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MODELING OF CHAOTIC PROCESSES BY MEANS OF
ANTISYMMETRIC NEURAL ODES

Vasiliy Ye. Belozyorov! Danylo V. Dantsev’

Abstract. The main goal of this work is to construct an algorithm for modeling chaotic
processes using special neural ODEs with antisymmetric matrices (antisymmetric neural
ODEs) and power activation functions (PAFs). The central part of this algorithm is
to design a neural ODEs architecture that would guarantee the generation of a stable
limit cycle for a known time series. Then, one neuron is added to each equation of the
created system until the approximating properties of this system satisfy the well-known
Kolmogorov theorem on the approximation of a continuous function of many variables. In
addition, as a result of such an addition of neurons, the cascade of bifurcations that allows
generating a chaotic attractor from stable limit cycles is launched. We also consider the
possibility of generating a homoclinic orbit whose bifurcations lead to the appearance of
a chaotic attractor of another type. In conclusion, the conditions under which the found
attractor adequately simulates the chaotic process are discussed. Examples are given.

Key words: system of ordinary autonomous differential equations, neural network, antisym-
metric matrix, power activation function, Lyapunov stability, limit cycle, homoclinic orbit,
strange non-chaotic attractor, search algorithm.
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1. Introduction

Recurrent neural networks (RNN) are one of the main tools for modeling
various dynamic processes. It should be noted that the quality of modeling with
the help of RNN depends on activation functions used in the network [1-7].

As for activation functions, the good results of modeling various processes were
obtained precisely with the help of those neural networks in which the well-known
rectified linear units (ReLU) were used [4,6,8|. Naturally, any generalizations of
ReLU deserve attention. Therefore, we will consider some of them.

We will not focus on the advantages or disadvantages of one or another
activation function, but will focus only on those properties that are essentially
used in this work.

In recent years, an interesting idea has appeared to interpret a system of
ordinary differential equations in the form of a suitable neural network (residual
network) [9-12]. Precisely this interpretation is implemented in the present work:
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a system of differential equations (a system of so-called neural ODEs) is considered
as a continuous analogue of some RNN [13-17]. It should be noted that in [17]
the neural network was considered as a linear control system closed by nonlinear
feedback. In this case, the ReLU activation functions played the role of the
functions constituting the feedback. The task of modeling was not to bring the
trajectories of the model and the real process closer together, but to find the
algebraic invariants that determine the behavior of the model built for a known
time series. If the corresponding invariants for different lengths of this time series
turn out to be equal, then we can talk about the adequacy of the model and the
real process.

Below we will focus on two areas of research, which can be formulated in the
following questions.

1) If a neural network models a certain dynamic process, then how to guarantee
the stability or boundedness of solutions of the system of differential equations
describing a continuous analog of the aforementioned neural network?

2) In the theory of bifurcations, the following result is well known: in any
determinate system, chaotic processes arise as a result of bifurcations of limit
cycles or homoclinic orbits [18-21|. Therefore, how to design the architecture
of neural ODEs system so that the resulting architecture would generate a limit
cycle? (It is now known that most types of chaos in systems of differential equations
begin with bifurcations of limit cycles [18-20].)

The answer to the first question will be successful if the activation functions
are chosen so that Lyapunov analysis can be done for the resulting system of
neural ODEs [22-24|. Piecewise continuous functions, each part of which is a
power function, can be proposed as such functions. The use of power activation
functions (PAFs) in neural networks is a generalization of the rectified linear units.
In the present time ReLU are standard functions to increase the depth of learning.
Therefore, power activation functions are on obvious generalization of ReLLU.

Note that for systems of neural ODEs with PAF, the answer to the first
question has already been partially obtained in article [25]. (In the present paper,
the results proved in [25] will be generalized.) As for the second question, the
main part of the article will be devoted to the answer to this question.

It should be said that in a large part of the article neural ODEs with chaotic
modes are discussed. Chaos constitutes the basic form of collective neural activity
for all processes and functions of perception. It acts as a controlled noise source
to ensure uninterrupted access to previous memorized images and memorizing
new ones. Chaos allows the system to be always active, ridding it of the need
to wake up or enter a stable state every time the input changes [26]. Many
researchers agree that the best from the point of view of storing and processing
information is the regime of ordered chaos [27]. On the one hand, this mode has
all the advantages of chaos, on the other hand, this mode can be controlled. The
set of states through which the trajectory of a chaotic system passes is called a
chaotic attractor. Therefore, the conditions for the existence of chaotic attractors
in systems of neural ODEs are the subject of research in this paper.
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The final sections of the article are devoted to the reconstruction of neural
ODE systems. For this purpose, several algorithms have been developed for deter-
mining the parameters of ODE systems for known time series. The essence of these
algorithms lies in the fact that they use the special structure of neural ODEs
(antisymmetric neural ODEs) with which it is possible to generate a limit cycle.
After that, by choosing the weight coefficients, we obtain such bifurcations of the
indicated cycle, which lead to the simulation of a real chaotic process.

This article is organized as follows. Section 2 presents well-known results on
the theory of approximation of continuous functions of several variables, which
are necessary for further research. Section 3 is devoted to the search for conditions
under which periodic solutions and homoclinic orbits can appear in neural ODEs.
Conditions for the emergence of chaos in neural ODEs with PAFs are studied in
Section 4. In Section 5, some generalizations of power activation functions are
studied. Section 6 provides algorithms for tuning the weight coefficients of neural
ODEs with PAFs.

The whole Section 7 is devoted to applying the algorithms of Section 6 to
the problem of restoring ordinary differential equations from known time series
describing the dynamics of certain processes. Finally, some conclusions based on
the results presented in the article are given in Section 8.

