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ABSTRACT  

Background. For an adequate description of complex systems, it is necessary to use 
significantly nonlinear mathematical models. An effective approach to the identification of 
such models is the use of optimization procedures based on various optimization methods. 
For the comprehensive implementation of these procedures, it is necessary to create 
software that meets modern trends in the field of computer modeling. 

Materials and Methods. To identify models, various optimization algorithms are used, 
which are developed within the framework of various optimization methods, in particular, 
within the framework of quasi-Newton methods or stochastic methods. The article considers 
the BFGS, L-BFGS, and L-BFGS-B algorithms, which belong to the first class of methods, 
and algorithms that implement the stochastic directed cone method, namely: the basic 
algorithm and its three modifications. A researcher engaged in mathematical modeling 
selects one of the software-implemented optimization algorithms that best corresponds to 
the formulated modeling problem. To do this, he must be able to evaluate the qualitative 
indicators of these algorithms, which are integrated in a single software environment. 

Results and Discussion. The software environment for the identification of 
mathematical models using optimization procedures, in addition to the specific features 
associated with identification, must comply with modern programming paradigms and their 
use. In view of this, it is proposed to use the Python programming environment for its 
creation. The structure of the software subsystem that implements the selection of the type 
of mathematical model, its structural and parametric identification and evaluation, as well as 
integration with other subsystems of the created software environment, is considered. 
General requirements for ensuring its functionality are formulated. The prospects for the 
application of cloud IT and AI are considered. 

Conclusion. The proposed software and architectural solutions allow creating a 
software environment that will significantly facilitate the process of computer-generated 
mathematical models of various complex systems. At the same time, it remains open for 
further modernization and expansion of functionality.  

Keywords: mathematical model, identification, optimization algorithms, software, 
architecture. 

INTRODUCTION  

A large number of real objects and processes are considered complex abstract 
systems, which are described using nonlinear mathematical models. The process of 
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constructing a mathematical model is multi-stage and significantly depends on the nature 
of the processes being modeled, as well as on the applied modeling approaches [1, 2].  

In the case when it is difficult to describe the structure of the internal connections of 
the system or it is not advisable from the researcher's point of view, a mathematical model 
of the “black box” type is used [3]. In the multidimensional case, such a model uses as 

variables input signals[𝑣1, 𝑣2, … , 𝑣𝑛]𝑇 = 𝑣⃗ (external disturbances that affect the behavior 

of the system), output signals [𝑦1, 𝑦2, … , 𝑦𝑚]𝑇 = 𝑦⃗, which reflect the external reaction of 

the system to external influences, state variables [𝑥1, 𝑥2, … , 𝑥𝑟]𝑇 = 𝑥⃗ (formal variables that 

in a certain way reflect the internal state of the system), as well as equation coefficients 

[𝑝1, 𝑝2, … , 𝑝𝑠]𝑇 = 𝑝, which reflect the relationship between variables (model parameters). 

If a dynamic system is considered, then the values of the variables change over time. 
In the case of fixing the values of these variables at specific points in time, a discrete model 
is used. The general form of a discrete model of the “black box” type with constant 
parameters is as follows 

 𝑦⃗(𝑘) = 𝑓(𝑣⃗(𝑘), 𝑥⃗(𝑘), 𝑝), (1) 

where 𝑦⃗(𝑘), 𝑣⃗(𝑘), 𝑥⃗(𝑘) are, respectively, the vectors of output and input signals, as well as 

the vector of state variables, which are defined at the 𝑘-th time instant (𝑘 = 1, 𝑁̅̅ ̅̅ ̅, 𝑁 is the 

number of time instants at which the values of the vector components are defined); 𝑝  is 

the vector of model parameters; 𝑓(•) is a certain vector function, the components of which 

describe the relationships between the variables. 
In the process of building a mathematical model, two important stages can be 

distinguished among others: the stage of structural identification of the model and the stage 
of parametric identification of the model [4, 5]. At the stage of structural identification, the 

form of equations in 𝑓(•) is selected. This choice significantly depends on the specific 

formulation of the modeling problem. In the general case, these equations are nonlinear. 
At the stage of parametric identification, the values of the model parameters are 
determined. Parametric identification procedures can be carried out either sequentially 
after the completion of all structural identification procedures, or in parallel with individual 
ones [5]. 

