presented in Table 7.2.

			

				
					
							
							Table 7.2 Comparative results of barrel condition classification based on different physical fields of the shot

						
					

					
							
							Indicators

						
							
							Classification results based on analysis

						
					

					
							
							BW

						
							
							MW

						
							
							BW + MW

						
							
							MDV

						
							
							BW + MW + MDV

						
					

					
							
							P0 – probability of correct classification

						
							
							0.29

						
							
							0.44

						
							
							0.60

						
							
							0.52

						
							
							0.77

						
					

					
							
							F1 – Type I error

						
							
							0.33

						
							
							0.25

						
							
							0.17

						
							
							0.33

						
							
							0.08

						
					

					
							
							F2 – Type II error

						
							
							0.38

						
							
							0.31

						
							
							0.23

						
							
							0.15

						
							
							0.15

						
					

				
			

			Note: MDV – video recording of muzzle blast dynamics


			7.6 Investigation of classifier generality

			The practical interest lies in exploring the possibility of classifying barrel condition based on different physical fields and their combination. Below, the classification results for the acoustic fields of ballistic and muzzle waves and their combination, summarized in Table 7.2, are analyzed. For this purpose, the informative features used for training and testing the classifier are those detailed in [2, 11, 12]. The training and test samples coincide with those used for classification from the video recording of muzzle blast dynamics.

			To assess the generality of the approach, classification was performed using the acoustic field of the ballistic wave, the muzzle wave, their combination, as well as in combination with the MDV.

			The results presented in Table 7.2 show a significant increase in classification accuracy when all physical fields of the shot are used in combination.

			This effect can be explained by the fact that the acoustic and video channels are based on physical fields of different nature and are affected by different sources of measurement uncertainty. Therefore, their classification errors are only partially correlated, and the joint use of these channels increases the robustness of the diagnostic system.

			The highest performance is achieved when combining the informative features of the acoustic fields with the MDV.

			The automated system for diagnosing shot parameters (Fig. 7.9) consists of hardware and software components. The hardware component includes three elements: I – a set of technical means for measuring the acoustic field generated by muzzle and ballistic waves; II – a set of technical means for horizontal and vertical video recording of muzzle gases; IV – a mobile device for displaying the obtained shot parameter results within the automated diagnostic system (Fig. 7.9).

			[image: ]

			The subsequent processing of the collected information is performed by the software component III, presented as the overall structure for processing information obtained from various physical fields during the shot (Fig. 7.9). The software component includes: an integrated database; programs for processing recordings, signals, images, and video sequences, as well as for extracting and accumulating informative features; SVM and LSSVM classifiers:

			– I – a set of technical means providing measurement of the acoustic field generated by muzzle and ballistic waves;

			– II – a set of technical means providing horizontal and vertical video recording of the muzzle gas plume;

			– III – general structure of the software component for digital processing of information obtained from various physical fields during the shot;

			– IV – mobile device for displaying results obtained in the automated system for diagnosing shot parameter states;

			– 1 – group of measurement microphones for acoustic wave characteristics.

			– 2 – multichannel 16-bit ADC;

			– 3 – field computer for calculating acoustic wave parameters;

			– 4 – integrated database;

			– 5 – recording processing (extraction of ballistic and muzzle wave signals);

			– 6 – recording processing (extraction of sets of informative features of the acoustic field);

			– 7 – formation and training of the SVM acoustic field classifier;

			– 8 – shot classification using acoustic diagnostic features;

			– 9 – classification result of the shot based on the acoustic field;

			– 10 – group of horizontal video cameras (IRH1 – infrared horizontal, H2 – horizontal);

			– 11 – vertical video camera V1;

			– 12 – field computer for processing muzzle gas video images;

			– 13 – video recording processing;

			– 14 – processing of individual image frames;

			– 15 – formation and training of the LSSVM classifier for muzzle gas images;

			– 16 – shot classification using diagnostic features obtained from the muzzle gas;

			– 17 – classification result of the shot based on processing of muzzle gas images;

			– 18 – classification result of the shot based on the combination of muzzle gas video and acoustic shot fields.

			A field experiment was conducted using a set of technical means for recording muzzle blast and a system for measuring the acoustic field generated during training firings of towed guns. The hardware setup for the gun position included three measurement condenser microphones – Rode NT1-A, Rode NT-USB, and DPA 4062-OC – connected to a MacBook Pro 15 via a 16-bit, multi-channel ADC TASCAM 102i. The specifications of the measurement microphones were as follows: frequency range 20 Hz–20 kHz; signal-to-noise ratio 81 dB; sensitivity 32 dB relative to 1 V/Pa; dynamic range 132 dB.

			7.7 Conclusions

			A field experiment was conducted to record the muzzle blast of propellant gases accompanying gunfire using high-speed cameras in both visible and infrared ranges from multiple observation angles. The experiment revealed significant differences in the dynamics of muzzle blast development between firings from defect-free and worn barrels. The obtained results served as a basis for developing a barrel condition classifier based on muzzle blast video recordings. A methodology for analyzing synchronized video streams was developed.

			The analysis identified informative features that distinguish muzzle blasts from defect-free and worn barrels. This allowed the development of a binary classifier based on least squares support vector machines (LSSVM). To assess classification quality, in addition to first- and second-type classification errors, an integral performance metric – the probability of error-free classification – was proposed. It was established that, for the experimental dataset, the classification errors based on the analysis of muzzle blast video recordings are: the first-type error F1 = 0.33; the second-type error F2 = 0.15; probability of error-free classification P0 = 0.52.

			A concept for a universal barrel condition classifier was proposed. The concept involves classification based on both muzzle blast video recordings and the acoustic fields of the shot – ballistic and muzzle waves. It was shown that, in this case, the probability of error-free classification increases to 0.77. The proposed concept made it possible to develop and investigate an automated system for diagnosing shot condition parameters.
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			CHAPTER 8

			Method of parabolic approximation for determining the impact point coordinates of an artillery projectile

			Pavlo Gultsov, Viktor Boltenkov, Yevhenii Dobrynin, Oleksii Maksymov

			Abstract

			This section considers a method for verifying an artillery shot under conditions of random disturbances, which is based on the registration of acoustic fields formed by ballistic and muzzle waves. The position of the proposed approach among modern technologies for ensuring the accuracy of artillery fire is demonstrated, and the feasibility of using the ballistic wave as a source of useful information for estimating projectile flight parameters is substantiated.

			A general description of the method, the layout of the measuring equipment, and the sequence of measurement data processing are presented. The method is based on recording the moments when the projectile passes over spatially separated observation points, followed by approximation of the flight trajectory using a system of parabolas. The proposed algorithm takes into account possible changes in the relative positions of the measurement points with respect to the ascending and descending branches of the trajectory, which makes it possible to partially compensate for random disturbances caused by instability of the initial velocity and other firing-related factors.

			The effectiveness of the method is investigated by means of simulation modeling for a large-caliber artillery projectile, taking into account random disturbances of temporal parameters. It is shown that the use of a system of approximating parabolas provides estimation of the projectile impact point coordinates with an error on the order of fractions of a percent of the firing range. A comparative analysis with the traditional method of compensating random disturbances by successive corrective shots is carried out, and the results of a field experiment involving the registration of ballistic wave signals are presented. The obtained results confirm the fundamental possibility of verifying an artillery shot using a single firing with acceptable accuracy.

			Keywords

			Artillery shot, firing verification, ballistic wave, acoustic reconnaissance, trajectory approximation, random disturbances.

			8.1 Introduction

			Modern conditions of employment of artillery units are characterized by high dynamics of combat operations, an increasing role of counter-battery warfare, and strict limitations on the duration of fire impact. Under such conditions, the effectiveness of artillery fire is determined not only by the accuracy of ballistic calculations but also by the ability to promptly verify the results of a shot and rapidly adjust fire taking into account real firing conditions. This, in turn, necessitates a transition from classical counter-battery engagement schemes to short-duration fire tactics with immediate relocation of firing positions of the "shoot-and-scoot" type [1, 2].

			Achieving the required level of combat effectiveness of artillery units under such conditions is impossible without extensive use of modern information technologies, automated fire control systems, and specialized geoinformation tools. The calculation of artillery projectile flight trajectories, the construction of firing tables, and the assessment of target engagement accuracy are based on refined mathematical models, methods of optimal estimation, and forecasting. The universality of this mathematical framework is confirmed by its application in modeling complex dynamic and physicochemical processes, in particular in parameter identification problems, the solution of inverse problems, and the development of approximation models for systems of various physical nature [3–10].

			A special place among the means of verifying artillery firing results is occupied by acoustic methods based on the registration and processing of sound signals gener­ated by the shot and the projectile burst. Despite the complex nature of acoustic wave propagation under real conditions, modern signal processing and mathematical modeling techniques make it possible to obtain informative temporal and spatial parameters suitable for estimating burst coordinates and analyzing firing errors [1, 2].

			In view of the above, a relevant scientific and applied task is the development and investigation of methods for determining the coordinates of the artillery projectile impact point based on acoustic measurements using simplified yet informative trajectory approximation models. The use of parabolic approximation makes it possible to reduce the computational complexity of the problem, ensure sufficient estimation accuracy with a limited amount of measurement information, and create prerequisites for the practical implementation of firing result verification methods in a mode close to real time [3, 4].

			At the same time, the proposed approach is based on a number of assumptions that define the scope of its applicability. It is assumed that the projectile motion remains supersonic over the observation segment and that the ballistic wave can be reliably registered at spatially distributed measurement points. The method relies on the availability of sufficiently accurate firing tables for estimating the initial projectile velocity and does not explicitly model complex aerodynamic effects beyond integral drag. In addition, the proposed approximation framework is intended for conditions where meteorological parameters vary slowly in space and time and can be treated as quasi-stationary during a single shot.

			8.2 General principles of acoustic reconnaissance tasks

			A method for determining the coordinate of the artillery projectile impact with the surface by means of acoustic registration of the acoustic field generated by the projectile is considered. The registration of the acoustic field of a projectile that detonates near the target can be regarded as an integral process, the result of which is a reduction in projectile expenditure during mission execution by avoiding computational and measurement errors, as well as by reducing projectile dispersion under compensating actions of external disturbances recorded over a series of shots. The rate of introducing compensating actions into the operation of artillery units is a decisive factor in the conduct of combat operations under modern conditions.

			Acoustic reconnaissance is conducted continuously, and the obtained data must be reliable and accurate. Based on the coordinates of acoustic targets, fire for effect may be conducted without prior adjustment. At the same time, based on the coordinates of projectile impact and burst points, adjustment fire should be carried out for non-acoustic and optically undetected targets.

			The registration of the acoustic field for the needs of artillery units makes it possible to solve two main tasks. For this purpose, the equipment of a sound-ranging complex is deployed in a specific configuration in the field, consisting of several sound receivers placed at base points, as well as a central point that accommodates information processing equipment, an observation post, and communication facilities [11].

