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Abstract

:

The extended optimal control problem is considered. It is necessary to find an optimal control function, that not only provides the achievement of terminal state with optimal value of the given quality criterion, but also is implemented in the control system of a real object. It means, that the control function should depend on the state space vector, and the optimal solution should keep optimality property at small perturbations of the found solution. To solve this problem machine learning control by symbolic regression is used. In the extended optimal control problem, the problem statement of stabilization system synthesis for movement along the optimal trajectory is included. Synthesis problem is solved by the network operator method. In the synthesis problem a domain of initial conditions is considered instead of one point of initial state. It provides less sensitivity of found solution to perturbations of initial states. An example of solving the extended optimal control problem with complex phase constraints in the form of bottleneck for four quadcopters is presented.
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1. Introduction


Experts in the field of control are aware that the solution of the optimal control problem in the classical statement [1] cannot be implemented directly in a real control object, even in the presence of a sufficiently accurate mathematical model of the control object. The main reason for it is that the solution to the classical optimal control problem is a time function independent from coordinates of the state space vector. Therefore, the use of the obtained solution in the control object results in an open-loop control system that is sensitive even to small disturbances. The solution of the optimal control problem is only needed to obtain the optimal program trajectory in the state space. To provide a movement of a control object along this optimal trajectory, it is necessary to develop an additional control system with feedback control. It should be noted here that the development of an additional control system changes the mathematical model of the object that was used in the optimal control problem. Thus, the optimal trajectory, obtained for a control object, when solving an optimal control problem, is no longer optimal for an object with a control system that provides movement along an optimal trajectory.



There are several ways to solve the optimal control problem and provide the movement of an object along the optimal trajectory in the state space. In practice, engineers first make these robots stable relative to some point in space, and then control the movement of the robots by repositioning these stable points [2,3]. Usually, they set these points along a given trajectory to allow robots to move along that trajectory. They do not solve the optimal problem, because the control object stops near a stable point, and the task is to follow these points subsequently. To ensure stability in the state space, engineers usually apply linear P-, PI- or PID-regulators in a feedback loop.



To provide practical feasibility of the solution, it is possible to solve the general control synthesis problem instead of the optimal control problem. For this purpose, it is necessary to change one initial state into a domain of initial states and to look for a control function of the state space vector. The search for a structure of function of many arguments is a difficult task. Here, it is possible to use methods of symbolic regression [4,5]. This perspective direction allows the search of mathematical expressions in coded form by means of a special evolutionary genetic algorithm. As a result, we obtain rather complex mathematical expressions, but they can be directly applied in a real control object.



Another way to solve the optimal control problem that can be implemented in a real object is to use a synthesized control specially developed for this purpose [6]. According to this approach, firstly, the control synthesis problem is solved, and a control object becomes stable in the state space relative to some equilibrium point. After that, the positions of this stable equilibrium point are defined by the quality criterion of the optimal control problem so that, if these positions are switched over equal time intervals, a control object every time trends to the stable equilibrium point and moves along the optimal trajectory. As a result, it achieves the given terminal state with the optimal value of the given quality criterion.



In this work, the third way of solution is considered, when after solving the optimal control problem a stabilization system for motion along the optimal trajectory is obtained. This problem is a control system synthesis for tracking the given trajectory. According to this approach, a control object is included in the control system as a reference model for the trajectory generation needed for tracking. Unlike some known works on tracking [7,8,9,10], here the optimal trajectories obtained by solving the optimal control problem are considered and a tracking system synthesis problem is solved by means of symbolic regression. In this work, mathematical statements of the extended optimal control problem [11] and the tracking system synthesis problem are presented. In the experimental part, the optimal control problem for a group of four quadcopters is presented.




2. The Extended Optimal Control Problem


Consider the optimal control problem with additional requirements to the optimal trajectory.



The mathematical model of control object is given


   x ˙  = f  ( x , u )  ,  



(1)




where  x  is a state-space vector of control object,   x ∈  R n   ,  u  is a control vector,   u ∈ U ⊆  R m   ,  U  is a compact set.



A compact set  U  determines restrictions on the control and is often presented in the form of algebraic inequalities


   u i −  ≤  u i  ≤  u i +  ,  i = 1 , … , m ,  



(2)




where   u i   is a component of the control vector,   u =   [  u 1  …  u m  ]  T   ,   u i −  ,   u i +   are the given values,   i = 1 , … , m  .



The initial state is given:


  x  ( 0 )  =  x 0  ∈  R n  .  



