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Crucial tasks of mathematical modeling
of aerospace defense systems
The paper shows the results of mathematical and simulation modeling of military aerospace defense equipment. The work was conducted by the “Almaz – Antey” Air and Space Defence Corporation. The study
describes the capabilities of a composite mathematical model of an advanced interception system, a model
of a multi-stage advanced missile, a hardware-in-the-loop simulation stand. Finally, the approaches to building
a virtual training area for testing air defense systems are considered.

Introduction
Mathematical modelling and supercomputer
technology are widely used in the design and development of complex technical systems, which
include the Aerospace Defence System (ADS) of
the Russian Federation. The intensive development of information technology has facilitated
the widespread use of mathematical modelling
methodology.
However, nowadays, the requirements to
the detail of the described mathematical models
make it almost impossible to avoid the use of
high-performance computing devices. Direct fullscale experimentation is associated with high
material and time costs and is often dangerous or
impossible because many of the systems under development either do not yet exist or exist in a single
copy [1]. For processes and systems with complex and multidimensional behaviour, the use of
simulation methods is virtually the sole available
research approach.
When creating advanced models of military equipment, it is necessary to solve a set of
complex design problems, including the tasks of
modelling the operation of such systems in combat conditions to justify rational characteristics,
as well as to reduce the cost of their development
and production.
Due to the need of making justified technical decisions, the mathematical modelling of
operation process under various conditions, with
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various options in terms of composition, construction, combat control algorithms, etc. takes
on particular significance in the creation of mili
tary equipment.
The complexity and diversity of properties
and conditions of military equipment operation
do not allow their description by a single universal mathematical model complying with reliability and efficiency requirements [2]. The tasks
of assessing the process of military equipment
operation are complex and cannot be reduced to
a simple arithmetic sum of poorly linked mathematical models and tasks on calculating individual
indicators.
Today, the Corporation is engaged in a great
deal of work on developing integrated simulation
models of air defence systems to assess their combat parameters and analyse their effectiveness.
The essence of a systemic approach is in
considering the elements of the system in their
interaction, making pertinent models and investigating the operation process through modelling.
In accordance with the principles of a systemic approach, performance indicators, common
to all, account for the properties of the system as
a whole.
In this regard, the development of model
building methods for assessing the effectiveness
of a military-technical system (MTS) compri
sing of weapons and combat equipment (WCE)
in combat application is one of the vital scientific
tasks.
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A mathematical model of an advanced
long-range interception complex
and a central radar complex
As an example of a systemic approach application, let us consider the composite mathematical
model (CMM) of an advanced long-range interception (LRI) complex developed by the Corporation. The model is intended to justify technical
decisions on the creation and assessment of an
advanced LRI complex combat effectiveness and
amounts to an application software. The general
structure of the program is shown in Fig. 1.
The structure of CMM is based on modelbuilding modularity combined with openness
and scalability, ensuring modifications, staged
implementation, improvement and development
of CMM with gradual expansion of modelling
boundaries and connection of new object models,
as well as expanding the range of tasks and performed functions.
The controlling modelling algorithm is based
on the tracking circuit over a systemic list of future times, or a calendar of processes, reflecting
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the dynamics of the model condition. The dynamics
of a model is entirely determined by transitions
occurring at so-called specific moments in time,
when the composition, condition or interconnections of the system elements alter. The first element
is selected from the calendar of processes within
a block or via the active process selection operator.
As a result, the next process is initiated.
In terms of the computational architecture,
the controlling modelling algorithm operates as
a “server” and its subordinate modules are its
“customers”. The controlling modelling algorithm
ensures the process of elements simulation model
ling of an advanced LRI complex and antimissile
defence (AMD) group, which are the objects of
simulation.
The development of advanced information
support tools for antimissile defence complexes
able to provide interception at ranges significantly
larger than their existing counterparts is a major
challenge for any designer.
One of the tools that can solve such problems is the simulation model of a central radar
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Fig. 1. Program structure:
CP – command post; MILDS – missile launch detection system; SSS – space surveillance system;
RCS – radar cross-section; RAD – radar; SSH – spaceship
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complex (CRC) implemented in the CMM. Unlike
many currently existing mathematical models,
CRC allows detailed modelling of the detection,
lock-on and tracking processes of a complex ballistic target (CBT) elements, including cases of
full polarization reception and full polarization
sensing, factoring in the impact of active noise
jamming and passive jamming [1].
For the purposes of refining technical solutions and algorithms for primary data processing,
a separate initiative design and development work
on creation of a radar simulation stand with digital
active phased antenna array (APAR) on the basis
of Orphey-T supercomputer was carried out [3].
The simulation stand implements a gain
and phase distribution model, and a spatial and
temporal signal processor. A scaled-down and
simplified model of the latest Demonstrator radar
(Fig. 2) was developed and refined as well. It was
first presented in 2014 at the Russian Federation
Ministry of Defence Innovation Day exhibition
at the Alabino firing range in the Moscow region.
Based on the development experience,
scientific and technical groundwork and obtained