Currently, a number of methods are used for structural identification of mathematical 
models: methods of reduction and complication of the model structure (MSR and MSC), 
group method of data handling (GMDH), genetic algorithms (GA), methods based on the 
principles of self-organization of multi-agent systems (SO_MAS) [5]. Promising are the 
methods of structural identification that use an ontological approach to the construction of 
mathematical models [6].  

In this article, we will limit ourselves to considering the stage of parametric 
identification of models. Therefore, we will assume that the structure of the model is 
previously determined on the basis of a detailed study of the behavior of the system or a 
certain hypothesis about the formal relationships between its input and output signals. 

Note that the results published in this article are a continuation of the research 
presented in [7-11]. 

Different approaches are used for parametric identification of a mathematical model. 
In the case of a linear discrete dynamic model in the space of state variables, there is an 
effective analytical algorithm for parametric identification of the Ho-Kalman, and for a 
bilinear model, the analytical algorithm proposed by Isidori [4] is used. These algorithms 
are appropriate to apply at the initial stage of parametric identification of the model if in the 
structure of the generally nonlinear model it is possible to clearly distinguish the linear [7] 
or bilinear part. Then, the parameters of these parts of the model obtained at this stage are 
used as an initial approximation for the identification process of the entire nonlinear model. 



Software Environment for Identification of Nonlinear Mathematical Models…  

Електроніка та інформаційні технології • 2026 • Випуск 34 167 

For parametric identification of a mathematical model with a significantly complex 
structure, it is necessary to spend significant computational and especially time resources. 
This reduces the practical value for the researcher of the modeling process. Therefore, an 
approach that involves the formal division of a single complex model into simpler 
submodels that are identified in parallel is quite effective [4, 7]. It is obvious that 
parallelization of computational procedures accelerates the process of parametric 
identification of the entire model. And the implementation of algorithms for determining the 
parameters of individual submodels can hypothetically be significantly simplified. 
Therefore, the identification process of the general model, even with the need to coordinate 
the parameters of the submodels, will require less computational cost. 

A big problem for significantly nonlinear models is the lack of universal analytical 
algorithms for their parametric identification. The solution to this problem is the use of an 
optimization approach. It consists in the fact that as a result of solving the optimization 
problem, such model parameters are found that allow it to adequately reproduce real 
processes [8]. Usually, the adequacy of a “black box” model is estimated by the deviation 

of the real output signals 𝑦⃗∗(𝑘) from the simulated output signals 𝑦⃗(𝑘). The expression that 
reflects this deviation defines the objective function in the corresponding optimization 
problem: 

 𝑄(𝑝) = 𝑔(‖𝑦⃗∗(𝑘) − 𝑦⃗(𝑘)‖) → min
𝑝⃗

𝑄, (2) 

where 𝑄(𝑝) is the objective function, the arguments of which are the parameters of the 

model (1); 𝑔 is a functional of various types, in particular [8], which reflects the deviation of 

the real output signals 𝑦⃗∗(𝑘) from the output signals 𝑦⃗(𝑘) of the model (1). 

To solve the optimization problem of type (2), various deterministic and stochastic 
optimization methods can be used. The choice of a specific method depends on many 
circumstances [9]. Therefore, the researcher should be able to choose from some methods 
the one that is most successful for the given problem of parametric identification of a 
mathematical model. Such a choice involves testing different optimization methods on a 
certain class of problems [10]. For this, it is necessary to integrate as many algorithms as 
possible that implement these methods and their modifications into a single software 
environment [11]. In addition, this environment should be an element of the software 
package that is directly used for both creating and using the created models. That is why 
the purpose of this article is to design the architecture of this software environment and 
develop its individual software modules, which implement and integrate various 
optimization algorithms used in the process of parametric identification of mathematical 
models of complex objects and processes. 

MATERIALS AND METHODS  

The defining element of the considered software complex for the identification of 
mathematical models is a set of modules that implement optimization algorithms. For 
example, we will consider only a few of them. The completed implementation of the created 
software complex should cover as many algorithms as possible. 

