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Abstract —The paper addresses the problem of mathematical modeling of complex information systems 

characterized by a large number of interrelated parameters and heterogeneous information flows. Such 

systems demonstrate a dynamic behavior over time, which requires the application of methods capable of 

analyzing temporal dependencies between system parameters. A mathematical model of complex 

information system functioning based on multivariate time series is proposed. The developed model 

allows formalizing the processes of system state evolution and capturing relationships between different 

information streams. In the proposed approach, the system state is represented as a vector time process 

that includes multiple parameters describing various aspects of the system operation. The mathematical 

framework of the model describes the dynamics of system state formation and evolution while taking into 

account external influences and stochastic disturbances. The proposed approach enables a consistent 

analysis of multidimensional data and allows investigating patterns in the functioning of information 

systems in dynamic environments. Simulation experiments demonstrate the applicability of the proposed 

model for analyzing the behavior of complex information systems and evaluating their states based on 

temporal relationships between system parameters. The obtained results can be applied in the 

development of methods for processing multidimensional data and designing decision support systems for 

managing complex information processes. 

Keywords—Data processing, information systems, mathematical model, multivariate time series, system 

state, temporal dependencies.  

I. INTRODUCTION 

Modern information systems are characterised by 
complex structures, a large number of interconnected 
components, and dynamic processes of data 
processing and transmission. The functioning of such 
systems is accompanied by continuous changes in the 
states of their components, which are determined both 
by internal information processing processes and by 
the influence of external factors. In this regard, there 
is a need for a formalized description of the behaviour 
of information systems over time, which makes it 
possible to analyse their states, predict changes in 
operational characteristics, and support well-grounded 
management decisions. 

The aim of this article is to develop a 
mathematical model of the functioning of a complex 
information system based on multidimensional time 
series. The proposed model enables the formalisation 
of the temporal evolution of system parameters, takes 
into account interdependencies between different 
information flows, and provides a consistent analysis 
of the system state under conditions of uncertainty 
and noisy data. 

To achieve this aim, the following tasks are 

addressed in the study: formalisation of 

heterogeneous data representation in the form of 

multidimensional time series; constructi of a 

mathematical model describing the interaction 

between system parameters; investigation of the 

temporal dynamics of the information system state; 

and development of a procedure for integrated 

assessment of system functioning based on the 

analysis of temporal dependencies between its 

parameters. 

Each level of the information system performs 

specific functional tasks related to the generation, 

transmission, or processing of information flows. At 

the same time, the efficiency of higher system levels 

directly depends on the state of lower levels, since it 

is at these levels that the basic parameters of 

information processing are formed and data 

transmission between system components is ensured. 

Thus, the functioning of an information system can be 

considered as the result of the interaction of multiple 

local processes occurring at different levels of its 

hierarchical structure. 
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II. LITERATURE ANALYSIS 

The study of complex information system 
functioning and methods for processing 
multidimensional data has been widely addressed in 
contemporary scientific research. Particular attention 
is paid to the development of mathematical models, 
data analysis methods, and optimisation algorithms 
that enable the investigation of complex system 
behaviour in dynamic environments. 

In paper [1], the mathematical support of 
decision support systems is considered, where 
approaches to the formalisation of information 
processing processes and the construction of 
analytical models for complex systems are 
described. The authors emphasise the necessity of 
applying formalised mathematical methods for the 
consistent analysis of multiple parameters 
characterising the state of information systems. 

Papers [2], [15] investigate methods for 
improving the efficiency of information systems and 
network structures. In particular, [2] proposes an 
improved approach to secure routing in software-
defined networks, which increases the reliability of 
data transmission. In article [15], a method for 
enhancing decision-making efficiency in complex 
organisational and technical systems is developed, 
based on analysing the interaction of multiple factors 
influencing system operation. 

An important research direction involves the 
application of mathematical models for analysing 
the state of complex systems. In article [4], a 
methodological approach to the assessment of 
complex organisational and technical systems is 
proposed, which involves the use of integrated 
indicators for evaluating their functioning. Similar 
problems are considered in [19], where a 
multicriteria method for evaluating the efficiency of 
stochastic systems is proposed, enabling the 
consideration of multiple influencing factors during 
system analysis. 