research results of the Corporation, a CRC model
has been developed as part of CMM, providing
a high degree of detail for:
• simulation of space scanning in barrier
zones, sectors and during target designation (TD)
search;
• calculation of the relative signal strength
value for each target in each partial antenna pattern, including the case of full polarization reception and full polarization sensing;
• calculation of the signal-to-noise + jamming ratio for targets, including active jamming
stations (AJS), accounting for full polarization reception and transmission, and all uncompensated
residual jamming in the main beam;
• forming an adaptive detection threshold,
accounting for the current estimates of background levels;
• modelling of the adaptive control process
over the CRC operational modes;
• integration of target detection simulation
processes with algorithms and programs implemen
ted or proposed for implementation in radars under
development, in particular with the algorithms for:

Fig. 2. Demonstrator radar
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a) trajectory lock-on and tracking, including
extrapolation and smoothing;
b) recognition of target classes and selection
of warheads within CBT;
c) assignment of additional sensing to enhance the reliability of CBT elements recognition
and warheads selection;
d) identification of trajectories tracked by
radar with TD data;
e) clustering (formation of “clusters”) to
track a group of elements or a CBT fragment;
f) detection and tracking.
The consistency of the models, algorithms,
criteria, and compatibility of functional and information software used in the development of the
CMM allowed to finalise the software and mathe
matical support for the advanced LRI complex
and CRC fully.
A mathematical model
with an advanced electro-optical
homing head
The next particular model is an advanced multistage missile (MSM) with a multispectral electrooptical homing head (HH).
The MSM simulation model is a separate
program developed in the C++ language with individual components implemented in MATLAB
and MATHCAD environments.
Functionally, the model can be divided into
two constituent parts: a MSM model and a target
environment model in the visible and infrared
ranges of the spectrum.
The models of missile stages account for:
• the distortion of the gravity field as per the
Earth model (PZ-90.11);
• the Earth rotation;
• variation in traction characteristics depending on ambient pressure;
• aerodynamic forces and moments;
• fuel flow irregularities during the operation of a solid fuel propulsion plant;
• the third stage model, including an algorithm for correcting the flight task based on incoming target trajectory information.

Fig. 3 shows the structure of HH operation
model as part of an MSM guidance system.
HH is a two-dimensional tracking system
with independent control for each channel. Its primary purpose is to determine the angular velocities ω УСЛ BY , ω УСЛ BX of the line of sight (LOS
AV).
ATLOT

Tracking system
Stabilization system

INS
MSPD
Centre of mass
movement

Angular vibrations
of carrier
Carrier centre
of mass control

Fig. 3. The structure of HH functioning model:
INS – inertial navigation system

HH model includes the models of multispectral photo detector (MFDU), automatic target lock-on tracker (ATLOT) and the tracking and
stabilization systems. The inputs to the HH model
are the angular deviation of the target ∆ϕY , ∆ϕ X
from the HH optical axis and the distance between
MSPD and the target. Based on the data transmitted from MSPD, the ATLOT calculates the position of the target and sends the angular coordinates
∆ϕ измY , ∆ϕ изм X to the tracking system input. The
tracking system, together with the stabilization
system, aligns the target image with the photo detector centre, rotates the platform in two planes
using torque sensors and stabilizes the HH optical
axis in inertial space, compensating for the carrier
vibrations ω KY , ω KX .
The HH modelling was based on the bi
axial indicator HH model. Micromechanical gyroscopes, used as rate gyros, were mounted on the
platform so that the sensitivity axes of the gyros
were parallel to the stabilization axes.
The HH model accounts for:
• carrier vibrations;
• optical system design;
• algorithm of MSPD operation;
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• influence of external background;
• HH temperature variation;
• blurring of images of objects;
• influence of the damaging factors;
• multispectral data processing;
• rotation of observation objects.
Projection of thermal models of target environment objects onto MSPD is carried out via:
• the analytical method for particular thermal model cases when the object has an ellipsoid
and cone types of surfaces (Figs. 4, 5);
• the numerical method for the thermal
model of an object with free-form surface (Fig. 6).
The surface of the object under modelling
is divided into elementary areas, within which the