(3)







The terminal state is given:


  x  (  t f  )  =  x f  ∈  R n  ,  



(4)




where   t f   is a terminal time not given but limited,    t f  ≤  t +   ,   t f   is defined on achievement of the terminal state,   t +   is the given limit time of control process. If the control object does not reach the terminal state in   t +  , then it is considered that the control object will never reach the terminal state (4).



The quality criterion is given


  J =  ∫ 0  t f    f 0   ( x , u )  d t →  min  u ∈ U   .  



(5)







It is necessary to find a control function in the following form


  u = v  ( t )  ,  t ∈  ( 0 ;  t f  )  .  



(6)







If we replace a control vector  u  by the found control function   v ( t )   in the right part of ODE system (1), then the obtained ODE system


   x ˙  = f  ( x , v  ( t )  )   



(7)




will have a particular solution that reaches the given terminal state (4) from the given initial state (3) with the optimal value of the quality criterion (5).



Let    v *   ( t )    be the optimal control function. In the second stage, consider the following ODE system


      x ˙  *    =    f (  x *  ,  v *   ( t )  ) ,       x ˙    =    f ( x , u ) .     



(8)







In (8), the first subsystem is the reference model that generates optimal trajectory. For the reference model, the initial state (3) is given.



For the second subsystem, a domain of initial states is given


   X 0  ⊆  R n  ,  



(9)




where   X 0   is a compact set.



It is necessary to find a control function in the following form


  u = h (  x *  − x ) ∈ U ,  



(10)




where   x *   is the given optimal trajectory or the particular solution of the reference system in (8) from the given initial state (3).



The control function should minimize the following quality criterion


   J 1  =   ∫ … ∫   X 0    max t   ∥  x *   ( t )  − x  ( t , y )  ∥  d t →  min  h (  x *  − x ) ∈ U   ,  



(11)




where   y ∈  X 0   .




3. Symbolic Regression


To solve the synthesis problem and find the control function (10), symbolic regression is used.



Symbolic regression is a perspective computational method that allows to find mathematical expressions fully automatically. If someday humanity manages to create artificial intelligence, that is, write a program that will reflect and form the goals of the calculation, then this will be performed not manually but automatically. Symbolic regression is such an approach. It allows finding the structure and parameters of mathematical expressions automatically in a coded form. Previously, when the problem of finding a mathematical expression arose, for example, for deriving the physical laws, humans wrote mathematical expressions with accuracy to values of some constant parameters. Only for finding these parameters on experimental data, numerical methods were used, for example, the least-squares method. Note, that any artificial neural network is a function with a given structure and a big number of unknown parameters. The search of these parameters by optimization algorithms is called machine learning.



In this work, a network operator method is used to solve the tracking system synthesis problem and to find the control function as a function of a state space vector.



To code mathematical expressions, symbolic regression uses an alphabet of elementary functions. The network operator uses an alphabet of unary and binary functions and codes a mathematical expression in the form of an oriented computational graph. Consider an example of coding a mathematical expression by the network operator.



Let us be given a mathematical expression


  y =  q 1  sin  (  x 1  +  q 2  cos  (  x 1  −  x 2  )  )  .  



(12)







The expression has two parameters   q 1  ,   q 2   and two variables   x 1  ,   x 2  . The alphabet of the following elementary functions is enough to present this mathematical expression.



A set of unary functions


   F 1  =  {  f  1 , 1    ( z )  = z ,    f  1 , 2    ( z )  = − z ,    f  1 , 3    ( z )  = sin  ( z )  ,    f  1 , 4    ( z )  = cos  ( z )  }  ,  



(13)







A set of binary functions


   F 2  =  {  f  2 , 1    (  z 1  ,  z 2  )  =  z 1  +  z 2  ,    f  2 , 2    (  z 1  ,  z 2  )  =  z 1   z 2  }  .  



(14)







Elementary function designations contain two indexes. The first index is the number of arguments of the function, and the second index is its number in the set. Using elementary functions, expression (12) can be written as


  y =  f  2 , 2    (  q 1  ,  f  1 , 3    (  f  2 , 1    (  x 1  ,  f  2 , 2    (  q 2  ,  f  1 , 4    (  f  2 , 1    (  x 1  ,  f  1 , 2    (  x 2  )  )  )  )  )  )  )  .  



(15)







In the network operator method, functions with two arguments    f  2 , i    (  z 1  ,  z 2  )    must be commutative, associative and have a unit element,   e i  . If one of the arguments is equal to a unit element, then the result of the calculations of the function is equal to the second argument,    f  2 , i    (  e i  ,  z 2  )  =  z 2   . For the addition function, the unit element is zero,    e 1  = 0  , and for multiplication, the unit element is one,    e 2  = 1  .