In this article, we focus on three algorithms that are modifications of the deterministic 
quasi-Newton method and four variations of the stochastic optimization method. It is 
important that deterministic methods have their advantages and disadvantages compared 
to stochastic ones [12]. Therefore, in practical mathematical modeling, there is a need to 
apply both of these approaches to solving various optimization problems. 
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Quasi-Newton methods 
A feature of quasi-Newton optimization methods that distinguishes them from 

Newtonian methods is that the Hessian matrix is not directly calculated, but is approximated 
by another matrix [13]. This, in particular, reduces the computational and time costs of the 
optimization process. Examples of quasi-Newton optimization algorithms are the classical 
Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm and its modifications, namely, 
limited-memory BFGS (L-BFGS) and L-BFGS with box constraints (L-BFGS-B). 

BFGS algorithm 
As is known, the optimization process is iterative. At each of its iterations, the direction 

and step of moving to the minimum point of the objective function at the next iteration are 
determined. The direction and step can be determined directly or indirectly through the 
parameters of searching for the next point on the trajectory of movement to the minimum, 
which are inherent to a particular optimization method. 

The BFGS algorithm is based on the idea that at each 𝑖-th iteration, the inverse 

Hessian matrix is approximated by the approximate matrix 𝐵𝑖, which is obtained based on 

the calculation of the first partial derivatives of the objective function [14]. As a result, the 
direction of further searching for the minimum of the objective function is obtained, and the 

values of its arguments are calculated at the 𝑖 + 1-th iteration. Regarding the optimization 

problem of type (2), the vector of parameters of the mathematical model at the 𝑖 + 1-th 

iteration is calculated by the formula 

 𝑝𝑖+1 = 𝑝𝑖 − 𝛾 ∙ 𝐵𝑖 ∙ 𝑔𝐹(𝑝𝑖), (3) 

where 𝛾 is the optimal step length in the chosen search direction; 𝑔𝑄(𝑝𝑖)  is the gradient 

of the objective function 𝑄(𝑝). 

L-BFGS algorithm 

The basic BFGS algorithm assumes that to determine the matrix 𝐵𝑖 at the 𝑖-th iteration, 

it is necessary to store the gradients calculated at all previous iterations. This increases the 
memory consumption of the computing system and, as a result, slows down the 
optimization process. In the L-BFGS algorithm, this drawback is eliminated by reducing the 
number of previous iterations, the results of which must be taken into account at the current 
iteration [15]. 

L-BFGS-B algorithm 
The L-BFGS-B algorithm is a modification of the L-BFGS algorithm. It provides for 

imposing restrictions on the arguments of the objective function [16], which makes it 
possible to make the search for the next point on the path to the minimum more directed. 

Software implementation of the quasi-Newton algorithm 
The BFGS and L-BFGS-B algorithms are implemented in the scipy.optimize library of 

the Python environment. The programmatic call of these algorithms is carried out through 
a universal function [17] 

minimize(fun, x0, args=(), method=None, jac=None, hess=None, hessp=None, 
         bounds=None, constraints=(), tol=None, callback=None, options=None), 

where the value of parameter method ‘BFGS’ or ‘L-BFGS-B’ indicates the corresponding 

algorithm. 

Stochastic directed cone methods 

In the directed cone method, at each 𝑖-th iteration of the main stage of the optimization 

process, the further search direction on the way to the minimum point of the objective 
function is chosen arbitrarily within a certain cone. The vertex of this cone lies at the point 
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𝑝𝑖. The segment of space that limits the cone is determined by its deployment angle 𝛹𝑖 

and height ℎ𝑖. Several random test points are selected based on the cone. Among them, 

the one in which the objective function has the smallest value is chosen. It becomes the 
vertex of the cone, which is built in the next iteration [4, 8, 10]. 

Basic algorithm of the directed cone method  
The basic algorithm of the directed cone method, proposed by Rastrigin, and its initial 

adaptation, carried out by Bukashkin [4, 8], assume that the angle of deployment and the 
height of the cone remain constant at all iterations of the optimization process  

(𝛹𝑖 = 𝑐𝑜𝑛𝑠𝑡, ℎ𝑖 = 𝑐𝑜𝑛𝑠𝑡, 𝑖 = 1,2, …). This makes this process inefficient [9, 10]. 