temperature range does not exceed a specified va
lue. The position and signal of each area are projected onto the MSPD plane using a scaling factor.
The consideration for the background radiation of the Earth’s limb is based on an approximate
model with no molecular scattering of radiation.
In the infrared range, the scattering affects the radiation transport when clouds, fog and large aero
sol particles are present in the atmosphere. The
calculations use data for a cloudless atmosphere
in the absence of aerosol particles of any nature.
Beyond that, the condition of the local thermodynamic equilibrium in the selected point of the
stratified atmosphere in a narrow spectral region
(monochromaticity approximation) is satisfied,

b

Fig. 4. Temperature distribution over the ellipsoid-shaped surface:
a – heat model; b – view in HH processor (image plane)

b

Fig. 5. Temperature distribution over the cone-shaped surface:
a – heat model; b – view in HH processor (image plane)
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Fig. 6. Temperature distribution over the cushion-shaped surface:
a – heat model; b – view in HH processor (image plane)
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which allows using Planck’s law for calculation
of the spectral radiation density of the atmospheric
layers and the Earth’s surface. The structure of the
atmospheric layers amounts to concentric spheres
centred around the point of reference for the inertial geocentric reference system.
The level of detail for the HH mathematical model allowed to define the requirements for
the technical shape of the product in the shortest
possible time.
A hardware-in-the-loop simulation stand
Hardware-in-the-loop modelling facilities represent the most important area of work [1]. The
finalized hardware-in-the-loop simulation stand
complex, developed as part of design and development work on the subject of Poliment-Redut, can
serve as one of the typical and topical examples.
The standard equipment of the simulation
stand includes actual simulators of the complex
components:
• hardware and automated workstation
(AWS) of the radar module;
• AWS of the command module (CM);
• AWS of the universal firing module
(UFM);
• automatic launch equipment;
• AWS of the air defence complex automated
control system (CACS);

• the radar (Furke-4), TE, Chardash integra
ted navigation system, state identification equipment and the simulator of deformation measu
rement product.
The set of standard equipment and simulators allows to implement the required configuration for various checks and operational modes of
the product.
The elements comprising the simulation
stand interact in accordance with the standard
protocols of information and logical exchange and
in the real-time pattern of the complex operation.
The structure of the hardware-in-the-loop simulation stand is shown in Fig. 7.
The simulation stand was upgraded by introducing the simulators for 9M96E, 9M96DE and
9M100E surface-to-air missiles (SAM) in order to
refine the software and algorithms under the conditions as close to full-scale as possible, as well as
to test the operational modes of the complex under
the conditions that are very difficult and unsafe to
implement in a full-scale experiment.
The 9M96(D)E and 9M100E SAM simulators integrated into the stand have been developed
in the C/C++ language as part of design and development work on the subject of Poliment-Redut.
The models are distinguished by a high degree of
detail and contain partial models of the product
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Appendix 1
Hardware-in-the-loop simulation stand layout
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movement (dynamics); the steering gear; the integrated control system; the automatic HH and the
transponder unit. The combat software of the control units operates as a part of the model. Data exchange within the model is structured in accordance
with standard exchange protocols.
In order to make it easier to approach the
results of experiments presented in the highlevel C++/C# languages, the Corporation employees have developed SRD2 registered data
analysis and visualization software (Fig. 8),
thus making it possible to operate the data records on all subsystems within the complex
simultaneously. Making the logical and physi
cal levels of access separate ensures a shared
interface when accessing different subsystems.
The software allows to select an arbitrary set
of parameters from the databases of various

subsystems and display their values in the form
of tables or graphs. In addition, the employees
of the Corporation have implemented a threedimensional visualisation of object movement
in space with the display of their trajectories
geo-referenced to a digital terrain map in the
high-level C# language.
The introduction of SAM models into the
simulation stand allowed:
• to debug and verify the correctness of the
data control and product correction centre for
9M96(D)E and 9M100E products;
• to refine new algorithms and operational
modes of the complex in the shortest possible
time;
• to provide pre-launch and post-launch
simulations of full-scale operations as part of
joint flight tests and preliminary tests.
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Fig. 7. The structure of the hardware-in-the-loop simulation stand:
SAM– surface-to-air missile; ICS – inertial control system;
– additional elements for working
with the 9M96E product model
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Fig. 8. SRD2 registered data analysis and visualization software