2. Mathematical preliminaries

We now recall several well-known results from the theory of approximation of
real functions of n variables [28-30].

Let X be an arbitrary set in the linear space R™. By C(X) denote a set of
continuous real functions of n variables with domain of definition X.

Definition 2.1. A set of real functions F C C(X) is called separating points of
the set X C R" if for any different x1,x9 € X, there exists a function f € F such

that f(x1) # f(x2).

Definition 2.2. A collection of functions F C C(X) is called closed with respect
to a function of one variable ¢ : R — R if ¢(f) € F for any f € F.

Theorem 2.1. ( [28]). Let X C R™ be a compact space and C(X) be the algebra of
continuous real functions on X. Let also the set F C C(X) containing the constant
1 be the linear subspace closed with respect to the nonlinear continuous function
¢ : R — R and separating points of the set X. Then F is dense in C(X).

Theorem 2.1 can be interpreted as a statement about the universal approxima-
tion possibilities of arbitrary nonlinearity: using linear operations and a single
nonlinear element ¢, one can construct an algorithm that builds an analytical
model of any continuous function with any desired accuracy.

From an applied point of view Theorem 2.1 can be presented as follows.

Let (u,v) = ((u1,...,up), (v1,...,v,)) be a scalar product of vectors u,v €
R™.
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Let F(z1,...,zy,) be a real continuous function defined on a closed bounded
domain D C R"™. Let also € > 0 be any arbitrarily small number, which means the
accuracy of the approximation.

Theorem 2.2. ([28-30]).Let 1) be a continuous nonlinear real function of one
variable such that Vf € F we have ¥(f) € F . Then there exist an integer m > 0,
a set of vectors a; € R", and sets of real numbers &; and bj; j = 1,...,m, such
that the function

m
H(x) = H(z1,...,20) = »_&((aj,%) +bj) (2.1)
j=1
approximates the given function F(x1,...,x,) with the error € in the domain D.

Thus, Y(21,...,2,)7 €D, we have |F(x1,...,2,) — H(x1,...,2,)| < €.

In terms of neural networks, this theorem can be formulated as follows. Any
continuous function of several variables can be realized with any accuracy using
a two-layer neural network with a sufficient number of neurons and one nonlinear
activation function in the hidden layer [1,2,28].

3. Periodic solutions of neural ODEs

We assume that we know the dimension n of the real phase space in which
the considered dynamic process x(t) = (z1(t),...,z,(t))T € R™ takes place [17,
25,26]. We will also assume that the functions x1(t), ..., z,(t) are continuous and
differentiable with respect to time ¢ on the interval [0,00). Our goal will be to
model this process with a suitable system of neural ODEs. This system will be
based on new concepts, which are demonstrated below.

Introduce the following power functions [25]:

[ —(~u)? if(u<0and B >0); 0if(u<0and 8 =0)
g(w,a v f) = { u® if(u > 0 and a > 0); 0 if(u > 0 and o = 0) (3.1)
and
[ (~w)? if(u<0and B> 0); 0if(u < 0and 8 =0)
g(u,a\/ﬂ)—{ua if(u > 0 and a > 0); 0 if(u > 0 and o = 0). (3.2)

Definition 3.1. [25]. Representation (3.1) ((3.2)) is called an odd (even) activation
function.

It is obvious that the linear combination
H(u,s) = s1g(u, a1 V 51) + -+ + spg(u, ag V B), (3.3)

where s = (s1,...,8, a1,...,0,81,...,0) and s1 > 0,...,s, > 0, of the odd
(even) functions of form (3.1) (form (3.2)) again is the odd (even) function (see
[25]).
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Using these concepts, we can refine the form of function ¥ (u) in Theorem 2.2.

1) If the activation function ¥ (u) := ¥ (u, 'V ) is odd, then in representation
(2.1) we can consider {; =1; j=1,...,m.

Indeed, let §; < 0. Then

—E)VB(—u))? if(u
ouav ) ={ (OLLLN I} —pl- (g av )

Similarly, let £ > 0. Then

| (=P <0) | ajevass)
fzw(%a v B) - { (é_]l/a;)a 1f(u > 0) - w(é.] u, a0V B)

Thus, we have

_ L olg P @y %) 4+ VDl > 0)
5””“""]’”‘”1’”‘{ B () /a9 o, )~ (—) W i, < 0)

If we now introduce redesignations

ol @y x) + ) = wl(ag %)+,

then we get formula (2.1) in which §; =1; j=1,...,m

2) Let us turn to Definition 2.1 in which we will consider X = R™ and F :=
{H(ar;z1 + -+ + anixn,s;)} is the union of all odd functions of the form (3.3);
i =1,2,.... (Note that any element of the set F is a function of one variable:
a1;21 + - - + ani®y = u;.) Since for any f € F and any a € R equation f(u) = a
has a single root, then it is clear that the set IF separates the points of the set X.

3) Let f(u,vVd),g(u,aVp) € F, where F is the set of all odd functions. Then,
we have

U u)? if(u
ﬂﬂ%avﬁ%yv&::{(«ﬂliwuﬂé Q ! <O)}'

Thus, we have Vf,g € F f(g) € F and the requirement of Definition 2.2 is satisfied.

As follows from items 1)-3), all conditions of Theorems 2.1 and 2.2 are true
for odd activation functions. In this regard, we can reduce the parameters §;,j =
1,...,m, in formula (2.1) of Theorem 2.2.

Corollary of Theorem 2.2. Let 1 be the odd activation nonlinear function of
one variable such that ¥f € F we have ¥(f) € F. Then there exist an integer
m > 0, a set of vectors a; € R", and a set of real numbers bj; j =1,...,m, such
that the function

H(x)=H(z1,...,20) = Y_¥((a,x) + b)) (3.4)
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approximates the given function F(x1,...,xy,) with the error € in the domain D.