A significant number of studies are devoted to 
the application of optimisation methods and bio-
inspired algorithms for solving search problems in 
complex information systems. Papers [3], [16] – [18] 
consider various approaches to constructing global 
optimisation algorithms based on behavioural 
models of natural systems. In particular, [3] 
proposes a combined bio-inspired search algorithm 
that integrates several optimisation strategies. In 
articles [16] and [17], solution search methods based 
on population-based global optimisation algorithms 
are developed, which improve the efficiency of 
analysing complex spatial dependencies. In article 
[18], an improved solution search method based on 

the cuckoo search algorithm is presented, 
demonstrating high efficiency in complex 
optimisation problems. 

A separate group of studies focuses on the 
application of modern metaheuristic optimisation 
algorithms. Paper [9] presents the chameleon swarm 
optimisation algorithm, which is an effective tool for 
solving engineering design problems. In article [13], 
the application of the grey wolf optimisation 
algorithm for controlling complex energy systems is 
considered. Such approaches allow optimal solutions 
to be identified within complex multidimensional 
parameter spaces. 

Recent studies also actively employ hybrid 
methods combining different approaches to 
optimisation and data analysis. In article [12], a 
hybrid algorithm combining particle filtering and 
particle swarm optimisation for controlling fuzzy 
servo systems is proposed. Such approaches improve 
the efficiency of analysing dynamic systems and 
enable more accurate modelling of their behaviour. 

Papers [6] and [7] examine engineering 
approaches to the synthesis of control algorithms for 
mechatronic systems and digital drives. The authors 
propose methods for tuning motion controllers in 
systems with nonlinear dynamics, which is essential 
for ensuring stable operation of complex technical 
systems. 

Problems related to data processing and filtering 
in modern information systems are studied in [8], 
where a hybrid approach to data filtering and the use 
of machine learning methods in content management 
systems is proposed. In article [14], a method for 
object detection in satellite imagery based on the 
firefly algorithm is presented, demonstrating the 
effectiveness of metaheuristic algorithms in data 
analysis tasks. 

The analysis of the presented studies shows that 

current research is mainly focused on the 

development of optimisation algorithms, data 

processing methods, and approaches for improving 

the efficiency of complex system operation. At the 

same time, insufficient attention has been paid to the 

development of mathematical models for complex 

information systems that would allow consistent 

consideration of multidimensional temporal 

dependencies between system parameters. 

Therefore, an important research task is the 

development of a mathematical model for the 

functioning of a complex information system based on 

multidimensional time series, which would allow the 

formalisation of the temporal dynamics of system 

parameters and provide a consistent analysis of 

interdependencies between different information flows. 
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III. PROBLEM STATEMENT 

During the functioning of a complex information 
system, its states continuously change under the 
influence of both internal information processing 
processes and external environmental factors. Such 
factors may include variations in the intensity of 
information flows, load fluctuations on individual 
system nodes, data transmission delays, as well as 
random disturbances caused by incomplete or noisy 
information. As a result, the system state becomes 
dynamic and requires the application of 
mathematical models capable of describing the 
temporal evolution of system parameters. 

An important characteristic of complex 
information systems is the presence of a large 
number of interdependent parameters that determine 
their current state. A change in one parameter may 
lead to changes in other system parameters, forming 
a complex network of functional relationships 
between system components. Therefore, when 
modelling the functioning processes of information 
systems, it is necessary to consider the mutual 
influence of parameters and the possibility of state 
propagation between different system elements. 

Another characteristic feature of complex 
information systems is the presence of time delays in 
information transmission and processing processes. 
Such delays may arise due to the need for data 
accumulation, processing, routing, or transmission 
through communication channels. As a result, a 
change in the state of one system element may affect 
other elements not instantaneously but after a certain 
period of time. This necessitates the consideration of 
temporal dependencies when constructing 
mathematical models of information system 
functioning. 

In addition, control processes play an important 
role in the operation of information systems. Control 
actions may modify the operating parameters of 
individual system elements, regulate the intensity of 
information flows, or redistribute resources among 
system components. The presence of control 
mechanisms increases the stability of system 
operation and ensures its adaptability to changes in 
external environmental conditions. 