Virtual firing range
The examples of an integrated approach to
mathematical and simulation modelling, inclu
ding virtual testing of ASD combat equipment,
presented above, are but a minor showcase for
the intense systemic work conducted by the
enterprises of the Corporation on transferring
a significant part of the design and development
process of ASD systems and facilities into the
digital domain [1].
The Corporation is actively working on the
implementation of a virtual firing range project.
Based on an analysis of the domestic and fo
reign companies experience, the concept of its
development and provisions on the procedure for
conducting virtual tests have been drafted.
It takes relatively little time to prepare for integrated tests at the virtual firing range. Completed
models are loaded into the virtual environment
and a scenario of conducting the test is configured.
There is no need for specialized technical personnel

involvement during the test preparation. Developers can directly perform the tests on the models
in the presence of the customer, if need be [2].
The covertness of testing at the virtual firing range
is the most important aspect.
Any changes in the testing scenario affect
nothing but the configuration of the simulation environment and do not require the complex organisational process typical of full-scale experiments.
The proposed structure of the virtual firing range
is shown in Fig. 9.
The development and practical application
of the virtual firing range in conjunction with the
repository at the Corporation headquarters shall
make it possible:
• to reduce the time of product development
and combat software (SW) follow-up tuning;
• to reduce the number of necessary fullscale tests before launching products into serial
production [1] and the cost of the product and
software development process as a whole;

| ISSN 2542-0542

Journal of “Almaz – Antey” Air and Space Defence Corporation | No. 3, 2017

JSC “Almaz – Antey” Air and Space Defence Corporation
OWS

Supercomputer

Database

Data
storage
system

Monitoring
and control server

Initial data
(configuration of basic
models and scenarios)

DBMS
Interactive environment
Scenarios editor
Initial data editor

Final
test results

Central
repository
Modelling control module,
coordinator, environmental simulator

Basic models
development module

SW components

Intermediate
results

Basic models
libraries
Modelling
scenarios
libraries

Internal data
exchange network

Visualization module
Computation nods

Local network
Secure communication link

OWS

Data storage system
Local repository

OWS

Enterprise No. 3
Local network
of enterprise No. 2

Data storage system
Local repository

Enterprise No. 2
Local network
of enterprise No. 1

Enterprise No. 1

Secure communication link

Data storage system
Local repository

OWS

Local network
of enterprise No. 3

Secure communication link

• to standardize the process of developing
single-type products and accompanying documentation at the Corporation enterprises;
• to resort to the experience and expertise
of individual enterprises within the Corporation
for the common goal, i.e. to design products and
software with the best characteristics in the most
efficient way;
• to eliminate duplication of development
and research works.
Conclusion
Summing up, it should be noted that the approa
ches to developing composite mathematical models
and the activities carried out in the area of virtual
testing, employed by the Corporation, fully comply
with the requirements of the government program

on Digital Economy of the Russian Federation, endorsed by Order No. 1632-r of the Government of
the Russian Federation as of July 28th, 2017.
Bibliography
1. Imitatsionnoye modelirovaniye boyevykh dei
stviy: teoriya i praktika / Pod red. P. А. Sozinova,
I. N. Glushakova. Tver, 2013. 528 s. (Russian)
2. Andreev G. I., Sozinov P. A., Tikhomirov V. A.
Osnovy teorii prinyatiya reshenii / Pod red.
P. A. Sozinova. M.: Radiotekhnika, 2017. 648 s.
(Russian)
3. Imitatsionno-modeliruyushchii stend RLS
s tsifrovoi AFAR. Inv. 2137 / OAO Radiofizika.
Moskva, 2012. 150 s. (Russian)
Submitted on 05.10.2017

Sozinov Pavel Alekseevich – Doctor of Engineering Sciences, Professor, Designer General – Deputy Director General,
the “Almaz – Antey” Air and Space Defence Corporation, Joint Stock Company, Moscow.
Science research interests: aerospace defence means and systems, mathematical and simulation modelling of complex
technologies, radio detecting and ranging.

| Organization and Management |

Fig. 9. Virtual firing range structure

25

| Organization and Management |

Актуальные задачи математического моделирования
систем воздушно-космической обороны
Представлены результаты работ по математическому и имитационному моделированию военной техники
воздушно-космической обороны, проведенных Концерном ВКО «Алмаз – Антей». Описаны возможности комплексной математической модели перспективной системы перехвата, модели перспективной
многоступенчатой ракеты, стенда полунатурного моделирования. Рассмотрены подходы к созданию
виртуального полигона для проведения испытаний систем воздушно-космической обороны.
Ключевые слова: воздушно-космическая оборона, математическое моделирование, имитационная
модель, радиолокационная станция.
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