Now, we can apply this Corollary to approximate the derivatives &;(t) of the
functions z;(t); i =1,...,n.
As a result, we can get the following system of ordinary differential equations:

#1(t) = h([A—=rly-x+b) + (@ Vay + -+ pUa, +d) + -

1n
i+ -+ o0+ D),

Fn(t) = hn([A = vy %+ b)) + Fun 021+ 4 p Py + ) 4 -

a3+ )

(3.5)

with the known vector of initial values (210, ..., Zno)’.
Here hi(u;, o V B;) and f;j(us, vij V 6;5) are real power odd functions of one
variable u;; x = (x1,...,2,)7 € R™ is the vector of states, A € R™" T is

the identity n x n matrix; [A — rI]; is the i-th row of the matrix A — rI; r,
bi,pgil), . ,pgir)L .. ,p,(ji)l, .. ,p,(c?n, dgi), el d,(c? are real parameters; k; is a nonnega-
tive integer (if k; =0, then fi;(u) =0);j =1,...,k;i=1,...,n. (The meaning
of the first terms on the right-hand sides of the equations of system (3.5) will be
explained below.)

In what follows, we will assume that the conditions of Theorem 2.2 (on local
existence and uniqueness of a solution [31]) are fulfilled for system (3.5) with
initial data vector (z1g,...,Tn0)".

System (3.5) was created for solving approximation problems. However, in
various issues of modeling, it can be interesting in itself. Therefore, in the next
theorem we can weaken the conditions under which system (3.5) was constructed.

Theorem 3.1. (Main Theorem). Suppose that r > 0 is a sufficiently large
number such that the symmetric matric A + AT — 2r is negative definite. Let
a; > 0 and B; > 0, and the power function h;(u;, a; V B;) be odd; i = 1,...,n.
Let also ¢ = min(a, ..., 0, B1, ..., 0n) and let fij(us,vij V 0i5) be power (even or
odd) activation functions such that ¢ > v;; >0 and g > 6;5 > 0; j=1,... k;;i =
1,...,n. Then any solution of system (3.5) is bounded.

Proof. The proof of this theorem basically repeats the proof of Theorem 4.1 [25].
Let us introduce a new variable into system (3.5) according to the formula
x -y = (A—rl)x+b, where b = (by,...,b,)T. Further, the number r > 0 can
be taken large enough so that the matrix (A — rI) will be invertible. Therefore,
the specified replacement will be correct.
In this case, system (3.5) can be rewritten as

x(t) = (A — rI)h(x) + £(x), (3.6)

where h(x) = (hi (21, a1V B1), .., hn(@n, an V BT, £(x) = (f1(%), ..., fn(x))T.
(For simplicity, in the newly obtained system, we will leave the previous notation
of phase variables.)



Modeling of Chaotic Processes 7

We define the applicant for the role of the Lyapunov function for system (3.6)

the real function V' (z1,...,x,) by the following rule:
V(e ) = hl(x1>71+1) _|__“_‘_hn(xna7n+1)
1y---sdn ’)’1"‘1 "Yn+1
h h
20.5[ 1(:61’71),..., n(Tn; In) ,(xl,...,xn)}
7 +1 Yo +1
hl(xlf)/l) hn(xn77n)>
+0.5[ ), } 3.7
(1, ) ( 741 Yo +1 (3.7)

where the scalar products of the corresponding vectors are placed in square
brackets and Vi € {1,...,n}

| Biifx; <0,
V= Oéi,if ZT; > 0.

(al) The case of strictly odd function h;(x;, a; V 5;) ;i =1,...,n [25].

Since fractions ;41 and a; 41 have an even numerator and odd denominator,
then the function V (x4, ..., z,) will be positive definite. Further, from the definition
of function V(z1,...,z,) and system (3.6) it follows that

wml(t),...,xn(t)):(W ’W)t
= hi(z1(t), a1V B1) - 21(t) + - + hp(@n(t), an V Bn) - dn(t)
hi(x1(t),01Vp1)

(
ho(za(t),a
= (m@1(0), 01V B1), . hn(@a(t), 0 V B) ) S 2l Z(t): V)
hon (20 (1), 000V B)
+ (h(x), f(x)), (3.8)

where S := 0.5(A + AT — 2r1).
Introduce the norm of matrix @ = {g;;} € R" by the following formula:

Rl = > lal-

1<i,j<n

Similarly, we define the norm of vector u = (ug,...,u,)": [ull = > |uil.
1<i<n

Now we estimate the derivative Vi(x1(t),...,2n(t)) of function V (z(t),. ..,
xn(t)), taking into account the fact that matrix S is negative definite:

Vi(x(t)) < Amax(9) - (hi(1(t), 1 V B1) + B3 (wa(t), a2 V B2)
o B2 (@), an V Bn)) + W(zi(1),. .., 2a(t)),
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where A\pax(S) denotes the maximal eigenvalue of symmetric matrix S € R™*"
and W(z1(t),...,zn(t)) := ||h(x)| - ||f(x)] is a positive definite function.
The last inequality can be rewritten as follows:
d
LV (@a(t), ., ()
<W(z1(t),...,zn(t)) = b- (hi(x1(t),271) 4+ - - - + hn(zn(t), 27)), (3.9)

where b = —Apax(S) > 0.
The solution of inequality (3.9) can be found by the formula

Vizi(t),...,zn(t) < W
t
_b. 92 . 92
% exp/ axn('r» b (hl(ml('r)a 71) + + hn(xn(’r)7 'Yn) dr,
/ V(z1(r,...,2n0(1))