Therefore, algorithms have been proposed that provide for the adaptation of the mentioned 
optimization parameters to the conditions determined by the current behavior of the 
objective function. 

Algorithm with adaptation of the search step length   

The height of the cone ℎ𝑖 basically determines the distance between two neighboring 

(𝑖-th and 𝑖 + 1-th) points on the path of finding the minimum of the objective function. 

Therefore, ℎ𝑖 can be considered as the search step at the 𝑖-th iteration. Depending on the 

local behavior of the objective function, the current search step should be adapted 
according to the formula [4, 10] 

 ℎ𝑖+1 = ℎ𝑖 ∙ (
𝑡𝑖

𝑡𝑒𝑓
)

1
𝑧−1

, (4) 

where 𝑡𝑖 = 𝑑̃ 𝑑⁄  (𝑑 is the total number of attempts made with the search step length ℎ𝑖 and 

𝑑̃ is the number of successful attempts when the objective function decreased); 𝑡𝑒𝑓  

(0 < 𝑡𝑒𝑓 < 1) is a parameter that is set to normalize 𝑡𝑖; 𝑧 is the dimensionality of the 

objective function. 
In general, the search step should be reduced near the minimum point of the objective 

function (to determine the minimum as accurately as possible), and at a considerable 
distance from the minimum point, on the contrary, it should be increased (to speed up the 
optimization process) [11]. 

Algorithm with simultaneous adaptation of the cone deployment angle and the search 
step length   

In order to make the optimization process at individual stages, where the objective 
function allows, more targeted, it was proposed to reduce the cone deployment angle. Such 
angle adaptation is associated with the need for simultaneous adaptation of the search 
step length. In this case, a decrease in the cone deployment angle should be accompanied 
by a corresponding increase in the search step length and vice versa [4, 8]. 

It has been experimentally proven that the best result of the optimization search is 
achieved when the adaptation at the 𝑖-th iteration of the cone deployment angle and the 
search step length occurs according to the corresponding formulas [4, 10] 

 𝛹𝑖+1 = 𝛿𝜇∙𝛼−1 ∙ 𝛹𝑖, (5) 

 ℎ𝑖+1 = ℎ𝑖 ∙ (
𝑡𝑖

𝑡𝑒𝑓
)

1
𝑧−1

∙ 𝛿−(𝜇∙𝛼−1), (6) 
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where 𝛿 > 1 is some constant (the larger the value of this constant, the faster the cone 

deployment angle adapts); 𝛼 is a coefficient that characterizes the deviation of the cone 

axis at two consecutive iterations; 𝜇 (1 ≤ 𝜇 ≤ 2) is some coefficient. 

Tunneling algorithm 
The tunneling algorithm aims to significantly reduce the time of the optimization 

process. This is achieved by significantly increasing the search step length in a statistically 
justified direction on certain sections of the path to the minimum point of the objective 
function [4, 10]. 

Software implementation of directed cone method algorithms 
For the software implementation of the algorithms of the directed cone method, 

original software modules were developed. Initially, they were implemented in the Delphi 
software environment [18]. For example, below is a fragment of a Delphi program for 
calculating a linear dynamic model with constant parameters in the space of state variables: 

 {
𝑥⃗(𝑘+1) = 𝐹 ∙ 𝑥⃗(𝑘) + 𝐺 ∙ 𝑣⃗(𝑘)

𝑦⃗(𝑘+1) = 𝐶 ∙ 𝑥⃗(𝑘+1) + 𝐷 ∙ 𝑣⃗(𝑘+1),  (7) 

where 𝐹, 𝐺, 𝐶, 𝐷 are the matrices of model parameters of the corresponding dimensions.  

