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MATHEMATICAL MODEL OF THE DYNAMICS  

OF THE INTERACTION OF GOODS PRICES  
ON ADJACENT MARKETS: THE PROBLEM OF LIMIT CYCLES  

 
Although the problem of the formation of market prices, the 

determination of equilibrium prices and their stability is well known, and 
many theoretical works and works summarizing the results of observations 
are devoted to its research, it is still relevant. This is especially useful for 
forecasting the dynamics of equilibrium price stability processes relative to 
changes in the parameters characterizing the state of the system, as this 
requires the use of fairly complex mathematical instrumentation, namely 
differential and integral calculus. The purpose of this work is to build a 
mathematical model of economic dynamics, which would allow, in general, 
to carry out a qualitative analysis (according to phase trajectories) of the 
processes that determine the state of equilibrium with respect to prices on 
adjacent commodity markets. We will consider a general example of a 
dynamic system that describes the interaction of commodity prices on two 
markets, and we will show that in such a system there can be six limit cycles 
that determine the possible variants of its stationary state. 

The mathematical model of economic dynamics for the case of two 
commodity markets can be represented as a system of two ordinary 
differential equations: 

′ =
 ′ =

1 1 1 2

2 2 1 2

( , );

( , ),

p F p p

p F p p
                                         (1) 

where 1( )р t  and 2 ( )р t  are changing over time the prices of goods in the 
corresponding markets (hereinafter, differentiation is carried out by time); 
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1 1 2( , )F p p , 2 1 2( , )F p p  are functions of excess demand for a product in 
each of the markets, which are nonlinear of degree no higher than two. 

It should be noted that for a quadratic system of two ordinary differential 
equations, the number of limit cycles at a singular point of the “complex 
focus” type cannot be more than three [1, 2 etc.]. There is a well-known 
example that shows that for a quadratic system in which there are two foci, 
the number of limit cycles can reach six in a ratio of 3:3, i.e., three cycles 
around each focus [3]. 

To analyze system (1), we choose the following type of excess demand 
functions: 

= λ − + + +2 2
1 1 2 1 2 1 1 2 2( , )F p p p p kp mp p np , 

= + +2
2 1 2 1 1 1 2( , )F p p p ap bp p , 

where λ, , , , ,a b k m n  are some constant parameters. 
In this case, the system has the form: 

            
′ = λ − + + +


′ = + +

2 2
1 1 2 1 1 2 2

2
2 1 1 1 2

;

.

p p p kp mp p np

p p ap bp p
                      (2) 

System (2) has two equilibrium positions. These are points 
= =* *

1 20; 0p p  and = =* *
1 20; 1/p p n , which, for certain parameter values, 

are foci.  
Let us transform system (2) by introducing new variables such as  = 11p p

and  = − *
2 22p p p , where the variable *

2р  can take the value either 0 or 1 n . 
Then system (2) takes the form: 



     



   

 = λ + + − + + +

 = + + +

2 2
/ * *
1 2 21 2 1 1 2 2

2
/ *
2 2 1 1 1 2

( ) (2 1) ;

(1 ) .

p mp p np p k p m p p n p

p bp p a p b p p
 (3) 

It is obvious that for values of the parameter λ  close to λ =1 0  or to 
λ = −2 m n  provided that ω = + − >2 * *

2 2(1 )(1 2 ) 0bp np , there are two foci. 
Assuming that = −2b n , then ω = −2 * 2

2(1 2 )np  and for { }∈*
2 0; 1p n we 

obtain ω =2 1 . Thus, oscillations with a frequency of ω =1 . 
If we take  = = λ = λ =1 2 11 2, , 0p x p x  for the equilibrium position 
= =* *

1 20; 0p p  (first focus), then we obtain system (3) in normal form: 

′ = − + + +

′ = + −

2 2
1 2 1 1 2 2

2
2 1 1 1 2

;

2 .

x x kx mx x nx

x x ax nx x
                         (4) 
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If we accept  = = − λ = λ = −1 2 21 2, ,p x p x m n  for the equilibrium 
position = =* *

1 20; 1/p p n  (second focus), then we obtain system (3) in 
normal form: 

′ = − + − +

′ = − −

2 2
1 2 1 1 2 2

2
2 1 1 1 2

;

2 .

x x kx mx x nx

x x ax nx x
                            (5) 

Obviously, systems (4) and (5) can be written in the general form, using 
the notation = ± = ±0 0, ,a a m m  where the “+” sign corresponds to system 
(4), and the “–” sign corresponds to system (5): 

′ = − + + +

′ = + −

2 2
1 2 1 0 1 2 2

2
2 1 0 1 1 2

;

2 .

x x kx m x x nx

x x a x nx x
                           (6) 

It is convenient to move from the system of two differential equations (6) 
to one complex-valued differential equation by making a change of variables 
= + ⋅1 2z x i x  and = − ⋅1 2z x i x , where =2 1i . We get: 