(3.10)

where the constant Vo = V(21(0),...,2,(0)) > 0.
Note that the functions W(zy,...,zy), V(z1,...,2,), and H(z1,..., ©,) =
hi(x1, 2y1) + -+ - + hp(zp, 27y,) are positive definite power functions. In addition,
degW(z1, ...,zn) = ¢ - max(vij,0;5) < 2¢, and deg H(z1,...,2,) = 2¢; j =

1,...,ki;i: 1,...,71.
In this case, on the one hand, there exists a moment Ty > 0 such that if ¢ > Tp,
then W (z1,...,2,) — bH(x1,...,2,) <0, and

lim W(xi(t),...,za(t)) — bH(z1(),. .., (1))
t—o0 V(xl (t), ce ,l‘n(t))

Thus, we have V(z1(t),...,z5(t)) — 0 at ¢ — oco. But on the other hand this
fact means that if the function V(x1(t),...,2,(t)) is small enough, then there
exists the moment 77 > Ty > 0 such that if ¢ > T7, then W(z1(t),...,z,(t)) —
bH (z1(t),...,zn(t)) > 0 and the positive function V(z1(t),...,z,(t)) increases,
and so on.

Let R be some positive constant. Denote by V. = {z,...,z,} C R" the
set of all points in R™ satisfying the condition V(x1,...,2,) — R?2 < 0 . Let
us assume that R is a minimal constant for which the set H = {(x1,...,z,) €
V| W(z1,...,zn) — bH(z1,...,2,) > 0} is not empty. Since H(z1,...,2,) is
positive definite, it is clear that the set H is compact.

Now we assume that there exists a moment T, such that for ¢t = T, x(T,) & H,
but x(7,) € V. Then inequality (3.11) is not satisfied.

Further, since H C V, then V — H is the compact positively invariant set with
respect to (3.6). Therefore, if solution x(¢) of system (3.6) belongs to V —H, then
it is bounded. It means that the solution V(z1,...,x,) of equation (3.8) also
should be bounded.

Denote by Ts the moment of time such that x(7s) € H. Then, by virtue of
(3.11) and according to LaSalle’s Theorem [25], we get that solution x(t) of system

<0. (3.11)
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(3.6) starting at H belongs to H. In addition, x(¢) is attracted to the boundary
of H as t — +oo. Thus, it is bounded.

Now we use Comparison Principle |25]. Then it remain to compare the solution
V(z1,...,2,) of equation (3.8) and a similar solution of inequality (3.9). From
here it follows the boundedness of solution x(t) of system (3.6) for any initial
condition xg € R™. This completes the proof of case (al) for strictly odd functions.

(a2) The case of odd function h;(z;,a; V ;) ;i =1,...,n [25].

Now we can apply Theorem 4.1 [25] to equation (3.6). Then all the ideas that
were used in the proof of Theorem 4.1 [25] can be directly carried over to the
proof of Theorem 3.1. Since

min(deg hyi(z1, a1 V p1), ..., deg hy(xn, an V 5r))
> max(deg fi1(x1,...,2Zpn), ..., deg fu(x1,...,20)),

it remains to verify only one condition of Theorem 4.1 [25]: the symmetric matrix
A+ AT —2r] must be negative definite. The last condition can always be achieved
by choosing the sufficiently large parameter » > 0. It is clear that the same
statement will also hold for system (3.5). This remark completes the proof. [

Comment 3.1. In the general case the function V' (z1, ..., zy) is not the Lyapunov
function for system (3.6). It is guaranteed to be the Lyapunov function if f(x) = 0.

Let us compose from functions (3.3) the following vector- function:
H(x,81,..,80) = (H1(x1,81), - -, Hn(Tn,80))7, (3.12)
where s; = (8j1,..-,8jk;),J = 1,...,n.

Corollary of Theorem 3.1. Let the vector h(x) in system (3.6) be replaced
by the vector H(X,S1,...,8,). Then, under the conditions of Theorem 3.1, any
solution of system x(t) = (A — rI)H(x,s1,...,sp) + £(x) is bounded.

Proof repeats the proof of Theorem 3.1 if in this theorem we replace the function
V(z1,...,2,) (3.7) by the function

Vg, ..., xn /7—[1 x1,s1)dxr + - /7—[ T, Sp )T,

where all the indicated integrals are integrals of power functions. O

Now, we will assume that in system (3.6) 7 = 0 and f(x) = 0. Then we get
the following system

x(t) = Ah(x). (3.13)
Theorem 3.2. Let a; > 0 and B; > 0, and the power function h;(u;,o; V ;)
be odd; i = 1,...,n. Let also A € R™™ be an antisymmetric matriz such that

rank A = m < n. Let V C R" be a (n — m)-dimensional subspace of R™ such
that AV = 0 (if m = n, then V = 0; for odd n > 1, we always have m < n
and V # 0). Then any solution x(xo,t) of system (38.13) starting from point
X0 = (T10,...,7n0)! ¢V is periodic.
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Proof. We will again use the Lyapunov function V' (x1, ..., x,) of form (3.7), which
was introduced in the proof of Theorem 3.1.

Let S = {x € R"|V(x) < V(x0)}. Then the set S C R™ is compact positively
invariant with respect to (3.13). In addition, from here it follows that V; (x) =
0.5h” (x)(A+ AT)h(x) = 0. This means that the solution x(xq, t) of system (3.13)
starting from a point xg € R” forms a closed curve on the boundary of the set
S € R™ and therefore the solution x(xg,t) is periodic [31]. O

Now consider the following system of ordinary differential equations:
x(t) =h(Ax+b) <=« . . . . ... .. ) (3.14)

with the known vector of initial values xg. Here A; is the i-th row of the matrix
Asi=1,...,n.