K: TVector; 
F, G, C, D: TMatrix; 
NewX: TVector;  
VectorDeclare(Params.K, 'K', StateDimension); 
MatrixDeclare(Params.F, 'F', StateDimension, StateDimension); 
MatrixDeclare(Params.G, 'G', StateDimension, InputDimension); 
MatrixDeclare(Params.C, 'C', OutputDimension, StateDimension); 
atrixDeclare(Params.D, 'D', OutputDimension, InputDimension); 
SetLength(Params.NewX, StateDimension); 
var 
  i, j, k, l: Integer; 
  S: Double;  

   // Calculation of the vector y 
for i := 0 to OutputDimension - 1 do 
begin 
  S := 0; 
  for j := 0 to StateDimension - 1 do 
    S := S + Params.C[i][j] * Params.x[j]; 
{ 
  for j := 0 to InputDimension - 1 do 
    S := S + Params.D[i][j] * v[j]; 
} 
  y[i] := S; 
end; 
 
// Calculating the new value of the vector x 
for i := 0 to StateDimension - 1 do 
begin 
  S := Params.K[i]; 
  for j := 0 to StateDimension - 1 do 
    S := S + Params.F[i][j] * Params.x[j]; 
  for j := 0 to InputDimension - 1 do 
    S := S + Params.G[i][j] * v[j]; 
  Params.NewX[i] := S; 
end; 
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for i := 0 to StateDimension - 1 do 
  Params.x[i] := Params.NewX[i]; 

However, later, in order to adapt to modern programming systems, the optimization 
algorithms of the directed cone method were modernized and implemented in the Python 
environment. This made it possible to integrate these algorithms into a single software 
system with other algorithms that are standardly implemented in this environment, for 
example, with algorithms of quasi-Newton optimization methods. Note that the created 
Python version of the software allows you to import previously programmatically 
implemented models in the Delphi environment, in particular the one presented above. This 
allows you to use already developed model structures in the Python environment. 

Integration of optimization algorithms  
For practical modeling, the researcher needs to be given the opportunity to choose 

one of several optimization algorithms. Therefore, these algorithms must be integrated with 
each other at the software level. The logic of using integrated optimization algorithms in the 
process of parametric identification of a mathematical model is reproduced in Fig. 1. This 
scheme considers the possibility of choosing among the following optimization algorithms: 
two quasi-Newton algorithms – BFGS and L-BFGS-B, and three algorithms of the directed 
cone method (DCM) – with adaptation of the search step length (DCM-S), with 
simultaneous adaptation of the cone deployment angle and search step length (DCM-A-
S), with tunneling (DCM-T). Note that in the final implementation of the software complex, 
it is necessary to provide for the integration of other optimization algorithms. 

Selecting a model structure

Algorithm 

selection

BFGS 

Model is 

adequate

The best 

option

L-BFGS-B DCM-S DCM-A-S DCM-T

Another 

algorithm

Saving calculated 

parameters

Creating the final model

Yes

Yes

YesNo

No

No

  

Fig. 1. The logic of using optimization algorithms integrated in a single software package in the process of 
parametric identification of a mathematical model 

After selecting the structure of the mathematical model, the researcher selects one of 
the listed algorithms. It is used to perform parametric identification of the model. If, 
according to the criteria selected by the researcher, the model with the calculated 
parameters does not meet the adequacy conditions, the researcher selects another of the 
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permissible optimization algorithms. The return to the selection of algorithms can also occur 
if the researcher considers it necessary to improve the model parameters. In the case when 
the best option, in the researcher's opinion, is achieved, then the final model is formed. 

Note that the proposed integration of optimization algorithms allows us to research the 
effectiveness of their application on a class of optimization problems using the procedures 
proposed in [9]. 

RESULTS AND DISCUSSION  

Programming environment requirements  
The previously considered approach to the integration of various optimization 

algorithms should be implemented programmatically as one of the modules of a more 
complex software system, the purpose of which is to ensure the construction of various 
nonlinear mathematical models. Other elements of such a system are modules that 
provide: the system's interconnection with automated complexes for conducting physical 
experiments, interfaces with information systems, interaction with artificial intelligence (AI), 
support for databases (DB) and data warehouses (DW), interaction with widespread 
computer modeling systems, support for parallel computing, carrying out the calculations 
necessary for the construction and use of mathematical models, and the implementation of 
a convenient user interface. In addition, some technological requirements are put forward 
for modern software systems that determine the software environment in which these 
systems should be created. 