′ = ⋅ + + ⋅ +2 2
20 11 020,5 0,5z i z g z g z z g z ,                       (7) 

where the parameters of the equation are ( )= − + −20 0 00,5 3 ( )g k n i a m , 

= + + ⋅11 00,5( )g k n i a , ( )= + + +02 0 00,5 ( )g k n i a m . 
To study the multiplicity of limit cycles, it is necessary to calculate the 

values of the first three Lyapunov quantities. If they are all equal to zero,  
then system (6) will be conservative with an infinite number of  
periodic trajectories. Formulas for calculating Lyapunov quantities were 
proposed in [4]: 

( )

( )

( ) ( )

= −

= = − − +

= = = − − ⋅ +

1 20 11

1 2 20 11 20 11 11 02

2 2 2
1 2 3 11 02 20 11 11 02

1
Im ;

2
1

0, Im ( 4 )( ) ;
12

5
0, 4 Im ( ) .

64

l g g

l l g g g g g g

l l l g g g g g g

  (8) 

From relations (8) it follows that the cyclicity of each focus can be 
determined using the following expression:  

= ⋅20 11g r g .                                          (9) 
Let’s analyze the possible states of the system using the relation (9). 
When = −1r  there is a conservative case with an infinite set of periodic 

regimes. 
If r  is a complex number, then there is a unique limit cycle. 
If r  is a real number and ≠ −1r  or ≠ 4r , then there are two limit 

cycles. 
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If = 4r , then there are three limit cycles. 
Calculate the values of the first three Lyapunov quantities based on 

relationships (8). Equalities = =1 2 0l l  take place if the following relations 
are satisfied: 

+ =3 7 0k n                                        (10) 
− =0 05 0m a                                (11) 

Note that from (11) it follows that for each equilibrium positions it is true 
that = 5m a . 

Let’s assume that = −
7

3
k n  and = 5m a . Then system (6) has the form: 

 ′ = − − + +

 ′ = + −

2 2
1 2 1 0 1 2 2

2
2 1 0 1 1 2

7
5 ;

3

2 .

x x nx a x x nx

x x a x nx x

                  (12) 

For these parameter values, the third Lyapunov quantity is determined by 
the relation: 

= − −2 2 2 20
3 0 0

25
( 6 )(16 51 )

1728

na
l n a n a .                   (13) 

Obviously, if the parameters and are rational numbers and are not equal to 
zero, then, in accordance with relation (13), the third Lyapunov quantity is 
nonzero: ≠3 0l . This means that for the same values of the parameters of the 
nonlinear part of systems of equations (4) and (5), there are three limit cycles 
around each equilibrium position. Thus, there are simultaneously six limit 
cycles in this system in a ratio of 3:3. 

Therefore, the analytical model of economic dynamics which we present 
in this paper allows to study the dynamics of prices in adjacent markets 
depending on the value of the model parameters and, accordingly, can be the 
basis for simulation modeling. When applied to the model of two markets, 
this study demonstrates the possibilities of qualitative forecasting (namely, 
according to phase trajectories) of periodic regimes of market conditions. 
Application of the system of differential equations in this mathematical 
model of economic dynamics allows considering processes that are 
continuous in time. 
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DEVELOPMENT OF TECHNOLOGIES  
FOR THE SPATIO-TEMPORAL DIMENSION  

OF THE METAVERSE 
 

РОЗВИТОК ТЕХНОЛОГІЙ  
ПРОСТОРОВО-ЧАСОВОГО ВИМІРУ МЕТАВСЕСВІТУ 

 
Метавсесвіт розглядають як сукупність функціонально об’єднаних 

між собою цифрових платформ, що функціонують на основі 
використання сучасних ІКТ та цифрових інструментів і поєднують 
реальні процеси та події з їх відображенням у віртуальному цифровому 
просторі. Тому метавсесвіт можна характеризувати як наступний етап 
розвитку інформаційно-мережевої економіки. Головними ознаками 
метавсесвіту є переміщення багатьох сфер діяльності у віртуальний 
простір, поєднання реальних процесів з віртуальними або доповнення їх 
одне одним, створення імерсивної реальності, інтероперабельність 
систем і продуктів, їх адаптивність, інтерактивність у режимі реального 
часу, а також відповідність запитам і потребам користувачів щодо 
розширення можливостей для своєї діяльності [1, с. 54]. 

Окремі науковці вважають, що концепція метавсесвіту може набути 
свого повноцінного розвитку після переходу до наступного етапу 
розвитку Інтернету – Web 3.0, у якому інформація буде вироблятися за 
участі штучного інтелекту, децентралізованих реєстрів і хмарних 
технологій з використанням цифрових активів. Уже сьогодні 
функціонують великі віртуальні ринки, створено та продовжується 
активна розробка значної кількості віртуальних платформ, призначених 
саме для метавсесвіту. Широкого практичного використання набули 
такі платформи як відкрита хмарна платформа NVIDIA Omniverse, 
платформа Lightship (Niantic), конструктор доповненої реальності 