Theorem 3.3. Let, under the conditions of Theorem 3.2, m = n — 1 and n be
odd. If oy = B; and b; = 0, i = 1,...,n, then any solution of system (3.14) is
periodic; if at least for one k € {1,...,n}, we have ay, # By or by # 0, then any
solution of system (8.14) is a winding of an infinite cylinder with generatriz V.
In addition, there exist numbers T > 0 and A = A(T') € R that do not depend on
Xg, such that for any solution x(t) of system (3.14), we have

x(t+T)—x(t) = AV,
where X =0 if and only if ; = B; and b; =0,i=1,...,n.

Proof. (b1) With the help of suitable changes of variables y = Ax+b, we transform
system (3.14) into the following system (generally speaking, not equivalent to
system (3.14)):

%(Ax(t) +b)y=A4-| . ... ... : (3.15)

where b = (b, ...,b,)T. Then in the new variables y we get the system y(t) =
Ah(y). (This is system (3.13).)

It is clear that in this case all the conditions of Theorem 3.2 are fulfilled
and we obtain a periodic solution p(¢) of the system y(¢) = Ah(y). In addition,
taking into account the new variables y, system (3.14) can be written in the form
%x(t) = h(y). From here it follows that

x(t) = / h(y(t))dt. (3.16)

It is important to note that the solutions q(¢) of system (3.14) are not (generally
speaking) periodic. (It is found from the solution of the equation p = Aq + b,
where for odd n matrix A is singular.)



Modeling of Chaotic Processes 11

It is known that the indefinite integral of a continuous periodic function of
period T is the sum of a periodic function of the same period T" and some linear
function. Thus, from (3.16), (3.14) it follows that q(t) = qr(t) + tAV C R™ and

2 (ar(t) +13) = h(Alar(1) + 1AV) + b).

Here qr(t) = (qr1(t), ..., qra(t))T € R™ is a periodic vector function.

Let W = A(R™) be a linear subspace in R™. Denote by Al|w the restriction of
A to W. Then, we have qr(t) +tAV = (A|w)~*(p(t) — b), where tAV is a straight
line in R™ passing through the origin. Thus, the set {qr(t) +tA\V} C R" is a curve
wound on the cylinder with generatrix V. (The projection of the periodic curve
ar(t) + tAV, tg < t < to + T onto any (n — 1)-dimensional hyperplane P C R”
such that PLV is a directrix of cylinder.)

(b2) Let V = (vq,...,v,)T € R™ Consider the situation a; = #; and by = 0.
Then at A; - x > 0 the first equation of system (3.14) will not change, and at
A; - x < 0 this equation will be represented as & (t) = —hi(A4; - x).

Thus, if A1 -x >0, then z1(t) = qr1(t) + tA - vy; if A; -x <0, then z(t) =
qr1(t) — tA - v1. Since the initial conditions are the same for both equations,
then, in accordance with the well-known Cauchy theorem on the existence and
uniqueness of solution, there must be A = 0. Repeating the same reasoning for
each of the equations of system (3.14) for oy; = f; and b; = 0, we finally obtain
A=0;7=2,...,n. The last statement completes the proof of Theorem 3.3. [

Definition 3.2. System (3.14) in which matrix A is antisymmetric, power activation
functions h;(u;, a3 V B;), i = 1,...,n, are odd is called the unperturbed system of

antisymmetric neural ODEs.

In addition, the following system
yoy=T"*-| ... ... : (3.17)

obtained from system (3.14) of antisymmetric neural ODEs with the help of the
linear invertible transformation 7' € R"*" (x = T - y) will also be called the
unperturbed system of antisymmetric neural ODEs.

Definition 3.3. Let the matrix A of system (3.5) be antisymmetric and r > 0.
Then, under the conditions of Theorems 3.1, system (3.5) is called a perturbed
system of antisymmetric neural ODEs.

The next figure demonstrates the statements of Theorem 3.3 (see Fig. 3.1):
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y(t)

(al) (a2)

Fig. 3.1. Trajectories of the system
t=(—y—z+b)y=(r—2+0b)"2,2=(x+y+bg)":
(al) r = (1.5 vV 1.5),7"2 = (2.5 vV 2.5),’1"3 = (2 V 2), and by = by = b3 = 0;
(a2) r1=(1.5V1.5),re = (2.5V2.5),r3 =(2V2),and by = 1,by = b3 = 0;
(a3) r = (15 \% 2.5),7“2 = (25 V 2.5),7’3 = (2 V 2), and by = by = b3 = 0.

4. On conditions for the appearance of chaos in system (3.6)

It is known that the following question often arises when modeling chaotic
processes: can the created model generate chaotic behavior? The same question
can be extended to model (3.6) (or (3.5)).

Let us denote by the symbol

degh(x) = (deghi(z1,a1 V p1), ... ,deghn(xn, an V 5y)) € N,

where N is the set of natural numbers. Then the inequality deg h(x) > degv(x) =
(degvi (1,71 V01),...,degv,(Tn, YoV Ipn)) means that a; > ~; > 0 and 8; > 6; >
0;¢e=1,...,n.

Consider the following simplified version of system (3.6):

x(t) = Bx + v(x) + (A — rT)h(x). (4.1)

Here matrices A, B € R™" and the matrix A is antisymmetric; the power vector
functions v(x), h(x) € R™ such that degh(x) > degv(x) > (1,...,1). (If v(x) =
0, then degh(x) > (1,...,1).)

Let us construct for system (4.1) a positive definite function V(xy,...,zy)
(3.7). Then, we will have

Vi(z1,...,2,) = 0.5 (hT(x)(Bx + v(x)) + (x? BT
+vI(x))h(x)) — r - hT (x)h(x).