			The first task makes it possible to detect firing positions of guns that are not optically observable, regardless of the types of ammunition used, based on a demasking feature, namely the sound of the shot. Below, a generalized sequence of operations performed during the deployment of acoustic reconnaissance units to ensure fire support of artillery guns against acoustic targets is presented:

			Step 1. The acoustic reconnaissance unit is deployed on the basis of an automated sound-ranging complex that includes three sound receivers placed at base points with known coordinates. At the central point, the coordinates of which are also known, information processing equipment is installed, consisting of a central computing unit, a meteorological measurement complex, and observation and communication facilities. The sound receivers and the information processing equipment are connected via internal communication means, while interaction between the artillery unit and the sound-ranging complex is ensured by external communication means.

			Step 2. The sound receivers are deployed in the field under identical conditions, preferably on dominant elevations, along a line perpendicular to the expected direction of acoustic wave propagation, at a distance of 500–1000 m from each other.

			Step 3. The coordinates of each sound receiver are determined and entered into the information processing equipment of the central computing unit.

			Step 4. The meteorological measurement complex records meteorological information (air temperature, wind direction, and wind speed in the near-surface atmospheric layer), which is transmitted to the central point and entered into the information processing equipment of the central computing unit.

			Step 5. Adjustment and calibration of the information reception equipment are performed at each base point with connected sound receivers.

			Step 6. Separate adjustment of the interaction channels between the equipment located at the base points and the information processing equipment of the central point is carried out.

			Step 7. Calibration of the information transmission channels from each sound receiver to the information processing equipment is performed.

			Step 8. Astronomical time is entered into the central computing unit, and synchronization and alignment of the unified time of the central point with the time at each base point are carried out.

			The second task makes it possible to conduct fire by friendly artillery against non-acoustic and optically undetected targets by determining the projectile impact points based on the sound of their bursts. Below, a sequence of operations performed during the support of artillery gun fire by an acoustic reconnaissance unit based on projectile bursts is presented:

			Step 1. The coordinates of the target and the firing position are entered into the central computing unit.

			Step 2. A shot is fired from the artillery gun at the firing position. At the moment the projectile collides with a solid obstacle, it detonates, resulting in the generation of a sound wave which propagates through the atmosphere and ­reaches the sound receivers.

			Step 3. Using the sound receivers, the sound wave generated by the projectile burst is recorded, and the acquired information is transmitted via a communication channel to the information processing equipment. As a result of processing, the central computing unit determines the coordinates of the projectile burst point (reference point).

			Step 4. The coordinates of the burst point are calculated based on the known positions of the sound receivers, the sound wave propagation velocity with corrections for the current meteorological conditions of the near-surface ­atmospheric layer, and the differences in sound wave arrival times at the sound receivers.

			Step 5. The coordinates of the projectile impact point relative to the firing position are determined.

			Artillery gun fire conducted with the support of an acoustic reconnaissance unit according to the above algorithms during the execution of combat tasks has a number of limitations caused by the physical properties of the medium of acoustic wave propagation, the nature of the surface in the projectile burst zone, and the presence of natural or artificial obstacles along the sound signal propagation path [12].

			The above factors should be regarded as inherent limitations of acoustic-based methods and define the conditions under which the proposed approach can be effectively applied.

			When firing at targets located on soft marshy soil or on ground covered with a thick snow layer, a complete projectile detonation may not occur upon impact with such a surface. Under these conditions, an acoustic wave capable of propagating in the atmosphere and reaching the sound receivers is not formed, which makes it impossible to register the burst moment and, accordingly, to determine the coordinates of the projectile impact point.

			When firing at targets located on a water surface, the projectile passes through the water layer and detonates in the underwater environment. In this case, the main part of the explosion energy is absorbed by the water, as a result of which an acoustic wave in the atmosphere is either not formed or has an intensity insufficient for reliable registration by the sound receivers.

			Significant attenuation of the acoustic wave is also possible even when a projectile burst occurs, if its propagation path passes through media with a high ­absorption coefficient of acoustic oscillations. Such conditions include large forested areas as well as complex terrain with the presence of hills, ravines, and other natural obstacles, which lead to a reduction in signal amplitude and a deterioration in registration accuracy.

			The registration of the acoustic wave generated by a projectile explosion is carried out by sound receivers arranged along a line perpendicular to the direction of the expected arrival of the acoustic wave.

			The listed limitations may lead to the impossibility of determining the coordinates of the projectile burst or impact point, either due to the absence of an acoustic signal or under conditions of its significant attenuation during atmospheric prop­agation. These factors must be taken into account when employing acoustic reconnaissance means to support artillery fire.

			8.3 Method for registering the coordinate of artillery projectile impact with the surface

			The method for determining the coordinate of an artillery projectile impact with the surface is based on an approach in which, through the introduction of new operations and a modification of the execution order of existing ones, it becomes possible to determine the coordinates of unexploded projectiles and to increase the accuracy of determining the projectile impact coordinate. The following features are relevant for the proposed method [13].

			Along the firing direction line from the gun, at a presumed distance at which the projectile loses its supersonic velocity, locations for the placement of three measuring microphones or three groups of measuring microphones are ­determined.

			The conditions for placing three measuring microphones or three groups of measuring microphones are specified:

			1) at predetermined locations, the first, second, and third measuring microphones, or the first, second, and third groups of measuring microphones, are deployed with a positioning error not exceeding 50% of the specified distances;

			2) the coordinates of the three measuring microphones or three groups of measuring microphones located along the firing line are determined;

			3) the ballistic and muzzle waves are recorded above the microphones or groups of microphones;

			4) the time interval between the registration of the ballistic wave and the registration of the muzzle wave is determined for each measuring microphone or group of measuring microphones, from the microphone or group closest to the gun to the microphone or group farthest from the gun;

			5) the initial projectile velocity at the moment of firing is determined;

			6) three types of ballistic curves defined by three points are obtained, based on which the coordinates of the artillery projectile impact with the surface are determined;

			7) using the three obtained coordinates, the average coordinate of the artillery projectile impact with the surface is determined.

			The causal relationship between the set of presented conditions and the achieved technical result is explained as follows. 

			At the moment the projectile exits the barrel (the sound source), two sound waves are generated. The ballistic wave is formed when the projectile moves at supersonic velocity and exists over the time interval until it disappears as a result of the projectile transitioning to a subsonic motion regime, where the propagation velocity of the wave is equivalent to the instantaneous velocity of the projectile. The muzzle wave is formed by the outflow of propellant gases after the projectile leaves the barrel. Initially, over a relatively short time interval, it exhibits the properties of a shock-acoustic wave and transforms into an acoustic wave as the pressure of the gases equalizes with atmospheric pressure [14]. Subsequently, its propagation velocity becomes constant and equal to the speed of sound.

			Both waves (ballistic and muzzle) are alternately registered by a microphone or a group of microphones located along the firing direction line. Based on the arrival times of the muzzle and ballistic waves at each microphone or group of microphones, the distances from the sound source to the devices registering the sound waves are determined. The velocity of the ballistic wave above a microphone or group of microphones is measured. At the same time, the initial projectile velocity is determined. At a given moment in time and at a known distance, the propagation velocity of the ballistic wave is equal to the projectile velocity. Subsequently, using the data from three points and the characteristics of the projectile motion, an approximating parabola is constructed, which determines the location of the projectile impact with the surface.

			The schematic layout of the equipment is identical to that shown in Fig. 2.6 (Section 2.6).

			The detailed step-by-step procedure for determining projectile impact coordinates based on acoustic registration of ballistic and muzzle waves is provided in Section 2.6. In this chapter, the method is applied to compute trajectory approximation coefficients and mean impact coordinates under varying operational conditions.

			8.4 Acoustic fields of a shot – the basis of the method for recording the projectile impact coordinate with the surface

			Ensuring the required accuracy of artillery fire under modern conditions is ­directly associated with the capability for prompt assessment of the results of each shot. In this context, the analysis of acoustic fields generated during a shot and the subsequent projectile flight is considered one of the promising information-based ap­proaches to solving the problem of artillery fire verification [2]. Modern means of ensuring the accuracy of artillery fire and its current assessment, as well as guidance and correction methods, can be divided into the following technological directions: (i) preliminary fire preparation [15]; (ii) verification of firing results, i.e., confirmation of projectile impact at the aiming point or assessment of deviation from the aiming point [16].

			The technological direction (i) provides comprehensive accounting of possible firing errors, including systematic ones, and encompasses a set of preparatory measures, among which the following main components are distinguished: target reconnaissance and coordinate determination; topogeodetic preparation; meteorological preparation; ballistic preparation; technical preparation; and determination of firing settings. The implementation of these measures is aimed at reducing systematic firing errors prior to the execution of a shot.

			Despite continuous improvement of the technological means associated with direction (i), including the use of information technologies, random disturbances may arise during firing. These disturbances are associated with factors that are difficult to assess with sufficient accuracy, such as barrel wear of the artillery system that has occurred since its last measurement; changes in barrel temperature as a result of intensive previous firing; and inaccurate information regarding the propellant charge and its storage conditions. Errors caused by random disturbances must be assessed during the verification process [17], which necessitates the use of additional information means for monitoring firing results.

			Technological direction (ii) is associated with establishing informational feedback between successive shots fired from an artillery system [2] and involves estimating the coordinates of projectile bursts during firing. For fire correction, it is necessary to evaluate the coordinates of the projectile burst at the moment of firing, which significantly complicates and prolongs the verification procedure.

			The most commonly used technologies within direction (ii) at present include the following:

			1. Optical observation, including the use of unmanned aerial vehicles [18]. The disadvantages are demasking of the observation process and vulnerability of the observation assets.

			2. Determination of the projectile impact point using artillery radar stations (Radar Stations) [19]. The disadvantage is demasking of the observation process due to radar emission.

			3. Processing of acoustic signals from projectile bursts, i.e., the use of artillery sound-ranging means, specifically for "own-fire adjustment" [20]. The disadvantages include the requirement for large, spatially distributed sensor systems and a strong dependence of effectiveness on meteorological conditions.

			The means of analyzing artillery acoustic fields are considered in more detail ­below. During an artillery shot, two types of waves are generated. A sound impulse produced by the propellant gases exiting the barrel immediately behind the projectile forms a wave known as the muzzle wave [18]. A wave with similar acoustic characteristics also arises during a projectile burst. This type of wave constitutes the object of analysis in artillery sound ranging.