Figure 1 presents the network operator for the mathematical expression (15). Arguments of the mathematical expression are placed in the source nodes of the graph, the numbers of the binary functions are placed in other nodes of the graph and the numbers of the unary functions are located over arcs. To present the network operator in the PC memory, all nodes must be numerated so that the node number from which the arc outputs is less than the node number where the arc inputs. It can be done if the graph has no loops. Node numbers are pointed in the upper parts of the nodes.



The network operator is presented in the PC memory in the form of an upper triangular integer network operator matrix. The network operator matrix for the considered mathematical expression is


  Ψ =     0   0   0   0   1   0   1   0     0   0   0   0   2   0   0   0     0   0   0   0   0   0   0   1     0   0   0   0   0   1   0   0     0   0   0   0   1   4   0   0     0   0   0   0   0   2   1   0     0   0   0   0   0   0   1   3     0   0   0   0   0   0   0   2      



(16)







In the network operator matrix, the zero elements on the main diagonal point to the lines corresponding to the source nodes. The non-zero elements of the main diagonal are the binary function numbers. Non-zero elements above the main diagonal are the unary function numbers.



In order to calculate the mathematical expression by the network operator matrix, it is necessary to set a nodes vector of a dimension equal to the number of nodes of the network operator graph


  z =   [  z 1  …  z L  ]  T  ,  



(17)




where   L × L   is a dimension of the network operator matrix.



Firstly, it is necessary to initialize the nodes vector. The components of the nodes vector corresponding to the source nodes are equal to the arguments of the mathematical expression, and the remaining components are equal to the unit elements of the corresponding binary functions.



Further, the values of the components of the nodes vector change after passing each line of the matrix and finding a non-zero non-diagonal element in it, as


   z j  ( i )   ←       f  2 ,  ψ  j , j      (  z j  ( i − 1 )   ,  f  1 ,  ψ  i , j     )   (  z i  ( i − 1 )   )  , if  ψ  i , j   ≠ 0       z j  ( i − 1 )       , i = 1 , … , L − 1 ,  j = i + 1 , … , L ,  



(18)




where   ψ  i , j    is an element of the network operator matrix   Ψ = [  ψ  i , j   ]  ,   i , j = 1 , … , L  .



For the network operator matrix (16), a nodes vector has the following changes


     z  ( 0 )     =      [  x 1    x 2    q 1    q 2   0  1  0  1 ]  T  ,       z  ( 1 )     =      [  x 1    x 2    q 1    q 2    x 1   1   x 1   1 ]  T  ,       z  ( 2 )     =      [  x 1    x 2    q 1    q 2    x 1  −  x 2   1   x 1   1 ]  T  ,       z  ( 3 )     =      [  x 1    x 2    q 1    q 2    x 1  −  x 2   1   x 1    q 1  ]  T  ,       z  ( 4 )     =      [  x 1    x 2    q 1    q 2    x 1  −  x 2    q 2    x 1    q 1  ]  T  ,       z  ( 5 )     =      [  z 1  ( 4 )   …  z 5  ( 4 )     q 2  cos  (  x 1  −  x 2  )    x 1    q 1  ]  T  ,       z  ( 6 )     =      [  z 1  ( 5 )   …  z 6  ( 5 )    sin  (  x 1  +  q 2  cos  (  x 1  −  x 2  )  )    q 1  ]  T  ,       z  ( 7 )     =      [  z 1  ( 6 )   …  z 7  ( 6 )     q 1  sin  (  x 1  +  q 2  cos  (  x 1  −  x 2  )  )  ]  T  .     



(19)







For more details on the network operator and the genetic algorithm that searches for the mathematical expression using the network operator, see the monographs [4,5].




4. Computational Experiment


Consider the optimal control problem for spatial movement of four similar quadcopters.



The mathematical model of control object is


      x ˙  1 j    =     x 4 j  ,        x ˙  2 j    =     x 5 j  ,        x ˙  3 j    =     x 6 j  ,        x ˙  4 j    =     u 4 j   ( sin  (  u 3 j  )  cos  (  u 2 j  )  cos  (  u 1 j  )  + sin  (  u 1 j  )  sin  (  u 2 j  )  )  ,        x ˙  5 j    =     u 4 j  cos  (  u 3 j  )  cos  (  u 1 j  )  −  g c  ,        x ˙  6 j    =     u 4 j   ( cos  (  u 2 j  )  sin  (  u 1 j  )  − cos  (  u 1 j  )  sin  (  u 2 j  )  sin  (  u 3 j  )  )  ,     



(20)




where   j = 1 , … , 4  ,    g c  = 9.80665  .