We denote by W the set of all points from R"™ such that Vt(xl, coyy) <
Let also L. € W be the set of all points in W such that Vt(azl, ceyTp) =
We also denote by X € W an open set in W such that Vx = (z1,...,2,)7
X Vi(z1,...,2,) < 0. (Thus, XUL = W.)

0.
0.
S
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Theorem 4.1. Let the point 0 be a unique equilibrium point for system (4.1) in
W. Suppose also that:

1) point 0 is a saddle point;

2) there exists a value of parameter r > 0 such that for an arbitrary vector of
initial data (210, ..., Tno)? € X the solutions x1(210; s Tnost), -y Tn (210, -, Tno, t)
of system (4.1) satisfy to equality

liminf V(z1(z10,. .., Tnost), .- ., zn(z10, ..., Tno,t)) = 0.
t—o0
Then under the conditions of Theorem 3.1 in system (4.1) there exists a chaotic
dynamaics.

Proof. According to Theorem 3.1, there exists the value » = rg such that all
solutions of system (4.1) are bounded. Therefore, for r = ry the set W is a
compact positively invariant set with respect to system (4.1).

According to LaSalla’s theorem every solution of system (4.1) starting in W
approaches to the largest invariant set M C L as ¢t — oo (see [25,31]). In our case,
by assumption A7 4+ A = 0 and condition 1) of Theorem 4.1, the role of the set
M can be played either by a limit cycle or by a homoclinic trajectory connected
at 0 (see Theorem 3.2). If both conditions 1) and 2) of Theorem 4.1 are satisfied,
then there exists a sequence of values rg; > 792 > -+ > 19 > --- of parameter
r such that khﬁrgo ror = Te > 0 and the set M(r.) at the critical value r. is the

homoclinic orbit. (Indeed, let Ny and N,, be stable and unstable manifolds of the
point 0 [21,34]. Let’s denote by x¢g = (zo1,...,2on)’ € N, the starting point.
Since at the point x¢ we have Vt(a:m, ..., Top) > 0, then the solution x(xq,?)
of system (4.1) should be attracted to a certain limit cycle in L. According to
condition 2) of Theorem 4.1, this limit cycle for some value of parameter r will
pass arbitrarily close to the origin (to the manifold Ng). In other words, near
point 0 on trajectory x(xg,t) there will be point x; = (x11,...,21,)7 such that
Vt(:cn, ...,x1y) < 0. Therefore, there must be the value r. of parameter r for
which Ng NN, # (). This means the existence of homoclinic orbit.)

The last statement enables us to construct a discrete mapping for system
(4.1). Theorems 3.2 and 3.3 allow us to assert that a limit cycle can exist in
perturbed system (4.1) for some values of parameter r. Let T be the period of
this cycle. In this case, the continuous relation (3.10) for the positive definite
function V(t) = V(x1(t),...,x,(t)) can be rewritten as

V($1(tk+1), Ce ,$n<tk+1)) S V(l‘l(tk), Ce ,$n<tk))

W 1 () am (1)) — b (B (@1 () 27) + o B (2 (72 29)
P /[ V(@i(r,. . on(r))

dr,
tr

where tk—i—l —tk = To;k = 0,1,.. .
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A discrete analogue of this relation according to the technique described in [32]
— [34] can be represented in the following form:

Vie1 = Viexp(p + ¢(Vi) —rVi);k =0,1,2,. .. (4.2)

Here p > 0; ¢(u) is a linear combination of power functions u% of one variable
u > 0 (with ¢; > 0) and 0 < deg ¢(u) = max¢q; < ¢ = min(aq,...,Qn, 1, .-, Fn),
i=1,...,1

In [32-34] it is shown that for some r = r. mapping (4.2) generates a chaotic
dynamics. Therefore, system (4.1) at r = r. will also exhibit chaotic behavior.
U

Comment 4.1. Theorems 3.2 and 3.3 guarantee the existence of periodic trajec-
tories for unperturbed systems. This means that for small perturbations, periodic
motions (limit cycles) will appear in system (4.1). Namely the existence of limit
cycle in system (4.1) allows starting a cascade of bifurcations leading to the
appearance of a chaotic attractor.

Comment 4.2. Note that the condition A7 + A = 0 cannot be omitted. Indeed,
if this condition is satisfied, then Vr > 0 AT + A —2rI = —2rI < 0. Otherwise (at
AT + A #0), the inequality AT + A —2rI < 0 does not hold Vr > 0. Therefore, if
AT + A # 0 condition 2) of Theorem 4.1 generally speaking cannot be achieved.

Nevertheless, the results obtained for system (4.1) can be strengthened if
matrix A is replaced by a similar non-antisymmetric matrix A, = H 'AH
(AT + Ay, # 0):

x(t) = Bx +v(x) + (A, — rI)h(x). (4.3)

In order to check condition 2) of Theorem 4.1 we can proceed in the following
way.

1. In system (4.1) set parameter r large enough. 2. Decrease the parameter r
until the limit cycle appears in system (4.1). 3. Continue slowly decreasing the
parameter r until limit cycles of any multiplicity appear in system (4.1). (This
means that a non-negative function V(xi(t),...,x,(t)) will have any number of
minimums.) If parameter r is close enough to value r. (which is unknown), then
the minimums of function V(x1(t), ..., z,(t)) will take arbitrarily small (not zero!)
values. This will mean that r ~ r. (see Fig. 4.5).

4.1. Homoclinic chaos

A large number of chaotic attractors arise when so-called homoclinic orbits
exist in a dynamical system (see [18-21,32-37|, and references to papers on chaotic
dynamics cited elsewhere).