In view of this, the programming environment for the developed system of identification 
of mathematical models should have a number of defining characteristics. In particular [9]: 
support cross-platform [19] object-oriented [20], generalized [21] and procedural 
programming [22], the ability to create software in a distributed software environment [23]. 
For simplicity of software development, it is worth using a high-level programming language 
[24]. However, in order for the developed software to effectively use the functions of system 
software, in particular, the functions of the operating system, it is necessary that the 
programming language has a number of properties of a low-level language [25]. 

Currently popular programming languages that have the listed properties are Java and 
C Sharp (C#). The basic constructs of these languages are borrowed from the C++ 
language [26]. The ISO/IEC 14882:2024 (C++23) standard is valid for C++ [27]. 
Standardization stimulates leading software manufacturers, in particular such giants of the 
IT industry as IBM, Oracle, Intel, Microsoft, to create their own compilers from C++, or to 
support their development within the framework of such projects as LLVM, Embarcadero 
[28]. The principles on which the concept of the creation and development of this language 
is based provide the possibility of: implementing any algorithms, using any programming 
styles, creating an interface with system software, interacting with other programming 
languages, and creating high-performance software [29]. The latter property is important 
for reducing time costs in the process of solving optimization problems. 

It is also important that the MATLAB software environment, popular among a large 
number of researchers, is written in C++ and Java [30]. The Simulink visual modeling 
package integrated into this environment is a convenient tool for simulating the operation 
of various complex objects described by mathematical models [18]. 

So, taking into account all the previous considerations, it is appropriate to conclude 
that it is worth creating the program code of the developed system in a language that is 
related to C++ or can easily integrate with it. 

Despite the significant capabilities of C-oriented programming languages, a large 
number of software developers, particularly in the field of modeling, prefer Python. The 
most important reason for the popularity of this language is that it is a high-level language 
with a simple but at the same time understandable syntax. In addition, it supports cross-
platform and various programming concepts, which allows it to be used in different 
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hardware and software environments to solve different classes of problems [31]. If it is 
necessary to use low-level capabilities of the C language or previously created C program 
modules in Python, the C Foreign Function Interface (CFFI) for Python is used [32]. 

A large number of libraries have been developed for the Python language, which 
contain various standard functions and fundamental methods for implementing 
computational procedures. This makes it easier for the programmer to use them when 
solving specific problems. NumPy [33] and SciPy [34] libraries are used for modeling. 

The Python programming environment can be easily integrated with other 
programming environments used for modeling. For example, in the program code written 
in Python, you can use the functions and methods of the MATLAB programming and 
numerical computing platform using the MATLAB Engine API for Python, and vice versa, 
you can access Python code libraries and constructs from the MATLAB environment by 
calling a function with the prefix py. [35]. 

The disadvantage of the Python programming environment is that it works in 
interpreter mode. This reduces the speed of computational procedures, which negatively 
affects the effectiveness of the use of optimization methods. To speed up Python programs, 
the PyPy interpreter is used, the work of which is accelerated by the Just-in-Time compiler 
[36], or the Codon compiler, created based on the byte-coded LLVM [37] or the similar 
Numba compiler [38]. In addition to compiling Python code, Codon and Numba provide 
parallelization of computational procedures, which further speeds up their execution. 

Given that the developed software system must interact at the information level with 
other software systems and software environments, it is necessary to ensure the import 
and export of data between them. One of the most successful data formats that provides 
information coordination of different software environments is the csv (comma-separated 
values) format [39]. The standard of this format [40] also provides support for cross-
platform. A file with the .csv extension can be created and edited directly by the user using 
standard office applications, for example, in the MS Excel spreadsheet environment [39]. 
This data format must be accepted by the MATLAB environment [41]. Therefore, it should 
be used to prepare data for model identification and export data to environments that these 
models use in practice. 

Structure of the subsystem for constructing and evaluating a mathematical model  
Let us consider the subsystem for constructing and evaluating a mathematical model. 

It is part of a more general system that performs a wide range of functions – from the 
processing of experimentally obtained data for modeling to the practical application of the 
constructed models. Fig. 2 shows the general structure of the subsystem under 
consideration. 