IV. ELEMENTS OF THE METHODOLOGICAL 

FRAMEWORK 

One of the effective approaches to studying the 
dynamics of complex systems is the use of 
mathematical models that take into account the 
multidimensional nature of state parameters and 
their interdependencies. In many cases, the state of 
an information system can be represented as a 
multidimensional time series reflecting the temporal 
evolution of system parameters. This approach 

makes it possible to consider delays in information 
transmission, the influence of interactions between 
system components, as well as uncertainty and noise 
in the data. 

At the same time, existing approaches to 
modelling the functioning of information systems 
often consider only individual aspects of their 
operation and do not provide a comprehensive 
representation of the multi-level structure of the 
system, the interconnections between its elements, 
and the dynamic variation of parameters over time. 
This determines the need to develop a mathematical 
model that enables the formalisation of the 
functioning process of a complex information 
system while taking into account multidimensional 
temporal characteristics. 

The generalised form of the mathematical model 
describing the functioning of a complex information 
system is expressed as follows: 

1 1

( ) ( ) ( ) ( ) ,

n
n

ij j ij i i i i

j i

X t F x t u t w t
= =

  
 =  −  +  +  
   
  

where ( )X t  is the state vector of the information 

system at time t ; ( )j ijx t −  is the value of j-th 

system parameter taking into account the time delay 

;ij  ij is the coefficient representing the mutual 

influence between system parameters; ( )iu t is the 

control input applied to the i-th component of the 

system; ( )iw t is the external environmental influence; 

,i i  is the weighting coefficients of the 

corresponding influences; F is the system state 
transformation operator. 

The state of an information system is formed 

under the influence of internal relationships between 

its parameters, control signals, and external 

environmental factors. Taking into account time 

delays makes it possible to describe the inertia of 

information processing and data transmission 

processes within the system. 

For a more detailed description of the functioning 

processes of the information system, let us introduce 

the set of components that form its structure. 

Suppose that the system consists of a set of data 

processing nodes, data transmission channels, and 

information flows between them. 
Then, the structure of the information system can 

be represented as: { , , , }N C L=  , where

1 2, ,...,{ }kN n n n=  is the set of information system 

nodes; 1 2, ,...,{ }kС с сс=  is the set of data 

transmission channels; 1 2, ,...,{ }kL l ll=  is the set of 

system functioning levels;   is the matrix of 
information flows between the system nodes. 
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Taking into account the introduced parameters, 
the state of the information system at time t  can be 

represented as a function that depends on the 
parameters of nodes, transmission channels, and the 
structure of information flows: ( ) ( ( ),X t N t= 

( ), ( ), ( ))C t t U t , where ( )N t is the state of the 

system nodes at time t ; ( )C t  is the state of the data 

transmission channels; ( )t  is the matrix of 

information flows; ( )U t  is the set of control 

influences. 
Since an information system has a hierarchical 

structure, it is appropriate to represent it as a set of 

levels, each characterised by its own operational 

parameters. Let the system consist of L levels. Then, 

the state of the level of the system can be represented 

as: 

 ( ) ( ) ( ) ( )

1 2( ) ( ), ( ),..., ( ) ,
l

l l l l

nX t x t x t x t=  

where 1,2,...,l L=  is the level index of the system: 

ln  is the number of parameters characterising the 

state of the corresponding level. The interaction 
between the levels of the information system is 
determined by the inter-level transformation 

operator: ( )( 1) ( )( ) ( ), ( )l l

l lX t X t P t+ = , where l  is 

the operator describing the transition between 

system levels; ( )lP t  is a set of parameters of the 

operating environment level. 
Considering that a complex information system 

has a spatially distributed structure, its topology can 
be described as a directed graph whose vertices 
correspond to system nodes and whose edges 
represent data transmission channels between them. 
Formally, such a structure can be represented by an 
adjacency matrix: 

11 12 1

21 22 2

1 2

k

k

k k kk

a a a

a a a
A

a a a

 
 


 =
 
 

 

. 

The state of information flows between system 

nodes can be represented as a matrix of data transfer 

intensities, where ( )ij t  is the intensity of 

information transfer between system nodes: 

11 12 1

21 22 2

1 2

( ) ( ) ( )

( ) ( ) ( )
( ) .