Definition 4.1. ( [35]). A bounded trajectory x(¢,x0) € R™ of system (3.6) is
called a homoclinic orbit if the trajectory converges to the same equilibrium point
as t — too0.
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LetA = (aq,...,a,) € R™" be the antisymmetric matrix composed of columns
a; e R"e=1,...,n.
Let us Vs € {1,...,n} denote by symbol A; € R™*"™ (A® € R™*") the matrix

obtained from matrix A by replacing the column ag (row —al) with the column

—as (row al).

Definition 4.2. Matrix A, (or A®) will be called partially antisymmetric.

Let p < n be a positive integer. If columns as,,...,as,,1 <51 < -+ <5, <
n of the matrix A are replaced by columns —ay,,...,—as,, then the resulting
matrix will also be denoted as Ag, . s, and called partially antisymmetric. A similar
designation A%1*7 is retained for the rows.

Let h(x) = (hi(x1,01 V B1), oy hn(Tn, i V Bp))T and f(x) = (fi(z1,71 V
61)s ooy fr(@nyYn V 0,))T be two vectors of power functions.

Theorem 4.2. Let ¢ and ¢ # 0 be arbitrary real numbers and let h(x) be odd
function. Consider the following system of ordinary differential equations

X(t) = wASL..Spf(X) + gf)Ah(X), (4'4)

in which it is assumed that degh(x) > degf(x). Then any solution x(t,xo) of
system (4.4) is periodic. In addition, if the function f(x) is odd, then there exists
a vector of initial conditions x§ such that trajectory x(t,xg) is the homoclinic orbit
connected at equilibrium point 0.

Proof. (al) Let ¢ = 0. Then the assertion of Theorem 4.2 follows from Theorem
3.2.

Let p = 1and s; = s. Introduce also the following vector fs(x) = (f1(z1),. ..,
—fs(xs), ...y falzn))?, wheres €{1,... n}.

(a2) Let ¢ - ¢ # 0.

Consider two scalar products:

h?(x) - x = yhT(x) - Asf(x) + ¢hT(x) - Ah(x) = phT (x) Af,(x)
and

£7(x) - % = 0FT (%) - A,B(x) + 67 (x) - Ab(x) = VET(x) - A (x) + 67 (x) -
Ah(x) = ¢h” (x) ATf,(x). (Here we have used the obvious equality: A%+ (A3)T =
0.)

From here it follows that oht' (x)-x+pfl (x)-x = 0. Therefore, if we define the
derivative V(x) of some function V' (x) by formula V (x) = ¢h” (x) - x +¢f! (x) - %,
then we will have

hl(x1a71+1) hn(wm’)/n“‘l) fl(xlafl—i_l)
Vix)=¢p——t 1Ty +

) =¢ m+1 ’ Y+ 1 v & +1

fsfl(xsfhgsfl + 1) fs(x&gs + 1)

§S,1+1 _w €s+1 T

fn(xn7§n + 1)
v fn+1

_|_...+¢

= C(xq) = const,
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where
- - Bpifxy <0, . f 6,if 2 <O,
Vie{l,...,n} v = { o if 2> 0 & = e >0

Without loss of generality, we can assume that ¢ > 0. Then from the conditions
of Theorem 4.2 it follows that for a sufficiently large norm ||x|| of the vector x,
we have V(x) > 0. This means that if V(xg) = C(x¢) > 0, then the function
V(x) = C(x¢) > 0 is bounded. Consequently, any solution of system (4.4) is
closed and therefore periodic.

Now let the vector of initial conditions x§ be such that V(x{) = 0. Therefore,
if the function f(x) is odd, then the function V(x) is even. From here it follows
that V(x3) = V(—x() = 0 and in addition, V(0) = 0. Consequently, there is a
trajectory of the system (4.4), which for ¢ = 0 leaves some point xy # 0 arbitrarily
close to x;; =~ 0 and at ¢ — Foo approaches to the point 0.

Now, in system (4.4), we will change the sign of time: ¢ — —7. Then we will
have

X(r) = —Aq, o F(x) — pAN(x). (4.5)

Further, we apply to the study of solutions of equation (4.5) the same technique
as for the study of solutions of equation (4.4). As a result, instead of analyzing of
the equation V' (x(t)) = C(x=9) > 0, we come to an analysis of the equation
—V(x(1)) = —C(xr=0) < 0. Thus, based on the structure of even function
V(x(t)), we have V(x(7)) = V(x(—t)) = V(x(t)) = C(x¢) > 0. This means
the existence of a homoclinic orbit.

(a3) Now let p > 1. Introduce the vector

fsl...sp(x) = (fl(xl)’ ) fslfl(xslfl)a
_fsl (x81)7 e —fsp(.%'sp), f8p+1(x8p+1)7 et fn(xn))T

Then the proof of case p > 1 completely repeats the proof of case p =1 if we
take into account the obvious equality: A5} 7or 4 (Ag o)1 = 0. 0

We replace the odd activation vector-function h(x) with the odd activation
vector-function H(x, r1, . .., ry,). Similarly, we make the change of variables f(x) —
F(X,q1,--.,dn) (see (3.12)). Then, the following corollary is obvious.

Corollary of Theorem 4.2. The statements of Theorem 4.2 remain valid if
equation (4.4) is replaced by the equation
X(t) = wAslA..spJ—-'(X’ qi, - - 7qn) + ¢AH(Xa ryy... arn)7
and keep the conditions presented for functions h(x) and £(x) also for functions
H(x,r1,...,r,) and F(X,qQ1,...,qn)-
Since ¢ # 0, we can assume that ¢ = 1. Consider the following special case of

system (4.1):

x(t) = Bx + YA, 5, f(x) + (A —rI)h(x),r > 0. (4.6)
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Thus, if conditions of Theorems 4.1 and 4.2 are satisfied for system (4.6),
then we will get some chaotic behavior of this system. (Note that if the vectors
h(x) and f(x) in system (4.4) is replaced by the vectors H(x,si,...,s,) and
F(x,81,...,8,), then by virtue of Corollary of Theorem 3.1, the statement of
Theorem 4.2 is preserved.)