			Another type of wave generated during a shot is the air wave produced by the projectile moving at supersonic speed, referred to as the ballistic wave [11]. The ballistic wave remains a shock wave throughout the entire period during which the projectile continues to move at supersonic speed, while propagating together with it. The acoustic signal of the ballistic wave has an N-shaped impulse with a duration of 2–5 ms; its energy spectrum is broadband and lies within the frequency range from 10 Hz to 500–700 Hz. The ballistic wave can be registered only within the Mach cone formed by a projectile flying at supersonic speed. For more than 100 years in artillery sound ranging, the ballistic wave was considered an interference signal. However, in [1] it was demonstrated that the ballistic wave is a valuable source of useful information, in particular regarding the current level of barrel wear. This study examines the possibility of developing and investigating a promising method for verification of an artillery shot based on registration of the ballistic wave generated by a projectile flying along a trajectory recorded by a spatially distributed system of acoustic sensors.

			8.5 Method for shot verification

			General description of the shot verification method. Fig. 8.1 presents the layout of the artillery gun and the measuring equipment employed to record the projectile flight parameters.

			The origin of the coordinate system is aligned with the weapon firing position P0, from which a projectile is fired with an initial velocity vector [image: ] exceeding the speed of sound. The diagram illustrates the projectile motion in the vertical plane. The aiming point P is located at the horizontal range X. It should be noted that, in this study, the lateral deviation of the projectile caused by spin drift (derivation) is not taken into account. This assumption is introduced in order to focus on the longitudinal component of the projectile motion and to simplify the analysis of the proposed verification method. The influence of derivation can be incorporated into the model using well-known correction techniques if higher accuracy in the lateral plane is required [21].

			[image: ]

			During the projectile flight along a ballistic trajectory at supersonic speed, it is accompanied by a ballistic wave that is observed on the ground surface along the firing line located inside the Mach cone. On the surface, at three observation points with the corresponding coordinates [image: ], [image: ] and [image: ], sets of measuring equipment (Measurement Equipment Set, MES) are deployed. Each MES is intended to record the instants of occurrence of the ballistic wave at the corresponding point [image: ], which correspond to the moments when the projectile passes over the observation points. Each MES includes a measuring microphone, an analog-to-digital converter, and a radio communication channel. One additional MES is located at the firing position. All four MES units are synchronized in time.

			Objective of the proposed shot verification method. Taking random disturbances into account, the objective of the proposed shot verification method is to estimate the projectile impact coordinates based on the recorded moments of its passage over the observation points and to determine whether the obtained coordinates satisfy the specified accuracy requirements.

			Measurement processing method:

			Step 1. At the firing point P0, the projectile velocity is determined using firing tables for the given type of projectile and propellant charge (the firing preparation is assumed to be complete, while possible random disturbances are allowed).

			For each observation point [image: ], the following calculations are performed based on the data obtained at the preceding points [image: ].

			Step 2. The segment of the projectile trajectory [image: ] is approximated by a straight-line segment [image: ] (Fig. 8.2).

			[image: ]

			The air drag force acting on a projectile in flight is described by a quadratic model

			[image: ],	(8.1)

			where Cx is the integral drag coefficient; ρ is the air density; v is the projectile veloc­ity; S is the projectile midsection (reference) area, [image: ]; [image: ] is the Mach number; c is the speed of sound in air.

			The vector [image: ] is directed opposite to the velocity vector [image: ]; accordingly, the force R imparts a negative acceleration to the projectile

			[image: ],	(8.2)

			where m is the projectile mass.

			Then, the projectile velocity at point [image: ] is

			[image: ].	(8.3)

			The approximate length of the trajectory segment is

			[image: ],	(8.4)

			where [image: ].

			As a result of performing the computational procedures (8.1)–(8.4), in the right triangle [image: ] two sides are known: [image: ] and [image: ]. Thus, the elevation of the projectile flight trajectory along the Y-axis at point [image: ] relative to point [image: ] is determined

			[image: ].	(8.5)

			The projectile flight height over point Pj is

			[image: ].	(8.6)

			As a result of performing the described computational procedure, the points of projectile trajectory elevation over the measurement points [image: ], [image: ], [image: ] are obtained, including the firing point [image: ].

			Step 3. Approximation parabolas are constructed for each triad of points:

			[image: ]	(8.7)

			One more approximating parabola can be constructed using four points

			[image: ].	(8.8)

			Each of the approximating parabolas represents a model of the projectile motion that, to a certain extent, compensates for random disturbances occurring at the moment of firing. The intersection points of the approximating parabolas with the ground surface (the non-zero roots of the parabolas) [image: ] provide approximate estimates of the projectile impact point. The arithmetic mean of the intersection points with the surface, [image: ] is taken as an average estimate of the projectile landing coordinate with partially compensated random disturbances.

			It should be noted that, in practice, more than four approximating parabolas are constructed; however, for the evaluation of [image: ], exactly four are selected, in accordance with the algorithm presented below.

			Algorithm for determining the signs of ΔYij:

			In the calculations of relations (8.2)–(8.6), it was assumed that point j lies on the trajectory above point i. In practice, the Y-coordinate of point i may be greater than the Y-coordinate of point j. This occurs, for example, if point j is on the descending branch of the projectile's trajectory. Therefore, when evaluating [image: ] using expression (8.5) both positive and negative values of [image: ] should be taken into account. Accordingly, for each point [image: ] two values of the projectile's flight height above point [image: ] must be calculated

			[image: ].	(8.9)

			Next, during the construction of approximating parabolas for each point [image: ] included in the triad (8.7) or the tetrad (8.8), two parabolas are built – [image: ] and [image: ]. Then, for each of the two parabolas, the distance from the approximated landing point is determined as [image: ] and [image: ]. The parabola with the smaller value of [image: ] is selected as the "correct" approximating parabola.

			Accounting for the relative positions of points Pj and Pi, as ensured by the proposed algorithm, results in the formation of four "correct" approximating parabolas at Step 3 of the described method.

			8.6 Simulation modeling of the shot verification method

			The proposed method was validated by means of simulation modeling of firing from an FH70 howitzer using an M107 projectile of 155 mm caliber. In the simulation, it was assumed that the moments of ballistic wave registration can be determined with sufficient accuracy, while random disturbances were introduced only in the temporal parameters of projectile motion. The projectile characteristics [22] are as follows: mass 43 kg, diameter 0.15471 m, initial velocity (full charge No. 8) 684.3 m/s. Firing preparation is assumed to be complete. For the calculations, the following values were adopted: [image: ] kg/m3, [image: ] m/s, and the coordinate of the aiming point [image: ] m. The integral drag coefficient Cx was taken from tables [22]. The X-coordinates of the measurement points are: [image: ] m, [image: ] m, [image: ] m. The times of projectile passage over the measurement points, taking into account random disturbances [image: ], were generated as follows: 5% random disturbances were introduced into the tabulated passage times

			[image: ].

			The simulated parameters of the simulation modeling are presented in Table 8.1.

			

				
					
							
							Table 8.1 Parameters of simulation modeling of the shot verification method

						
					

					
							
							Simulated parameter

						
							
							Parameters corresponding to the microphone locations along the firing direction

						
					

					
							
							No. 1

						
							
							No. 2

						
							
							No. 3

						
					

					
							
							Target coordinate at the aiming point, m

						
							
							25000

						
							
							25000

						
							
							25000

						
					

					
							
							Distance from the gun to the measuring microphone, m

						
							
							4900

						
							
							10000

						
							
							16000

						
					

					
							
							Time of ballistic wave registration, s

						
							
							10.5

						
							
							22.2

						
							
							39.7

						
					

					
							
							Flight height over the measurement point Yj, m

						
							
							3634

						
							
							6163

						
							
							6686

						
					

				
			


			Using the developed methodology, four approximating parabolas were constructed (Fig. 8.3). The results of the simulation modeling are presented in Table 8.2.

			For clarity of the approximation process, the final segments of the approximating parabolas are shown in Fig. 8.4.

			[image: ]

			

				
					
							
							Table 8.2 Results of simulation modeling of the shot verification method

						
					

					
							
							Simulation results

						
							
							Approximating parabolas

						
					

					
							
							No. 1

						
							
							No. 2

						
							
							No. 3

						
							
							No. 4

						
					

					
							
							Target range [image: ], m

						
							
							25000

						
							
							25000

						
							
							25000

						
							
							25000

						
					

					
							
							Parabola equation coefficients Y = AX2 + BX

						
							
							A

						
							
							–0.000092

						
							
							–0.000090

						
							
							–0.000090

						
							
							–0.000088

						
					

					
							
							B

						
							
							2.28

						
							
							2.30

						
							
							2.11

						
							
							2.32

						
					

					
							
							[image: ], m

						
							
							25070

						
							
							25060

						
							
							24610

						
							
							22850

						
					

					
							
							[image: ], m

						
							
							24390

						
							
							24390

						
							
							24390

						
							
							24390

						
					

				
			


			[image: ]

			Simulation modeling of the proposed shot verification method makes it possible to identify two main results:

			1) the verification method, due to the use of a system of approximating parabolas, compensates for random disturbances while maintaining an error of about 0.5% of the firing range;

			2) the proposed method allows verification with a single shot, providing results even before the projectile actually lands.

			8.7 Comparative analysis of methods

			Comparative analysis of the proposed method for registering the coordinates of an artillery projectile's impact with the surface and the method of compensating ­random disturbances through successive corrective shots made it possible to iden­tify the main advantages and limitations of each approach.

			In order to demonstrate the effectiveness of the proposed method, a model calculation of firing at the same range was carried out using a program for precise trajectory computation based on the NATO standard STANAG 4355 [23]. ­According to this standard, the projectile flight model describes the projectile as a moving material point with five degrees of freedom. At present, such a model is considered one of the most accurate for describing the trajectories of large-caliber artillery projectiles.

			The complete simulation, in accordance with [23], was performed using Matlab software code presented in [24]. To ensure equivalent simulation conditions, random disturbances were taken into account by means of a pseudo-random variation of the projectile's initial velocity

			[image: ].	(8.10)

			After each shot, the deviation of the projectile's impact point was estimated and subsequently compensated using the artillery bracketing method with correction of the aiming angle for the subsequent shots. Fig. 8.5 presents the calculated projectile flight trajectories for five successive shots. The generalized simulation results are given in Table 8.3.

			For clarity, Fig. 8.6 shows the terminal segments of the ballistic trajectories for the specified five shots.

			[image: ] 

			

				
					
							
							Table 8.3 Results of modeling random disturbance compensation by successive shots using the STANAG 4355 model

						
					

					
							
							Simulation results

						
							
							Shot numbers

						
					

					
							
							No. 1

						
							
							No. 2

						
							
							No. 3

						
							
							No. 4

						
							
							No. 5

						
					

					
							
							Target range [image: ], m

						
							
							25000

						
							
							25000

						
							
							25000

						
							
							25000

						
							
							25000

						
					

					
							
							[image: ], m

						
							
							24550

						
							
							25530

						
							
							24750

						
							
							25300

						
							
							25120

						
					

					
							
							[image: ], m

						
							
							25120

						
							
							25120

						
							
							25120

						
							
							25120

						
							
							25120

						
					

				
			


			[image: ]

			The obtained simulation results demonstrated that, in order to compensate for random disturbances down to an error level of approximately 0.5% of the firing range, the traditional adjustment method requires at least five consecutive shots.