The subsystem includes the following functional modules: 

• Interface module, which provides, on the one hand, user interaction with the 
subsystem, and on the other hand, the transmission of user control commands to 
other subsystem modules; 

• Repository module is a software-implemented repository of model types defined in 
the developed software environment or borrowed from outside, which serve as the 
basis for the final identification of a specific mathematical model. The model type 
here is understood as the form of the mathematical description of the model 
(continuous, discrete, differential, integral, interval) and the initial structure of the 
model (linear or nonlinear with various types of nonlinearity); 

• The selection module provides, at the user's request, the selection from the 
repository of the model type that is most advantageous for a specific modeling task; 

• The structural identification module implements a user-defined structural identifica-
tion algorithm based on the selected model type. In cases where parallel application 
of structural and parametric identification procedures is envisaged, the structural 
identification module directly interacts with the parametric identification module; 
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Fig. 2. General structure of the subsystem for constructing and evaluating a mathematical model 

• The parametric identification module implements a user-defined parametric 
identification algorithm. An integral part of this module is the module for 
implementing optimization algorithms, which was discussed above; 

• The evaluation module is used to determine the adequacy and accuracy of the 
constructed model according to user-defined criteria; 

• The integration module provides interaction with other subsystems for: 
‒ interpretation of experimental data used to build the model (for example, data 

collected during physical experiments or during computer modeling of the 
studied processes, in particular in the MATLAB environment); 

‒ software representation of the constructed model for subsystems that use it in 
the process of studying the corresponding complex objects. 

Technology of using the software environment  
The user uses the software environment in interactive mode. The UML use cases 

diagram is shown in Fig. 3. 
The software environment allows the user to activate the following main options: 

• import data obtained as a result of physical or computational experiments, which 
are used to identify models; 

• export constructed models to other software environments for their practical 
application; 

• filling the repository of model types; 

• select the type of models according to the criteria that correspond to the modeling 
task; 

• select the method of structural identification of the model, in particular: MSR [42], 
MSC [43], GMDH [44], GA [45], SO_MAS [46]; 
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Fig 3. UML Use Case Diagram of Software Operation 

• select the method of parametric identification of the model. In the case of using 
analytical methods, it is possible to select the Ho-Kalman algorithm [47] or the 
Isidori algorithm [48]. In the case of using optimization methods, the selection of 
BFGS, L-BFGS-B, DCM-S, and DCM-A-S algorithms is provided. At certain stages 
of the optimization process, the DCM-S and DCM-A-S algorithms can be 
supplemented with the DCM-T algorithm. If necessary, during parametric 
identification of the model, parallel computing algorithms can be used; 

• evaluate the constructed model according to certain criteria. 

Discussion  
Modern software must comply with the latest approaches to its creation and use, as 

well as IT trends for its future development. Therefore, it is important that the developed 
software environment is not only functional and user-friendly but also adapted to modern 
requirements. In particular, it must support cloud technologies (СT) and artificial 
intelligence (AI) services. 

Cloud infrastructure can be implemented on cloud platforms such as Amazon Web 
Services, Microsoft Azure [49] or Google Cloud Platform [50]. This infrastructure provides 
services such as scalable cloud computing, cloud data storage, supports MapReduce 
parallel computing technology [51] and Kubernetes cloud containerization [52], which 
provides automation of software deployment, scaling and management in a cloud 
environment, provides RESTful API services [53], which in particular allow you to load data 
for modeling directly from distributed sensors, and provides integration of the cloud 
environment with Python libraries, in particular with Matplotlib and Seaborn libraries [54], 
which allow you to visualize the results of modeling. 

Integration of AI tools into the developed software environment increases its 
intellectualization by adding the function of providing recommendations on modeling 
procedures, processes of formalized description of models, and their practical use. The 
integration process is carried out using APIs provided by developers of AI chatbots. For 
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example, for ChatGPT, OpenAI Corporation provides cloud APIs for various programming 
environments, in particular for Python [55]. 