The control is constrained


     − π / 12    ⩽    u 1 j    ⩽    π / 12 ,       − π    ⩽    u 2 j    ⩽    π ,       − π / 12    ⩽    u 3 j    ⩽    π / 12 ,      0   ⩽    u 4 j    ⩽    12 ,  j = 1 , … , 4 .     



(21)







For the system (20), the initial states are given:


     x  1 , 0     =      [ 0  5  0  0  0  0 ]  T  ,     x  2 , 0     =      [ 10  5  0  0  0  0 ]  T  ,       x  3 , 0     =      [ 0  5  10  0  0  0 ]  T  ,     x  1 , 0     =      [ 10  5  10  0  0  0 ]  T  .     



(22)







The terminal states are given


     x  1 , f     =      [ 10  5  10  0  0  0 ]  T  ,     x  2 , f     =      [ 0  5  10  0  0  0 ]  T  ,       x  3 , f     =      [ 10  5  0  0  0  0 ]  T  ,     x  1 , f     =      [ 0  5  0  0  0  0 ]  T  .     



(23)







The static phase constraints are given


   φ i   (  x j  )  =  r i  −     (  x i  −  x 1 j  )  2  +   (  z i  −  x 3 j  )  2    ⩽ 0 ,  



(24)




where   i = 1 , … , 4  ,   j = 1 , … , 4  ,    r 1  =  r 2  =  r 3  =  r 4  = 1.5  ,    x 1  = 1.5  ,    z 1  = 2.5  ,    x 2  = 1.5  ,    z 2  = 7.5  ,    x 3  = 8.5  ,    z 3  = 2.5  ,    x 4  = 8.5  ,    z 4  = 7.5  .



The dynamic phase constraints are given


  χ  (  x  j 1   ,  x  j 2   )  = s −    ∑  i = 1  3    (  x i  j 1   −  x i  j 2   )  2    ⩽ 0 ,  



(25)




where    j 1  ,  j 2  ∈  { 1 , 2 , 3 , 4 }   ,    j 1  ≠  j 2   ,   s = 1.5  .



Initially, the optimal control problem is solved by the direct approach. For this purpose, the time axis is divided into equal time intervals. In each interval, a control function is found as a piecewise-linear time function. It is necessary to find the values of the constant parameters on the boundaries of the time intervals. Taking into account the constraints on control, the control function is


   u i j  =       u i  j , +   , if   u ˜  i j  >  u i  j , +          u i  j , −   , if   u ˜  i j  <  u i  j , −           u ˜  i j  , otherwise      ,  



(26)




where


    u ˜  i j  =  q  i + ( k − 1 ) m   +  (  q  i + k m   −  q  i + ( k − 1 ) m   )    t − ( k − 1 ) Δ t   Δ t   ,   ( k − 1 )  Δ t ⩽ t ⩽ k Δ t ,  



(27)




  i = 1 , … , m  , m is a dimension of the control vector,   m = 4  ,   k = 1 , … , N  , N is the number of intervals.



It is necessary to find the control functions for each control object as (26). The time limit of the control process is    t +  = 5.6  . The time interval is   Δ t = 0.4  . To solve the optimal control problem, it is necessary to find 240 parameters,   4 · m ·  ( N + 1 )  = 4 · 4 ·     5.6   0.4    + 1  = 4 · 4 · 15 = 240  .



To solve the optimal control problem by direct approach, the evolutionary hybrid algorithm is used [6,12]. The algorithm includes evolutionary transformations of three evolutionary algorithms, the genetic algorithm (GA) [13], particle swarm optimization (PSO) algorithm [14] and grey wolf optimizer (GWO) algorithm [15].



Figure 2 shows projections of the found optimal trajectories on the horizontal plane. Here, the solid line is for the trajectory of the first robot, dashed line—the second robot, dot-dashed line—the third robot, dots—the forth robot, and circles are the static phase constraints.



At the second stage, the tracking system synthesis problem is solved. To solve the synthesis problem, we used the network operator method.



The domain of initial states (9) was replaced by the set of points


   x i   ( 0 )  =  x i  j , 0   ± 0.2 ,  i = 1 , 2 , 3 ,  j = 1 , … , 4 .  



(28)







In the quality criterion (11), an integral over domain was replaced by the sum of all    3 3  = 27   initial states.