			For practical verification of the effectiveness of the proposed shot verification method, a full-scale field experiment was conducted with registration of real ballistic wave signals during training firing of a 152 mm towed gun 2A36 "Hyacinth-B". Three sets of measurement equipment were deployed at distances of 5400 m, 7800 m, and 10 000 m from the firing position. Each set included a Rode NT-USB condenser microphone, a 16-bit TASCAM analog-to-digital converter, and radio communication channel equipment with the firing position, where an additional measurement set was installed. All measurement equipment operated in a time-synchronized mode.

			Due to the high level of acoustic interference and the low signal-to-noise ratio, the ballistic wave signal was recorded in a distorted form (Fig. 8.7). Under such conditions, determining the moment of its onset using threshold-based methods becomes significantly more difficult. Therefore, the determination of the response time of the measuring microphones to the ballistic wave was carried out by identifying the maximum of the cross-correlation function between the signals recorded at the measurement point and at the firing position. For this purpose, the cross-correlation function of the signal [image: ] at the measurement point and the signal [image: ] at the firing position was used [25]

			[image: ].	(8.11)

			A typical form of the cross-correlation function is shown in Fig. 8.8.

			[image: ]

			[image: ]

			The results of the field experiment are presented in Tables 8.4, 8.5. It should be noted that in this case only three approximating parabolas were constructed, each defined by three points.

			During the field tests, the proposed method provided compensation of random disturbances at the level of 3.5% of the firing range. This value significantly exceeds the result obtained in the simulation experiment. However, considering that it was achieved with a single shot, this result demonstrates a quite acceptable quality of verification.

			Let's turn to the identification of the advantages and disadvantages of the proposed shot verification method. The specified verification method based on parabolic approximation, as demonstrated by simulation modeling and full-scale experiments, makes it possible to compensate random disturbances to quite acceptable error levels already with a single shot [16].

			

				
					
							
							Table 8.4 Parameters of the experimental verification of the shot verification method

						
					

					
							
							Parameter

						
							
							Parameters corresponding to the microphone placement points along the firing line

						
					

					
							
							No. 1

						
							
							No. 2

						
							
							No. 3

						
					

					
							
							Aimed target coordinate, m

						
							
							15000

						
							
							15000

						
							
							15000

						
					

					
							
							Distance from the gun to the measuring microphone, m

						
							
							5400

						
							
							7800

						
							
							10000

						
					

					
							
							Time of ballistic wave registration, s

						
							
							8.5

						
							
							14.8

						
							
							19.7

						
					

					
							
							Height of projectile over the measurement point Yj, m

						
							
							3634

						
							
							6163

						
							
							6686

						
					

				
			


			

				
					
							
							Table 8.5 Results of the experimental verification of the shot verification method

						
					

					
							
							Simulation results

						
							
							Approximating parabolas

						
					

					
							
							No. 1

						
							
							No. 2

						
							
							No. 3

						
					

					
							
							Target range [image: ], m

						
							
							15000

						
							
							15000

						
							
							15000

						
					

					
							
							Parabola equation coefficients Y = AX2 + BX

						
							
							A

						
							
							–0.000096

						
							
							–0.000088

						
							
							–0.000080

						
					

					
							
							B

						
							
							1.32

						
							
							1.28

						
							
							1.19

						
					

					
							
							[image: ], m

						
							
							13790

						
							
							14550

						
							
							15100

						
					

					
							
							[image: ], m

						
							
							14480

						
							
							14480

						
							
							14480

						
					

				
			


			The computations accompanying the construction of the approximating parabolas are fairly simple and can be performed on an artillery commander's tablet. The recommended method reduces the time required for fire execution and de­creases ammunition expenditure. In this way, it offers new opportunities for preserving weapon survivability in counter-battery operations. The main drawback of the developed verification method is the need for specialized equipment to register acoustic fields and to deploy it along the line of fire. However, information on the development of such equipment and its pilot application is currently available [27].

			Based on the results presented in Chapter 4, it can be stated that, for the first time, a method for tracking an artillery shot under the influence of random disturbances has been proposed, relying on the registration of ballistic and muzzle waves generated by the shot and the projectile. This made it possible to verify the state of an artillery gun shot and to determine the point of impact of the projectile with the surface using parabolic approximation of its characteristics.

			8.8 Conclusions

			In this chapter of the monograph, a method for verifying an artillery shot based on the registration of acoustic fields, in particular ballistic and muzzle waves generated during the shot and the projectile's flight, has been considered and investigated. It is shown that the use of information on the time instants at which the ballistic wave passes over spatially distributed observation points makes it possible to estimate the projectile's impact coordinates even before it collides with the surface.

			The proposed method is based on parabolic approximation of segments of the projectile flight trajectory and provides compensation for random ­disturbances associated with instability of the initial velocity, barrel condition, and other ­poorly controllable factors. The developed algorithm for determining the signs of trajectory elevation makes it possible to correctly account for the relative positioning of measurement points on the ascending and descending branches of the trajectory.

			The results of simulation modeling confirmed the ability of the method to ensure accuracy of impact coordinate estimation at a level of about 0.5% of the firing range using a single shot. A field experiment involving the registration of real ballistic wave signals demonstrated the practical feasibility of the approach and an acceptable quality of verification under conditions of a high level of acoustic interference.

			Comparative analysis with traditional adjustment methods showed that the proposed approach makes it possible to significantly reduce the number of corrective shots, decrease ammunition consumption, and shorten the time required for fire execution, which is critically important in modern counter-battery operations. The obtained results indicate the promise of further development of artillery shot verification methods based on acoustic measurements and their integration into modern artillery information and control systems.
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			Method for determining three acoustic sensors for registering the ballistic wave of an artillery shot

			Volodymyr Demydenko, Yevhenii Dobrynin, Maksym Maksymov, Ruslan Riaboshapka

			Abstract

			The chapter addresses the problem of improving the accuracy of determining the coordinates of the point where an artillery projectile impacts the surface under conditions of random disturbances by means of a rational selection of acoustic sensors for registering the ballistic wave. The factors influencing the effectiveness of acoustic measurements are analyzed, including registration errors, the probability of the sensors being in an operational state, and their spatial arrangement relative to the firing direction line. An approach is proposed for determining three most suitable acoustic measuring devices from the available set, taking into account the combined effect of the specified factors. The obtained results create prerequisites for the practical implementation of the artillery shot verification method and for estimating the coordinates of the projectile impact point in a mode close to real time.
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			9.1 Introduction

			In modern conditions of employment of artillery units, operational verification of firing results and estimation of the coordinates of the projectile impact point under uncertainty and random disturbances become particularly important. In practice, the effectiveness of such estimations depends not only on the selected method of processing measurement information, but also on the configuration of the ­measuring system, in particular on the composition and spatial arrangement of the acoustic sensors used during firing.

			One of the promising directions for solving the problem of artillery shot verification is the application of acoustic methods based on the registration of sound signals generated during the shot and the subsequent flight of the projectile. Analysis of the temporal characteristics of the ballistic wave makes it possible to obtain information suitable for estimating the coordinates of the projectile impact point and for analyzing firing accuracy, which is consistent with the results of known studies in this field [1].

			At the same time, processing of acoustic information is associated with the need to take into account the complex nature of sound wave generation and propagation, the influence of the external environment, as well as the characteristics of specific munitions and firing conditions. This necessitates the use of mathematical modeling for signal processing, estimation of wave arrival times between sensors, and construction of projectile motion models. The use of simplified but informative models in this case allows computational costs to be reduced and ensures the possibility of practical implementation of verification methods in a mode close to real time.

			In a more general context, the problem of firing result verification is considered as a component of combat process modeling aimed at increasing the effectiveness of fire actions through rational use of available resources and reduction of decision-making time. Formalized models in this case make it possible to describe the firing process as a sequence of interconnected states and transitions between them, providing a quantitative assessment of firing results, analysis of probabilistic characteristics of target engagement, as well as consideration of random disturbances and uncertainties of external conditions [2].

			The solution of such problems is complicated by the fact that the corresponding systems are characterized by a large number of interrelated parameters and cannot be fully investigated within the framework of full-scale experiments. Under these conditions, mathematical modeling plays a key role, making it possible to analyze a wide range of possible operating modes of the system and to evaluate their characteristics under various application conditions [3, 4]. To describe the complex dynamics of such systems, it is expedient to use universal approximation methods and analytical approaches, in particular models based on the solution of systems of differential equations, which make it possible to reconstruct behavioral characteristics even in cases where certain parameters cannot be measured directly [5, 6].

			With an increase in the dimensionality of the parameter space, the computational complexity of the corresponding models increases significantly, which leads to the need to combine numerical methods, approximation algorithms, and optimization procedures. The application of such approaches makes it possible to work with high-dimensional parameter spaces, solve inverse problems, and analyze the sensitivity of results to variations in initial conditions, which is fundamentally important for estimation and prediction problems under uncertainty [7, 8]. At the same time, consideration of local effects and interactions of parameters in time and space creates the basis for constructing generalized models suitable for further analysis and control of system evolution [9].

			Under practical conditions, approaches based on large-scale computational experiments followed by the formation of generalized models or data libraries suitable for rapid analysis and interpretation of results prove to be effective. The use of such generalized representations makes it possible to significantly reduce computational costs at the stage of practical application of models and to ensure decision-making in a mode close to real time, which is especially important for tasks of operational verification of firing results [10].

			In view of the above, this chapter addresses the problem of increasing the reliability of determining the coordinates of the point of impact of an artillery projectile with the surface by means of a rational selection of acoustic measuring devices for registering the ballistic wave. It is assumed that a sensor configuration will be formed from the available set of measuring devices, taking into account their geometric arrangement, the probability of an operational state, and random measurement errors. Implementation of such an approach creates prerequisites for building an effective sensor system for verification of artillery shots under conditions of a changing environment and random disturbances.

			9.2 Features of constructing a sensor system for shot verification in the artillery firing area

			For verification of artillery gun shots in the firing area, a sensor system is deployed, the structure of which is shown in Fig. 9.1.

			In Fig. 9.1, the following notations are adopted:

			– AU1, AU2, AU3, …, AUn are artillery units located in the firing area;

			– GS1, GS2, GS3, …, GSn are sensor groups installed on or near the artillery units;

			– AS1, AS2, AS3, …, ASn are acoustic sensors distributed within the artillery firing area;

			– uGS1, uGS2, uGS3, …, uGSn are output signals of sensor groups GS1, GS2, GS3, …, GSn;

			– uS1, uS2, uS3, …, uSn are output signals of acoustic sensors AS1, AS2, AS3, …, ASn;

			– US is vector of signals transmitted from the intermediate equipment to the computing unit;

			– UCB is vector of signals transmitted from the computing unit to the fire control unit;

			– USC is vector of signals transmitted from the fire control unit to the computing unit.