CONCLUSION  

This study attempts to propose architectural and software solutions for creating a 
software environment for identifying mathematical models of complex objects, which is 
based on the application of an optimization approach. These solutions allow creating 
software that provides: 

• a choice of a wide range of optimization algorithms that implement various 
optimization methods; 

• implementation of all computational stages of mathematical model development, 
which include structural and parametric identification, parallelization of 
computational procedures, and evaluation of the resulting model; 

• preparation of input data for modeling and creation of software implementation of 
the model for the environments of its use; 

• integration with other software environments and modeling subsystems. 
The choice of the Python programming system is justified, as it allows implementing 

all the designed functionality of the software environment and corresponds to the modern 
programming paradigm. 

Promising directions for future research are formulated, which include the integration 
of the developed software into the cloud environment, as well as integration with publicly 
available AI mechanisms.  
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Матеріали та методи. Для ідентифікації моделей використовують різні 
оптимізаційні алгоритми, які розроблені в межах різних методів оптимізації, зокрема у 
межа квазіньютонівських методів чи стохастичних методів. У статті розглядаються 
алгоритми BFGS, L-BFGS, L-BFGS-B, що належать до першого класу методів, а також 
алгоритми, які реалізують метод стохастичного спрямованого конуса, а саме: базовий 
алгоритм та три його модифікації. Дослідник, який займається математичним 
моделюванням, вибирає один із програмно реалізованих оптимізаційних алгоритмів, 
які найкраще відповідають сформульованій задачі моделювання. Для цього він 
повинен мати змогу оцінити якісні показники цих алгоритмів, які інтегровані у єдиному 
програмному середовищі. 

Результати. Програмне середовище для ідентифікації математичних моделей з 
використанням оптимізаційних процедур, окрім специфічних особливостей, пов’язаних 
з ідентифікацією, повинно відповідати сучаснім парадигмам програмування і його 
використання. Зважаючи на це, запропоновано використати для його створення 
середовище програмування Python. Розглянуто структуру програмної підсистеми, яка 
реалізує вибір типу математичної моделі, її структурну і параметричну ідентифікацію 
та оцінку, а також інтеграцію з іншими підсистемами створюваного програмного 
середовища. Сформульовані загальні вимоги для забезпечення його 
функціональності. Розглянуто перспективи застосування хмарних ІТ ти ШІ. 

Висновки. Запропоновані програмні і архітектурні рішення дають змогу створити 
програмне середовище, яке суттєво полегшить процес комп’ютерного створення 
математичних моделей різних складних систем. При цьому воно залишається 
відкритим для подальшої модернізації і розширення функціональних можливостей. 

Ключові слова: математична модель, ідентифікація, оптимізаційні алгоритми, 
програмне забезпечення, архітектура. 
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    [   v 1 ,     v 2 , … ,   v  n ]  T =   v →


    [   y 1 ,     y 2 , … ,   y  m ]  T =   y →


    [   x 1 ,     x 2 , … ,   x  r ]  T =   x →


    [   p 1 ,     p 2 , … ,   p  s ]  T =   p →


      y →  ( k ) =   f →  (     v →   ( k ) ,     x →   ( k ) ,   p → ) ,
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  Q  (   p → ) = g  (  ‖     y →  ∗ ( k ) −     y →  ( k ) ‖ ) →    min    p → ⁡  Q
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  i + 1


      p →  i + 1 =     p →  i − 𝛾 ∙   B  i ∙   g  F (     p →  i )
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    𝛹  i = c o n s t ,    h  i = c o n s t ,   i = 1 , 2 , …
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   h  i + 1 =  h  i ∙    (     t  i    t  e f )   1  z − 1 ,
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    t  e f


  0 <   t  e f < 1


    t  i


  z


  i


    𝛹  i + 1 =   𝛿  𝜇 ∙ 𝛼 − 1 ∙   𝛹  i


   h  i + 1 =  h  i ∙    (     t  i    t  e f )   1  z − 1 ∙   𝛿  −  ( 𝜇 ∙ 𝛼 − 1 ) ,


  𝛿 > 1


  𝛼


    𝜇


  ( 1 ≤ 𝜇 ≤ 2 )


   {        x →  ( k + 1 ) = F ∙     x →   ( k ) + G ∙     v →   ( k )       y →  ( k + 1 ) = C ∙     x →   ( k + 1 ) + D ∙     v →   ( k + 1 ) ,  
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