( ) ( ) ( )

k

k

k k kk

t t t

t t t
t

t t t

    
 
   
  =
 
 
    

 

The dynamics of changes in the states of 

information system nodes can be described by a 

system of equations that takes into account the 

influence of neighbouring nodes and information 

flows: 

1 1

( 1) ( ) ( ) ( ) ( ),
k k

i i ij ij ji ji i

j j

x t x t a t a t u t
= =

+ = +  −  +   

where ( )ix t  is the node status; ( )iu t  is the 

managerial influence. 

To describe the relationship between system 

parameters, let us introduce a matrix of interaction 

coefficients: 

11 12 1

21 22 2

1 2

n

n

n n nn

B

    
 
   
 =
 
 
    

. 

Then, the general dynamic model of the 

information system can be represented as follows: 

( 1) ( ) ( ) ( )X t AX t BU t MW t+ = + + , 

where A is the system structure matrix; B is the 

control matrix; M is the matrix of external factors. 

To evaluate the effectiveness of the information 

system, we introduce a vector of quality indicators 

with P, R weight matrices: 

0
( ( ) ( ) ( ) ( ))

T
T TJ X t PX t U t RU t dt= + . 

Optimal system performance is achieved by 

minimising functionality: *

( )( ) argminU tU t J= . 

To account for data noise, the actual system 

parameters can be represented as follows: 

( ) ( ) ( )X t X t t= + , where ( )t  is the random noise. 

The final state of the information system, taking 

into account external factors and data noise, is 

determined by the ratio: 

( 1) ( ) ( ) ( ) ( ).X t AX t BU t W t t+ = + + +  

V. PROSPECTIVE ISSUES OF THE THEORY 
AND PRACTICE OF AMS DESIGN 

To verify the proposed mathematical model, 

simulation modelling of the state dynamics of a 

complex information system was performed in 

discrete time. The system dynamics are described by 

a state transition equation that takes into account 

control inputs, external factors, and measurement 

noise. 
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The comparison was carried out for several 
scenarios differing in the noise level and the type of 
control applied, in order to evaluate the stability and 
controllability of the system based on both integral 
and stepwise characteristics. 

Figure 1 illustrates the variation of the norm of the 

state vector ( )PX t P  over time for different scenarios.  

The state norm is used as a generalised measure 
of system load: its increase indicates the 
accumulation of imbalances within the system, 
whereas its decrease reflects system stabilisation 
under the influence of control actions or favourable 
operating conditions. 

Figure 2 presents the stepwise quality measure 

( ) ( ) ( ) ( ) ( )T Tq t X t PX t U t RU t= +  and its cumulative 

value in the form of a discrete analogue of the integral 
performance criterion J. Lower values of J correspond 
to a more efficient system operating mode. 

Figure 3 shows a comparison of the state 
components (or their subset) over time for different 
scenarios.  

This makes it possible to visually assess which 
variables are most sensitive to noise and control 
actions, as well as how quickly the system recovers 
after disturbances. 

 

Fig. 1. Comparison of system dynamics 

 

Fig. 2. Comparison of the integral performance criterion 

(discrete analogue) 

 

Fig. 3. Comparison of sensitive state components 

For ease of interpretation of the modelling results 
and to reduce the load of tabular data, the results of 
the scenario comparison are presented in the form of 
a diagram. For the main indicators (maximum and 
average state norm, integral criterion, average value 
of the local quality indicator), normalization was 
performed relative to the base scenario S1, which 
allows comparing parameters of different dimensions 
on a single scale. The stabilization time is presented 
separately, as it characterizes the dynamic property 
of the system and has a different scale. 

Figure 4 comparison of complex information 
system performance indicators for modelling 
scenarios: relative metric values (normalised to 
S1 = 100%); stabilisation time for each scenario. 

 

 

Fig. 4. Comparison of indicators and stabilisation time 

for scenarios 
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The results shown in the diagram indicate that 

scenario S2 (control applied under a low noise level) 

demonstrates the most favourable operating mode of 

the system. In comparison with the baseline scenario 

S1, a simultaneous decrease in both the peak values 

of the state norm and its average value is observed, 

which indicates a reduction in parameter deviations 

over time. Such behaviour is typical for dynamic 

models with effective control: the system responds 

more rapidly to disturbances and transitions to a 

regime characterised by lower state energy. 