			The sensor groups GS1, GS2, GS3, …, GSn include measuring devices intended for determining projectile motion parameters along the flight trajectory as well as parameters of the external environment that affect the firing process. Each group includes instruments for measuring the initial velocity, elevation and firing direction angles, as well as sensors of meteorological characteristics.

			[image: ]

			Within the firing area, m acoustic sensors register ballistic and muzzle waves generated by artillery shots (m >> n). They are deployed using UAVs or other remote methods, ensuring a uniform spatial distribution and a minimum density that guarantees the required registration accuracy for all n artillery units.

			For clarity, Fig. 9.2 shows a general scheme of acoustic sensor placement in the artillery firing area for the case when the firing direction line forms an angle α with the Oy axis. The following notations are adopted: 1 – artillery unit; 2 – target; 3 – i-th acoustic sensor (I = 1, 2, …, m); xAU, yAU are coordinates of the artillery unit; xt, yt are coordinates of the target; xi, yi are coordinates of the i-th acoustic sensor; α is angle between the firing direction line and the Oy axis.
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			The accuracy of registering ballistic and muzzle waves depends on the distance between the acoustic sensor and the firing direction line and is determined experimentally. In most practical cases, in order to ensure effective registration of an artillery shot, this distance should not exceed 50 m. Registration of the ballistic wave by acoustic sensors is possible only within the segment of the trajectory where the projectile moves at a supersonic velocity. Under these conditions, the selection of three acoustic sensors for registering shot parameters is carried out from the set of sensors located within parallelogram ABCD, as shown in Fig. 9.2.

			The following notations are introduced: x1, y1, x2, y2, x3, y3 are the coordinates of the first, second, and third acoustic sensors selected for registering ballistic and ­muzzle waves from the set of sensors bounded by parallelogram ABCD; d1, d2, d3 are the distances from the corresponding acoustic sensors to the firing direction line.

			In this case, the width of the zone of effective registration of ballistic and muzzle waves by the sensors along AD (Fig. 9.3) is 100 m. The length of the ballistic wave action zone AB is preliminarily determined with respect to the specified firing range as the length of the trajectory segment over which the projectile maintains supersonic velocity. The length of this segment is calculated on the basis of mathematical and simulation models of projectile flight [11, 12], developed in accordance with the NATO STANAG 4355 standard.

			[image: ]

			Under the specified configuration, the selection of three acoustic sensors with coordinates x1, y1, x2, y2, x3, y3 from the available set is performed according to the minimum values of distances d1, d2, d3 from the corresponding sensors to the firing direction line.

			To reduce the total number of acoustic sensors in the firing area, it is advisable to arrange them in the form of three strips, as shown in Fig. 9.4.

			[image: ]

			In Fig. 9.4, the following notations are adopted: I, II, III are the first, second, and third sensor strips; D1, D2, D3 are the widths of the corresponding strips. The first, second, and third acoustic sensors for registering ballistic and muzzle waves are selected, respectively, from the first, second, and third strips. All three strips must be located within the ballistic wave action zone. Taking into account possible changes in the coordinates of artillery units and targets, the values of D1, D2, D3, as well as the distances between the strips, are determined on the basis of a preliminarily esti­mated average firing range in the given operational area.

			The intermediate equipment intended for transmitting signals from the sensors (vector US) to the computing unit includes intermediate nodes and communication channels that form a specialized data transmission network. With a large number of sensors, which may reach several thousand or tens of thousands, direct transmission of signals from the measuring devices to the computing unit becomes significantly complicated. Such a scheme leads to an increase in network complexity, a decrease in its reliability, and, consequently, an increase in the overall system cost.

			In order to reduce complexity and increase the reliability of the data transmission network, its structure should be formed according to a hierarchical principle using intermediate information collection nodes. Intermediate nodes of the first hierarchy level perform grouping and preliminary processing of signals from sensors and transmit them to nodes of the second level, and further to the system computing unit. Signal transmission from sensors to network nodes, as well as between individual nodes, is carried out via radio communication, while connections between upper-level nodes and the computing unit may be implemented via wired channels to improve reliability.

			The formation of the hierarchical structure of the signal transmission network is carried out as follows. First, a network structure vector S of dimension jmax is specified, which corresponds to the total number of hierarchy levels. Each element of the vector Sj (j = 1, …, jmax) defines the number of nodes at the j-th hierarchy level. The number of nodes Sj at each level is selected taking into account condition (9.1)

			[image: ]	(9.1)

			according to which each node must have at least two inputs ([image: ]). At the last hierarchy level, the presence of a single main node ([image: ]), directly connected to the computing unit is assumed, while at the penultimate level the number of nodes must be not less than two ([image: ]).

			After determining the number of nodes at each hierarchy level, the number of inputs kj for the nodes of the corresponding level is calculated on the basis of re­lation (9.2)

			[image: ]	(9.2)

			If the obtained value of kj is an integer, all nodes at this level have the same number of inputs. Otherwise, the level contains nodes with a number of inputs equal to the nearest smaller and the nearest larger integers relative to kj, while the proportion of nodes with the larger number of inputs is determined by the fractional part of the calculated value of kj.

			After determining the number of inputs for the nodes at each hierarchy level, an appropriate hierarchical structure of the sensor signal transmission network is constructed on the basis of the formed vector S. At each j-th level, Sj nodes are created, which are successively interconnected by communication channels from the first level to the final level jmax. In this case, nodes of level j − 1 are connected exclusively to nodes of level j, taking into account the number of inputs of the latter, and the output of each node at level (j − 1) may be connected to only one input of a node at level j. After all required connections are established, the construction of the data transmission network structure is considered complete.

			For clarity, three variants of signal transmission network structures are pre­sented for the same number of primary sensors S0 = 13. In the structure shown in Fig. 9.5, information is transmitted directly from the primary sensors to a single main node connected to the system computing unit. 
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			In the limiting case jmax = 1, the hierarchical structure degenerates into a single-level scheme, where signals from all sensors S0 are directly transmitted to the main node. As the number of hierarchy levels increases (jmax > 2), the network structure is expanded in a similar manner by successive grouping of lower-level nodes and connecting them to higher-level nodes.

			Thus, the presented scheme reflects a general approach to the formation of hierarchical data transmission structures, within which the specific number of levels is determined by requirements for scalability, transmission delays, and computational load.

			For the presented structures, the vectors S are defined by expressions (9.3) and (9.4), respectively:

			[image: ]	(9.3)
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			Depending on the current fire tasks, the fire control unit transmits to the computing unit the signal vector USC, which contains the coordinates of the designated targets. Based on the vectors US (from the sensor signal transmission network) and USC, the computing unit performs verification of artillery shots, taking into account random disturbances, and determines the coordinates of projectile impacts on the surface.

			In addition, before each shot, the computing unit identifies three sensors from the available set of measuring devices that are most suitable for registering the ballistic and muzzle waves. The results of these calculations, including the coordinates of projectile impacts and the selected sensors, are transmitted to the fire control unit in the form of the signal vector USC. The task of selecting the three optimal sensors during artillery shot verification is solved using the method described in the following subsection.

			9.3 Method for registering the coordinates of an artillery projectile impact with the surface

			The proposed approach makes it possible to determine three acoustic sensors that are the most suitable for registering the ballistic wave during the verification of artillery shots, based on the known current coordinates of the target, the artillery unit, and all functioning acoustic sensors located within the firing area.

			The target coordinates are received from the fire control unit in accordance with the assigned fire mission. The current coordinates of the artillery unit and each acoustic sensor are determined using their built-in navigation systems.

			At the initial stage, on the basis of the target and artillery unit coordinates, the firing range Ls and the angle α with respect to the Oy axis (Fig. 9.3) are determined, after which the equation of the firing direction line for the current shot is formed. The values of Ls and α are calculated using relations (9.5) and (9.6), and the equation of the firing direction line in the form of the general equation of a straight line in the plane is written as (9.7) [13–15]:

			[image: ]	(9.5)
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			[image: ]	(9.7)

			where als, bls, cls are the coefficients of the firing direction line equation.

			In this case, the angle α can take values in the range from −90° to 90° and is measured clockwise. The coefficients of the straight-line equation als, bls, cls are determined using expressions of analytical geometry [13] or on the basis of the least squares method using the known coordinates of the target and the artillery unit [16].

			In order to significantly reduce the computational burden when selecting the three most appropriate acoustic sensors, it is expedient at the initial stage to select, from the total number of functioning sensors, only those located within the zone of possible registration of the ballistic and muzzle waves of the current artillery shot. This zone is bounded by parallelogram ABCD (Fig. 9.3).

			The width AD should be specified depending on the accuracy of registration of ballistic and muzzle waves by acoustic sensors and, as a rule, should not exceed 100 m. The length AB is defined as the length of the projectile flight segment with ­supersonic velocity (supersonic segment) LSS, which is calculated on the basis of the preliminarily determined firing range Ls using formula (9.5) [11, 12].

			To determine the zone of possible registration of ballistic and muzzle waves and for the subsequent selection of sensors located within this zone, it is necessary to determine the coordinates of points A, B, C, and D, as well as the equations of the four straight lines passing through the corresponding pairs of these points.

			The coordinates of points A and D are determined on the basis of the current coordinates of the artillery unit AU using expressions (9.8) and (9.9), respectively:

			[image: ]	(9.8)

			[image: ]	(9.9)

			where LAD is the length of segment AD.

			The coordinates of points B and C are determined on the basis of the coordinates of the point on the firing direction line at which the projectile loses its supersonic velocity, using expressions (9.10) and (9.11):

			[image: ]	(9.10)

			[image: ]	(9.11)

			where [image: ], [image: ] are the coordinates of the corresponding point, and LBC = LAD.

			Thus, the coordinates of the point on the firing direction line at which the projectile loses its supersonic velocity are calculated on the basis of the determined length of the projectile flight segment with supersonic velocity Lss, the angle α, and the current coordinates of the artillery unit using expressions (9.12) and (9.13), respectively:

			[image: ]	(9.12)

			[image: ]	(9.13)

			Next, the equations of the four straight lines passing through the following point pairs are determined: 1) A and B; 2) D and C; 3) A and D; 4) B and C. To simplify the calculations, it is expedient to represent the equations of these lines in the form of straight-line equations with slope coefficients:

			[image: ]	(9.14)

			[image: ]	(9.15)

			[image: ]	(9.16)

			[image: ]	(9.17)

			where aAB, bAB, aDC, bDC, aAD, bAD, aBC, bBC are the coefficients of the equations of the corresponding straight lines. These coefficients are determined using well-known relations of analytic geometry [13] or by applying the least squares method based on the coordinates of points A, B, C, and D [16].