The following solution was found by the network operator method


   u i j  =       u i  j , +   , if   u ^  i j  >  u i  j , +          u i  j , −   , if   u ^  i j  <  u i  j , −           u ^  i j  , otherwise       



(29)




where


    u ^  1 j  = μ  ( A )  ,  



(30)






    u ^  2 j  = μ  ( A )  −  μ 3   ( A )  ,  



(31)






    u ^  3 j  =  ρ 17   (   u ^  2 j  )  +  ρ 19   ( B + μ  ( A )  )  +  ρ 17   ( C )  ,  



(32)






      u ^  4 j    =      u ^  3 j  + ln  (   u ^  2 j  )  + sgn  ( B + μ  ( A )  )    | B + μ ( A ) |   +  ρ 19   ( B )  +           arctan  ( D )  + sgn  ( E )  + arctan  ( F )  + exp  (  q 2   (  x 2  j , *   −  x 2 j  )  )  +   q 1   ,     



(33)






  A =  q 3   (  x 3  j , *   −  x 3 j  )  +  q 6   (  x 6  j , *   −  x 6 j  )  ,  










  B = G + tanh ( E + sin  ( C )   F 3  ) + exp  ( H )  − C ,  










  C =  q 1   (  x 1  j , *   −  x 1 j  )  +  q 4   (  x 4  j , *   −  x 4 j  )   










  D = E + sin  ( C )   F 3  + tanh  ( E )  +  ρ 18   ( V )  ,  










  E = F + arctan ( A ) + arctan ( H ) − V ,  










  F = H + sgn  (  x 5  j , *   −  x 5 j  )  +   (  x 2  j , *   −  x 2 j  )  3  ,  










  G = exp  ( D )  + cos  (  q 6   (  x 6  j , *   −  x 6 j  )  )  + sgn  ( E + sin  ( C )   F 3  )     | E + sin  ( C )    F 3   |    +  E  − 1   −  q 6  ,  










  H =  ρ 17   ( A )  +  V 3  + C + ϑ  (  q 5   (  x 5  j , *   −  x 5 j  )  )  +  x 5  j , *   −  x 5 j  ,  










  V = sin  (  q 6   (  x 6  j , *   −  x 6 j  )  )  +  q 5   (  x 5  j , *   −  x 5 j  )  + cos  (  q 1  )  + ϑ  (  x 2  j , *   −  x 2 j  )  ,  










  ϑ  ( α )  =      1 , if α > 0       0 , otherwise      ,  μ  ( α )  =      α , if | α | < 1       sgn ( α ) , otherwise      ,  










   ρ 17   ( α )  = sgn  ( α )  ln  ( | α | + 1 )  ,   ρ 18   ( α )  =  sgn  ( α )  ( exp ( | α | ) − 1 ) ,    ρ 19   ( α )  = sgn  ( α )  exp  ( − | α | )  ,  








   q 1  = 11.52295  ,    q 2  = 7.54395  ,    q 3  = 15.45825  ,    q 4  = 12.39771  ,    q 5  = 15.94922  ,    q 6  = 10.84229  ,    x  j , *   =   [  x 1  j , *   …  x 6  j , *   ]  T    is a program trajectory, generated by the reference model.



Figure 3 shows the trajectories from eight random initial states of given domain (28). Here, blue lines mark trajectories from (3) and black lines mark trajectories from (28). As it can be seen from the experiment, the obtained control system (29) for optimal trajectory tracking guarantees the presence of an attracting neighborhood for the optimal trajectory in the extended optimal control problem.




5. Results


The paper presents the statements of the optimal control problem and the stabilization system synthesis with respect to the optimal program trajectory. To solve the synthesis problem, machine learning by the network operator method was used. A brief description of the network operator method is presented. A computational example is given for a group of four quadcopters. To analyze the quality of the obtained solutions, we simulated the synthesized stabilization system under perturbations of the initial state. The experiments showed the high quality of the stabilization system.




6. Discussion


The implementation of the control system is related to the solution of the control synthesis problem. As a result of solving the synthesis problem, we obtain a feasible feedback control. It is a complex problem that does not have universal computational methods. In this paper, we applied an approach based on the machine learning by the symbolic regression method. The method is universal, but requires lots of calculations. It is necessary to continue the study of this approach for other complex control problems.
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Figure 1. The network operator of the mathematical expression. 
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Figure 2. Optimal trajectories on the horizontal plane. 
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Figure 3. The optimal trajectory and disturbances trajectories from eight initial states. 
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