The integral performance criterion in scenario S2 

is also significantly reduced relative to S1. Since this 

criterion reflects the accumulated effect of costs over 

the entire simulation interval, its decrease indicates 

that the system operates in a more efficient regime 

throughout the whole time period rather than 

exhibiting only local improvements at individual 

time steps. 

Scenario S3 (control present but with an 

increased noise level) requires separate analysis. The 

diagram shows that an increase in the noise 

component leads to higher peak values of the state 

norm as well as an increase in its average level. This 

means that random disturbances and measurement 

noise not only produce short-term fluctuations but 

also maintain the system in a regime of increased 

variability throughout the entire simulation interval. 

Accordingly, the integral performance criterion 

increases, which provides quantitative confirmation 

of the degradation in efficiency caused by the 

deterioration of data quality. 

The stabilisation time is consistent with these 

observations. For scenario S2, a reduction in 

stabilisation time is observed, which can be 

interpreted as a faster transition of the system into a 

quasi-stationary regime due to the control 

mechanism. In contrast, for scenario S3 the 

stabilisation time increases, since noise sustains 

fluctuations and prevents the system from reacting 

quickly even in the presence of control actions. 

Overall, these results confirm that control is an 

effective mechanism for reducing integral costs and 

accelerating stabilisation; however, its effectiveness 

strongly depends on the noise level and the 

reliability of observed data. 

VI. CONCLUSIONS 

This article proposes a mathematical model for 

the functioning of a complex information system 

based on representing its state in the form of a 

multidimensional time series. The proposed approach 

makes it possible to formalise the temporal evolution 

of system parameters and to take into account the 

interdependencies between system elements. 

The developed mathematical model incorporates 

the influence of control inputs, external factors, and 

random disturbances, which enables the description 

of information system dynamics under conditions of 

uncertainty. The use of a matrix representation of 

system parameters allows the structure of interactions 

between system components to be formalised and 

provides the possibility for analysing system 

stability. 

The performed simulation modelling confirmed 

the feasibility of the proposed approach and 

demonstrated the possibility of applying the 

mathematical model to analyse the dynamics of 

information system states and to evaluate the 

efficiency of their functioning. 

The obtained results can be used in the 

development of methods for forecasting the states of 

information systems, as well as for the design of 

decision support systems in tasks related to the 

management of complex information processes. 
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О. П. Нечипорук, С. В. Подельський. Математична модель функціонування складної інформаційної 

системи на основі багатовимірних часових рядів 

У статті розглянуто задачу математичного моделювання функціонування складних інформаційних систем, що 

характеризуються наявністю великої кількості взаємопов’язаних параметрів та різнотипних інформаційних 

потоків. Особливістю таких систем є динамічний характер зміни їх стану у часі, що обумовлює необхідність 

використання методів аналізу часових залежностей між параметрами системи. Запропоновано математичну 

модель функціонування складної інформаційної системи на основі багатовимірних часових рядів, яка дозволяє 

формалізувати процеси зміни параметрів системи та враховувати взаємозв’язки між окремими інформаційними 

потоками. У моделі стан системи описується у вигляді векторного часового процесу, що включає множину 

параметрів, які характеризують різні аспекти функціонування інформаційної системи. На основі 

запропонованого підходу побудовано математичний апарат, що описує процеси формування та зміни стану 

системи, а також враховує вплив зовнішніх факторів та випадкових збурень. Запропонована модель дозволяє 

здійснювати узгоджений аналіз багатовимірних даних та досліджувати закономірності функціонування 

інформаційних систем у динамічному середовищі. Проведене імітаційне моделювання підтверджує можливість 

використання запропонованої моделі для аналізу процесів функціонування складних інформаційних систем та 

оцінювання їх стану на основі часових залежностей між параметрами системи. Отримані результати можуть 

бути використані під час розроблення методів обробки багатовимірних даних та побудови систем підтримки 

прийняття рішень у задачах управління інформаційними процесами. 

Ключові слова: багатовимірні часові ряди, інформаційні системи, математична модель, обробка даних, стан 

системи, часові залежності. 
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