			After that, on the basis of the line equations (9.14)–(9.17) and their determined coefficients, conditions (9.18) are formulated, according to which a sequential verification of all functioning acoustic sensors of the system is carried out using their coordinates. There is:

			[image: ]	(9.18)

			If the coordinates of the i-th sensor satisfy conditions (9.18), it lies within the zone of possible registration of the ballistic and muzzle waves of an artillery shot and can be selected as one of the three most suitable sensors.

			After performing this sorting procedure, all sensors that satisfy conditions (9.18) are numbered and selected for further calculations aimed at determining the three most appropriate measuring devices for registering the ballistic and muzzle waves. Acoustic sensors that do not fall within the region bounded by parallelogram ABCD are not used at subsequent stages of the method.

			At the following computational stages of the proposed method, only three sensors are selected from the set of preselected sensors as being the most suitable for registering the ballistic and muzzle waves. To select these three acoustic sensors, all preselected sensors are evaluated according to the following parameters.

			The first parameter that significantly affects the suitability of an acoustic sensor for high-quality registration of the ballistic and muzzle waves is its position along the firing direction line. This position is determined by the distance dl from the artillery unit to the point on the firing direction line that is closest to the given sensor.

			For more accurate verification of artillery shots, it is advisable to register the ballistic and muzzle waves over the second half of the projectile flight segment with supersonic velocity and as close as possible to its end [17, 18]. In addition, all three acoustic sensors should be placed uniformly along the firing direction line to ensure reliable registration of the ballistic and muzzle waves at three distinct points. At the same time, the third sensor should not be located too close to the point with coordinates [image: ], [image: ], at which the projectile loses its supersonic velocity, since the position of this point is determined with a certain error. In such a case, the sensor may be positioned outside the supersonic flight segment of the projectile. Therefore, as optimal distances from the artillery unit to the first, second, and third sensors along the firing direction line, it is reasonable to preliminarily adopt the following values: dl1opt = 0.5Lss; dl2opt = 0.7Lss; dl3opt = 0.9Lss.

			Thus, when selecting the most suitable first, second, or third acoustic sensor, it is necessary, for each i-th sensor located within the zone of possible registration of the ballistic and muzzle waves (ABCD), to calculate the parameter dli and compare its value with the corresponding predefined optimal value dl1opt, dl2opt or dl3opt.

			At the same time, the distance dli for the i-th acoustic sensor is calculated on the basis of the coordinates of this sensor and the obtained general equation of the firing direction line (9.7) as follows. First, the coordinates xpi, ypi of the point on the firing direction line that is closest to the i-th sensor are determined using expressions (9.19) and (9.20) [13–15]:

			[image: ]	(9.19)

			[image: ]	(9.20)

			Subsequently, using the obtained coordinates xpi, ypi and the known coordinates of the artillery unit xAU, yAU, the distance dli is directly calculated using formula (9.21)

			[image: ]	(9.21)

			Another equally important parameter used to select the most suitable acoustic sensors is the distance dt from a sensor to the nearest point on the firing direction line, which is defined as the length of the perpendicular drawn from the sensor location to the firing direction line. The smaller the value of this distance, the higher the accuracy of registering the ballistic and muzzle waves of the shot, and, accordingly, the more suitable the sensor is considered. Therefore, the optimal configuration for all acoustic sensors (first, second, and third) used for shot verification is their placement directly on the firing direction line (dt1opt = dt2opt = dt3opt = 0).

			The value of this distance dti for the i-th acoustic sensor can be calculated based on the coordinates of the given sensor xi, yi and the obtained general equation of the firing direction line (9.7) using expression (9.22) [13–15]

			[image: ]	(9.22)

			The third parameter that must also be taken into account when selecting the three most suitable acoustic sensors is the value of their probability of failure-free operation P(t). Even if the i-th sensor has a sufficiently favorable location (in terms of the parameters dli and dti) within zone ABCD, but its probability of failure-free operation is low, selecting it for registering ballistic and muzzle waves would be impractical. This is because there is a relatively high risk of sensor malfunction and, consequently, failure to complete the entire verification procedure for the current shot.

			In practice, the reliability of any element is determined by two components: the probability of failure-free operation under random failures P(t) and the probability of failures due to wear Pw(t). Random failures are described by an exponential law, according to which the reliability, or probability of failure-free operation P(t), is determined by the expression

			[image: ]	(9.23)

			where λ is the intensity (rate) of random failures.

			During the period of normal equipment operation, the failure intensity for the exponential law is a constant value. When wear begins, the failure intensity starts to increase, and in addition to random failures, wear-out failures also occur. These wear-related failures are usually described by a normal distribution

			[image: ]	(9.24)

			where M is the mean value of the element lifetime taking wear into account, and σ is the standard deviation of the lifetime from its mean value, which is defined as

			[image: ]	(9.25)

			where N is the number of failures over the time interval t.

			Moreover, the combined probability of failure-free operation of an element, taking into account both sudden failures and wear-out failures, over the period from t = 0 (when the element is new) to time t, is calculated as

			[image: ]	(9.26)

			Thus, in the process of selecting the most suitable sensors for recording the ballistic and muzzle waves of a shot, the probability of failure-free operation Pi(t) for each i-th acoustic sensor is determined using expression (9.26), depending on the operating time t and based on the known values λi, Mi, and Ni.

			For a comprehensive assessment of the suitability of acoustic sensors for recording ballistic and muzzle waves, it is expedient to formulate an integrated dimensionless suitability criterion J, which properly accounts for all three considered sensor parameters (dli, dti, and Pi). Accordingly, the suitability criterion Ji for each i-th sensor is defined as

			[image: ]	(9.27)

			Since the considered parameters dli, dti, and Pi used to assess sensor suitability differ in their physical nature, vary significantly in absolute magnitude, and may be computed with certain uncertainties, formalizing their interrelation within a single criterion based on strict mathematical dependencies is a rather challenging task. Therefore, to calculate the current value of the criterion Ji with proper consideration of each of the above-mentioned sensor parameters (dli, dti, and Pi), it is expedient to employ the mathematical apparatus of fuzzy logic theory. This approach enables effective aggregation of expert knowledge and experimental data, approximation of arbitrary nonlinear multidimensional relationships, and construction of linguistic models of complex objects and processes [19–21].

			For convenience of calculations, it is reasonable to assume that the acoustic sensor suitability criterion J varies within the range from 0 to 1. The closer the calculated value of the criterion Ji is to 1, the more suitable the i-th sensor is considered.

			Since three most suitable sensors must be selected to record the ballistic and muzzle waves of each shot, the criterion Ji for each i-th sensor should be calculated three times (Ji1, Ji2, Ji3), taking into account the role in which the sensor is assumed to be used, namely as the first, second, or third sensor. Subsequently, the maximum of the obtained values (Ji1, Ji2, or Ji3) is used to determine the final suitability of the given sensor Jif, with its assignment to a specific role (first, second, or third sensor). Thus,

			[image: ]	(9.28)

			After that, based on the value of the final suitability Jif, the given i-th acoustic sensor is assigned to one of three groups: potential first, second, or third sensors. For example, for the i-th acoustic sensor the following suitability criterion values were calculated for its use as the first, second, and third sensor: Ji1 = 0.791; Ji2 = 0.215; Ji3 = 0.42. Since the value Ji1 is the largest among those obtained, this sensor is preliminarily assigned to the group of potential first sensors with the corresponding suitability Jif = 0.791.

			Thus, for all sensors located within the possible ballistic and muzzle wave registration zone ABCD, the suitability criterion J is calculated three times, taking into account their possible use as the first, second, or third sensor. The largest of the obtained values determines the final suitability Jif, after which the sensors are distributed among the three corresponding groups.

			At the final stage of the method, in the established groups of potential first, second, and third sensors, the most suitable first, second, and third sensors are selected according to the maximum suitability values Jbest1, Jbest2 and Jbest3. These acoustic sensors are the three sensors that will be used to register the ballistic and muzzle waves of the current artillery shot.

			Based on the above, the steps of the method for determining three acoustic sensors for registering the ballistic and muzzle waves of an artillery shot are presented below:

			Step 1. Method initialization. At this stage, all initial data required for the verification of artillery shots are obtained. The number and coordinates of all operational acoustic sensors within the artillery firing zone are determined, and the values of parameters used in subsequent calculations are fixed: the width of the possible ballistic and muzzle wave registration zone LAD; the optimal distances from the artillery unit to the first, second, and third sensors along the firing direction line dl1opt, dl2opt, dl3opt; and the current values of the sensors' probability of failure-free operation P(t).

			The width of the zone AD, LAD, should be set according to the accuracy of wave registration (in most practical cases LAD = 100 m). The optimal distances dl1opt, dl2opt, dl3opt are specified as functions of the length of the supersonic flight segment. The values of P(t) are determined based on their known parameters λ, M, N and the operating time t. Before starting the calculations, the current coordinates of the target xt, yt and the artillery unit xAU, yAU are also recorded.

			Step 2. Performing initial calculations. Based on the coordinates of the target xt, yt and the artillery unit xAU, yAU, the firing range Ls, the angle α relative to the Oy axis, and the length of the supersonic flight segment LSS are determined. At the same time, the equation of the firing direction line for the current shot is formed, and its coefficients als, bls, cls are calculated in accordance with (9.5)–(9.7).

			Step 3. Determination of the possible registration zone of the ballistic and muzzle waves of the current shot ABCD. At this stage, using expressions (9.8)–(9.13), the coordinates of points A, B, C, D, as well as the point [image: ], [image: ] at which the projectile loses supersonic velocity, are determined. Then, the equations of the four boundary lines of zone ABCD are constructed according to (9.14)–(9.17).

			Step 4. Sorting of sensors within the ABCD zone. From the total set of opera­tional sensors, only those which coordinates satisfy the conditions (9.18) are ­selected. The selected sensors are numbered and used in subsequent calculations, where as all other sensors are not used in the following stages of the method.

			Step 5. Calculation of the parameter dli. For each i-th sensor located within the ABCD zone, the distance dli from the artillery unit to the point on the firing direction line closest to the sensor is calculated using formula (9.21), with the coordinates xpi, ypi determined according to expressions (9.19) and (9.20).

			Step 6. Calculation of the parameter dti. For each selected sensor, the distance dt from the sensor to the firing direction line is determined using formula (9.22).

			Step 7. Determination of the parameter Pi(t). For each i-th sensor within the ABCD zone, the probability of failure-free operation Pi(t) is calculated according to expression (9.26).

			Step 8. Calculation of the comprehensive suitability criterion Ji. Based on the parameters dli, dti, and Pi(t) for each sensor, the criterion Ji is computed three times (Ji1, Ji2, Ji3) according to expression (9.27), taking into account the potential use of the sensor as the first, second, or third. The calculation is performed using the previously developed fuzzy logic model.

			Step 9. Assignment of sensors to groups. For each i-th sensor, the final suitability Jif is determined according to expression (9.28), after which all sensors are classified into three groups of potential first, second, and third sensors.

			Step 10. Selection of the best first, second, and third sensors. Within each of the three formed groups, one sensor with the maximum suitability values Jbest1, Jbest2, Jbest3 is selected. The selected sensors are used to register the ballistic and muzzle waves of the current artillery shot.

			After completion of Step 10, the search for the optimal acoustic sensors is considered complete, and the selected three sensors can be used to verify the current artillery shot and to register the coordinates of the projectile impact point.

			9.4 Development of a fuzzy model for calculating the suitability criterion of acoustic sensors for registration of ballistic and muzzle waves of a shot

			According to the fuzzy approximation theorem [22], any mathematical relationship can be approximated by a system based on fuzzy logic. This makes it possible to represent complex "input–output" relationships in the form of a set of natural-language rules of the type "IF …, THEN …", formalized using the theory of fuzzy sets, without the need to employ complex analytical models, in particular differential and integral equations [19]. Modern fuzzy models, which are characterized by interpretability and logical transparency, can be constructed on the basis of various fuzzy inference mechanisms, enabling effective use of expert knowledge as well as learning based on experimental data sets and objective functions similar to those used in neural networks [20, 21]. These features make fuzzy models and systems flexible, universal, and promising for solving problems related to modeling complex objects and processes.

			For the simultaneous calculation of three values of the composite suitability criterion Ji1, Ji2, and Ji3 for each i-th acoustic sensor, taking into account its possible use as the first, second, or third sensor, a fuzzy model is proposed, which should have the structure shown in Fig. 9.6.

			In Fig. 9.6, the following notations are used: FM denotes the fuzzy model for calculating the suitability criterion; FB is the fuzzification block; FIL is the fuzzy logical inference block; DB is the defuzzification block; RB is the rule base; Kd1, Kd2, KP are normalization coefficients used to convert the input variables of the model dli, dti, and Pi into relative units with respect to their maximum values; d*li, d*ti and P*i are the normalized values of the corresponding input variables of the fuzzy model.

			[image: ]

			As shown in Fig. 9.6, the proposed model has three output variables (Ji1, Ji2, Ji3), each of which represents the suitability of the i-th acoustic sensor as the first, second, or third sensor, respectively, depending on the input parameters dli, dti, and Pi in accordance with the developed rule base.

			In this case, for the fuzzy model with the proposed structure (Fig. 9.6), it is advisable to choose the Mamdani type of fuzzy logical inference [23], which provides sufficient efficiency with a relatively simple synthesis and tuning procedure [21].

			The fuzzification block determines the degrees of membership of the numerical values of the input variables dli, dti, and Pi to the corresponding fuzzy linguistic terms of the fuzzy model [20]. The fuzzy logical inference block implements aggregation, activation, and accumulation operations based on the rule base. The defuzzification block converts the resulting fuzzy set into a crisp numerical value of the output variable Ji [23].

			Next, the main procedures for synthesizing the fuzzy logical model for calculating the suitability criterion of acoustic sensors are considered in detail.

			The normalization coefficients of the model Kd1 and Kd2 are determined by expressions (9.29) and (9.30):

			[image: ]	(9.29)

			[image: ]	(9.30)

			This makes it possible to convert the current values of the input variables dli and dti into relative units with respect to their maximum values (dlimax = Lss; dtimax = LAD/2).

			Since the probability of failure-free operation Pi for each i-th acoustic sensor ­varies within the range [0, 1], and the operating range of this variable is assumed to be the interval [0.75, 1], the normalization coefficient KP in this case is equal to 1. Sensors with a current value of Pi(t) < 0.75 are not admitted to further evaluation.

			For the input (dli, dti, Pi) and output (Ji1, Ji2, Ji3) variables of the fuzzy model, sets of linguistic terms have been defined, which are presented in Table 9.1.

			The triangular membership function of a linguistic term, illustrated here for the variable dli, is defined by expression (9.31):

			[image: ]	(9.31)

			where a, b, c are adjustable parameters of the function, subject to the condition a ≤ b ≤ c. The graphical representation of the linguistic terms for the input and output variables of the fuzzy model with the specified parameters is shown in Fig. 9.7.

			

				
					
							
							Table 9.1 Linguistic terms of the fuzzy model for calculating the values of the suitability criterion

						
					

					
							
							Fuzzy model variables

						
							
							Number of linguistic terms

						
							
							Selected linguistic terms

						
							
							Type of membership functions of linguistic terms

						
					

					
							
							dli

						
							
							5

						
							
							VS – very short; S – short; M – medium; LN – long; VLN – very long

						
							
							triangular

						
					

					
							
							dti

						
							
							3

						
							
							S – short; M – medium; LN – long

						
							
							triangular

						
					

					
							
							Pi

						
							
							3

						
							
							L – low; A – average; H – high

						
							
							triangular

						
					

					
							
							Ji1, Ji2, Ji3

						
							
							7

						
							
							VL – very low; L – low; BA – below average; A – average; AA – above average; H – high; VH – very high

						
							
							triangular
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			As can be seen from Table 9.1 and Fig. 9.7, the same sets of linguistic terms are used for the three output variables Ji1, Ji2 and Ji3.

			The rules of the proposed fuzzy model for calculating the acoustic sensors' suitability criterion are formulated as follows:

			[image: ]	(9.32)

			where LTdl, LTdt, LTP, LTJ1, LTJ2, LTJ3 are specific linguistic terms of the input and output variables.

			For example, the first rule of RB is expressed as:

			[image: ]	(9.33)

			The total number of rules in the rule base is determined by the number of all possible combinations of the linguistic terms of the input variables dli, dti, and Pi, which equals 5·3·3 = 45.

			In the proposed fuzzy model, the aggregation and activation procedures are performed using the "min" operation [19]. After these operations, during the accumulation stage, the truncated membership functions are combined to obtain the final fuzzy subset of the output variable. This procedure uses the "max" operation. The final stage of the calculations is defuzzification, which involves converting the membership function of the output linguistic variable into its precise (numerical) value. In this case, the center of gravity method [20] is chosen as the defuzzification technique for the fuzzy model.

			To illustrate the nonlinear relationships realized by the developed fuzzy model, the corresponding characteristic surfaces are shown in Fig. 9.8. In particular, Fig. 9.8 shows the dependencies of the acoustic sensor suitability criterion Ji on the model input variables dli and dti at a fixed failure-free operation probability Pi = 0.95. The resulting surfaces reflect the coordinated influence of the geometric parameters of sensor placement on their suitability as the first, second, or third sensors in the system.

			[image: ]

			Similar characteristic surfaces were also obtained for the pairs of input variables (dti, Pi) and (Pi, dli) at fixed values of the third variable. In all considered cases, the coordinated nature of the changes in the suitability criterion values is preserved, which confirms the correctness of the formulated rule base and the adequacy of the constructed fuzzy model.

			To validate the correct functioning of the proposed fuzzy model, Table 9.2 presents the results of calculating the suitability criterion of acoustic sensors depending on different values of the input variables dli, dti, and Pi.

			As can be seen from Table 9.2, the developed fuzzy model correctly determines the suitability of acoustic sensors as the first, second, and third sensors (Ji1, Ji2, Ji3) depending on the current values of the input variables dli, dti, and Pi. In the first three rows of Table 9.2, the values of dli in relative units are close to the optimal distance from the first sensor to the artillery unit along the firing line (dl1opt = 0.5Lss). Therefore, in these rows, the highest suitability value corresponds to Ji1. In turn, in rows 4–6, the highest suitability value corresponds to Ji2, as the respective dli values are closest to the optimal distance for the second sensor, dl2opt = 0.7Lss. A similar dependence is observed in rows 7–9 for the third sensor.

			

				
					
							
							Table 9.2 Results of calculating the suitability criterion values of acoustic sensors based on the proposed fuzzy logic model

						
					

					
							
							No.

						
							
							Input variables 

						
							
							Output variables

						
					

					
							
							dli

						
							
							dti

						
							
							Pi

						
							
							Ji1 

						
							
							Ji2 

						
							
							Ji3

						
					

					
							
							1 

						
							
							0.5

						
							
							0.5

						
							
							0.875

						
							
							0.667

						
							
							0.333

						
							
							0.0523

						
					

					
							
							2

						
							
							0.54

						
							
							0.133

						
							
							0.91

						
							
							0.725

						
							
							0.591

						
							
							0.301

						
					

					
							
							3

						
							
							0.48

						
							
							0.32

						
							
							0.86

						
							
							0.651

						
							
							0.353

						
							
							0.0608

						
					

					
							
							4

						
							
							0.7

						
							
							0.04

						
							
							0.93

						
							
							0.568

						
							
							0.844

						
							
							0.568

						
					

					
							
							5

						
							
							0.71

						
							
							0.6

						
							
							0.82

						
							
							0.237

						
							
							0.404

						
							
							0.288

						
					

					
							
							6

						
							
							0.67

						
							
							0.1

						
							
							0.79

						
							
							0.165

						
							
							0.296

						
							
							0.0593

						
					

					
							
							7

						
							
							0.9

						
							
							0.03

						
							
							0.915

						
							
							0.166

						
							
							0.536

						
							
							0.836

						
					

					
							
							8

						
							
							0.92

						
							
							0.43

						
							
							0.95

						
							
							0.159

						
							
							0.443

						
							
							0.776

						
					

					
							
							9

						
							
							0.86

						
							
							0.21

						
							
							0.89

						
							
							0.274

						
							
							0.546

						
							
							0.65

						
					

					
							
							10

						
							
							0.05

						
							
							0.98

						
							
							0.76

						
							
							0.054

						
							
							0.054

						
							
							0.054

						
					

				
			


			The suitability of a given sensor is also significantly influenced by the parameters dti and Pi, which is reflected in the corresponding changes in the values of Ji1, Ji2, and Ji3 in rows 1–9. Moreover, to fully verify the functionality of the developed fuzzy model, the tenth row of Table 9.2 contains input variable values that are unacceptable for the first, second, and third sensors of the system. In this case, the suitability values Ji1, Ji2, and Ji3 calculated by the model are very low, indicating that the corresponding sensors are unsuitable for performing the artillery shot verification process. This also confirms the correct functioning of the developed fuzzy model.

			9.5 Conclusions

			This chapter has examined an approach for selecting acoustic sensors to register the ballistic and muzzle waves of an artillery shot under conditions of random disturbances. The proposed method is aimed at improving the reliability of acoustic information used in subsequent stages of artillery shot verification and in determining the coordinates of the projectile impact point.

			It has been shown that the sensor selection problem is best considered as a multi-criteria task, taking into account the spatial arrangement of measurement points relative to the firing direction line, measurement errors, and the probability of their operational status. To formalize this problem, a fuzzy logic model is employed, which allows for a coordinated consideration of these factors and provides an integrated assessment of the suitability of each sensor.

			Computational experiments conducted on two artillery shot examples with different parameters confirmed the effectiveness of the proposed approach. In both cases, three sensors were selected from the available sets of acoustic sensors, providing the most favorable conditions for accurately registering the ballistic and muzzle waves of the current shot. The resulting sensor configurations demonstrate consistency with the physical characteristics of acoustic wave propagation and the geometry of the firing.

			Thus, the results presented in this chapter indicate the feasibility of applying the proposed method to form an optimal subsystem of acoustic measurements. This provides a basis for improving the accuracy and robustness of subsequent artillery shot verification procedures under random disturbances and can be used as a component of the corresponding methods and models discussed in the following chapters of the monograph.
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Fig. 7.8 Results of joint processing of frames from the video sequences (file_1), (file_2), (file_tir),
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Fig. 3.5 Diagram of the formation of the incoming gas fraction
at the current calculation step
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Fig. 8.7 Ballistic wave signal recorded at measurement point No. 1
Source: [26]
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Fig. 9.6 Structure of the fuzzy model for calculating the values of the acoustic sensor
suitability criterion
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Fig. 2.2 Diagram of the gun and measurement equipment arrangement





OEBPS/image/Eqn5035.png





OEBPS/image/Eqn6060.png





OEBPS/image/Eqn9018.png





OEBPS/image/Eqn5018.png





OEBPS/image/Eqn9035.png





OEBPS/image/Eqn5026.png
b
Mt 2 42 A A
oy





OEBPS/image/Eqn9026.png





OEBPS/image/Eqn8033.png





OEBPS/image/Eqn6021.png





OEBPS/image/Eqn8016.png





OEBPS/image/Eqn3038.png





OEBPS/image/Eqn4016.png





OEBPS/image/Eqn4033.png
1Ga
Ciity =4 12 20l <40,






OEBPS/image/21.png
Temperature,
K

2200
2017
1735
1592
1452
11169
‘865
6029
oo

1 2 3 4 5 & 7
Displaccment, m

Fig. 3.12 Temperature distribution along the barrel of alarge-caliber gun during a shot
Source: [8]





OEBPS/image/Eqn6126.png
Ay —PE =g )





OEBPS/image/Eqn5011.png
T =T +aT 4i-1)






OEBPS/image/Eqn9011.png





OEBPS/image/Eqn6091.png





OEBPS/image/46.png
Fig. 7.1 General scheme of the automated system for diagnostics of shot state parameters





OEBPS/image/Eqn8049.png
2500





OEBPS/image/Eqn4032.png
Al

- — ]
AV,

A _ vt

it, v

ity





OEBPS/image/62.png
-

CCFis1,50)
v

-10

¥
0 20 4 60 B0 100 10 140 160
Time delay plvs p0, x0.1s

Fig. 8.8 Cross-correlation function of signals at point No. 1 and the firing position
Source: [26]
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Fig. 4.6 Movement of the SPAS from position P, to position FP,, (yellow - road,
black - rough terrain)
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Fig. 5.3 Example of projection of the selected vectors
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Fig. 4.9 State tree of the combat capability of the SPAS prior to the initial moment
of engagement of the EDT
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Fig. 3.4 Molar concentrations of propellant gas components as a function of temperature T:
a - carbon-containing components; b - carbon-free components
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Fig. 2.3 Time diagram of wave registration ., t, at the microphone location
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Fig. 9.5 Typical two-level hierarchical structure of sensor signal aggregation
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Fig. 8.1 Layout of the artillery gun and measuring equipment
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Fig. 3.10 Results of the calculation of the change in the propellant gas pressure for a full charge
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‘Source: data from the Tables 3.2, 3.3
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Fig. 4.5 Scheme of movement of the SPAS according to the "shoot-and-scoot" concept
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Fig. 3.3 Examples llustrating the presence of soot in the muzzle discharge: a, b - intermediate
combustion phases of soot clouds recorded between the onset of ignition and full involvement
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Fig. 3.2 Stages in the development of the muzzle discharge of a 152-mm 2A36 gun shot

recorded from an elevated vantage point: a - initial stage showing a three-lobed soot discharge
(left, right, and forward lobes) with the onset of ignition inside the lobes; b - intermediate stay
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Fig. 8.6 Final segments of ballistic trajectories for five successive shots
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Fig. 4.4 Demonstration of the three-lobed muzzle discharge of the artillery system
as afunction of time after the shot
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Fig. 2.6 Diagram of binary coloring of the projectile
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Fig. 3.1 Stages in the development of the muzzle discharge of a 152-mm 2A36 gun shot

recorded from ground level: a - initial stage characterized by the cjection of soot lobes from

the muzzle with the onset of ignition inside one of the lobes; b - intermediate stage showing
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with further enlargement of the discharge cloud and extensive visible flaming within the
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Fig. 9.2 Scheme of acoustic sensor placement in the terrain within the artillery firing area
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Fig. 3.8 Results of the calculation of the change in the propellant gas pressure for a reduced
charge whenits energy capacity is decreased by 8% in the space behind the projectile
Source: data from the Tables 3.2, 3.3
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Fig. 2.7 Layout of equipment (top and side views)
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Fig. 8.2 Calculated segment of the trajectory
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Fig. 4.2 Typical view of the recorded acoustic field
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Fig. 5.2 Scheme of forming a structured working three-dimensional array based on the input
‘data and the results of solving the direct problem
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Fig. 3.9 Results of the calculation of changes in the propellant gas temperature for a reduced
propellant charge when its energy capacity is decreased by 8%. Distribution of the propellant
gas temperature at various projectile positions: 1 - at the moment of maximum pressure in
the space behind the projectile; 2 - at the end of propellant charge combustion; 3 - when the
projectile is located at the muzzle; 4 - temperature boundary of the Boudouard-Bell reaction
‘Source: data from the Tables 3.2, 3.3
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Fig. 9.1 Functional structure of the sensor system for verification of artillery gun shots
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Fig. 3.11 Results of the calculation of the change in the propellant gas temperature for a full
charge of fresh propellant. Distribution of the propellant gas temperature at various projectile
positions: 1 - at the moment of maximum pressure in the space behind the projectile
2 - at the end of propellant charge combustion; 3 - when the projectile is at the muzzle;
4~ the temperature boundary of the Boudouard-Bell reaction
‘Source: data from the Tables 3.2, 3.3
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Fig. 5.6 Compressibility factor Z s a function of pressure P for carbon monoxide (CO):
a-atatemperature of 1000 K; b - at a temperature of 3000 K; 1 - using the Noble-Abel
equation (covolume); 2 - using the van der Waals equation;

3 - using the Peng-Robinson equation
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Fig. 5.10 Variation of the temperature of the propellant gas mixture as a function
of the propellant mass burned in a vessel of volume V= 0.01 m? filled with air
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Fig. 9.4 Scheme of acoustic sensor placement in three strips within the artillery firing area
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Fig. 4.1 Situational layout of the artillery system: 1 - gun; 2 - measuring system; 3 - propellant

ses forming a shock-acoustic wave; 4 - projectile on a ballistic trajectory; 5 - mainland

surface of the training ground; 6 - sea surface of the training ground; 7 - boundary of transition

om the shock MW to the acoustic MW; S - distance from the firing position to the target;
L - distance from the firing position to the location of the measuring system
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Fig. 3.6 Results of the calculation of the change in the chamber pressure for a reduced charge
of fresh propellant in the space behind the projectile
‘Source: data from the Tables 3.2, 3.3
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Fig. 8.4 Final sections of the approximating parabolas
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Fig. 1.2 Structural model of the information-analytical system for verification

and adaptive artillery fire control
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Fig. 7.6 Typical sequence of overlaid frames (file_1, file_2) from vertical and side views. Four key

moments are shown: the first frame (5), intermediate frames (8, 12), and the last frame (23),

llustrating the projectile flight and the development of the muzzle blast (the projectile is
indicated by arrows)
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Fig. 5.5 Compressibility factor Zas a function of pressure P for water vapor (H,0):
a-atatemperature of 1000 K; b - at a temperature of 3000 K; 1 - using the Noble-Abel
equation (covolume); 2 - using the van der Waals equation;

3- using the Peng-Robinson equation
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Fig. 5.11 Variation of the pressure of the propellant gas mixture
as afunction of the propellant mass burned in a vessel
of volume V = 0.01 m* filled with air
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Fig. 3.7 Results of the calculation of changes in the propellant gas temperature for a reduced
charge of fresh propellant. Distribution of the propellant gas temperature at various projectile
positions: 1 - at the moment of maximum pressure in the space behind the projectile; 2 - at the
end of propellant charge combustion; 3 - when the projectile is at the muzzle; 4 - temperature
boundary of the Boudouard-Bell reaction
‘Source: data from the Tables 3.2, 3.3
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Fig. 8.5 Calculated ballistic trajectories for five shots with
subsequent correction
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g 7.5. Diagram of the processing of video information streams: 1 - IR spectrum camera;
2~ side-view camera; 3 - vertical-view camera; 4 - preliminary processing of IR video stream;
5 - preliminary processing of visible-spectrum video stream; 6 - frame image alignment
7 - detection of analysis regions in the frame; 8 - detection of the IR spectrum image of the
muzzle gas region in the frame; 9 - calculation of the perimeter and area of the muzzle gas
volume; a - IR spectrum video stream; b - visible-spectrum video stream; ¢ - visible-spectrum
video stream; d - normalized set of IR spectrum frame images; e - normalized set of visible-
spectrum frame images; f - time-based set array (time, frame, position); g - array of numerical
characteristics; h - array of numerical characteristics; i - two formed vectors of characteristics
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Fig. 2.1 Automated system for determining the heat of explosion of an artillery propellant
charge for verification of its quality: a - the voltage supply line; b - the line supplying inert gas to
the tank; ¢ - the lin for inert gas removal; 1 - the propellant charge sample; 2 - the cylindrical
tank; 3 - the flanged cover; 4 - the inlet fitting; 5 - the shut-off equipment; 6 - the outlet fitting
7 - the shut-off equipment; 8 - the fitting; 9 - the fitting; 10 - the sleeve; 11 - the electric
igniter; 12 - the pressure gauge; 13 - the gas pressure regulator; 14 - the thermocouple via the
indication device; 15 - the composition of the combustible gas; 16 - personal computer with
appropriate software
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Fig. 9.3 Determination of the sensors closest to the firing direction line
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Fig. 3.13 Stages of muzzle blast development of a 155 mm M109 (Paladin) self-propelled

howitzer round. No muzzle flash occurred. Yuma Test Range: a - developed muzzle blast cloud
ith pronounced lateral lobes observed in the absence of visible ignition; b - further expansion
and rarefaction of the discharge cloud without flame formation
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