Definition 4.3. Chaos arising in system (4.6) will be called homoclinic.

1. Suppose that in system (4.4) we have n =2, ¢ = 1, ¢ = 1, and f(x) = (z,y)?,

h(x) = (2%, y°)7,
=10 ) a=(1 7))

Then, depending on parameter ¢, we obtain the phase portraits (see Fig. 4.1):

'''' . 0.3 5

(a1) (a2)

Fig. 4.1. Two types of homoclinic orbits in system (4.4) at ¢ =5 (al) and
¢ = —5 (a2). The homoclinic orbit resulting from the transformation (at
Ixo|| = 0): (al) one periodic trajectory and its self-intersection at point 0; (a2)
two different periodic trajectories lying to the left and right of the vertical axis
and their merging at point 0. The point 0 is saddle; the eigenvalues of the
Jacobi matrix at the point 0 are +1.

2. Suppose that in system (4.4) we have n = 2, f(x) = (z,y)7,
h(x) = (piecewise(z < 0, —(—z)1° 23?; piecewise(y < 0,—(—y)*®,y and
matrices A; and A are the same as in the previous example. Then, depending on

2.57 7.5)T7
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3. Now suppose that in system (4.6) we have n = 3, r = 0.01, and

f(x) = (z1-2V12 yl2Vi2 L2VIT j(y) = (g2V2 42V2 22T
0 0 0 0 —-0.8 —0.675
B=0orB=| 0 —-0.25 —-046 |,As= 0.8 0 0.7 ,
0 046 0.26 —-0.675 0.7 0

-0.01 —-0.8 0.675
A= 0.8 -0.01 -0.7
-0.675 0.7 —0.01

Let us first verify Theorem 4.2 (see Fig.4.3).

0,35%
025 075 125 175

y®©
(al)

Fig. 4.3. Verification of Theorem 4.2 for n = 3 and B = 0: (al) ¥ = 0, there are
only periodic trajectories; (a2) ¢ = —2, if the starting points are far from the
origin, then there are only periodic trajectories; (a3) ¢ = —2, if the starting
point is near the origin (z¢ = 0,yp = 0.001, zp = 0.001), then there is a
homoclinic trajectory.

Now let B # 0. Then, we obtain the following phase portraits (see Fig.4.4):

03 005 -02 -045
x(t)

(al)

Fig. 4.4. The birth of homoclinic chaos in system (4.6), depending on the change
in parameter v¢: (al) ¢ = —0.5; (a2) ¢ = —1; (a3) ¢» = —3.

The result of Theorem 4.2 can be generalized in the following way.
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Let P € R™*™ be a real matrix. We introduce the vector
n n T
h(PX) = <h1 (Zpljl'j), PN hn(zpnjl'j))
j=1 j=1

(see (3.14)).
Introduce also the following [ = 2™ matrices:

10 -0 10 --- 0
o1 --- 0 o 1 --- 0
Glz . . . . 7G2: . . . . ey
0 0 1 0 O 1
-1 0 0 -1 0 0
o -1 --- 0 0o -1 0
G = : : .. : G = : : :
0 o --- 1 0 o --- -1

Then, equation (4.6) can be rewritten as
x(t) = Bx + pAGif(x) + (A —rl)h(x);i € {2,...,1 —1}. (4.7)

(Matrices G and G do not change the evenness or oddness of the vector function
f(x). Therefore, they are excluded from further study.)

Equation (4.7) can be used in two directions.
(d1) Simulation of systems containing a limit cycle.

In this case, ©» = 0 and instead of (4.7), you can use the system

x(t)=c+ Bx+ (A—rI)h(x),ce R",r >0
or the system
x(t)=c+ Bx+h((A—-rl)x),ce R",r > 0. (4.8)

(Here, the shift vector ¢ was added to the right side of system (4.7).)
(d2) Simulation of systems containing a homoclinic orbit (for example, Lorenz-like
systems [37]).

Clearly, if ¢ # 0, then among the solutions of equation (4.7) there exists a
homoclinic orbit.

In addition, the homoclinic orbit can be obtained in the following way.

Let v = —1, h(x) = f(x), ¢,co € R", r > 0, and instead of (4.7), you can use
the system

x(t) =c+ Bx+h((A —1Dy)Gix + co) —h((A —rDg)Gx + co), (4.9)

where Dy =diag(di1,...,dp,) € R™ 4,5 € {2,...,1 — 1}. (The case Dy = I is
not excluded.)
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Then, for certain values of the parameters, the homoclinic orbit will exist
among the solutions of system (4.9). (Note that in system (4.9) the components
hi(v;),i =1,...,n, of vector h(v) can be either even or odd activation functions.)

For example, for the Lorenz system

t=o0(y—x),y=ar —y—xz,2=—bz+xy, (4.10)

we have: h(X) = h(!L’,y,Z) = (hl(x)th(y)7h3(z))T = (mQ?yQVZQ)T’c = Cy =
0,r=0,

-0 o 0
B = a —1 O ,
0
0 1 1 0 1 1
A=AG; =05 -1 0 1 |],AG2=051 0 1 |,
-1 -1 0 1 -1 0
0.25(y + 2)? 0.25(y + 2 0
h(AG1x) — h(AGex) = | 0.25(—z+2)? | — [ 0.25(z + ) = —=az
0.25(—x — y)? 0.25(z — y)? Ty

The use of representation (4.9) to approximate derivatives can be motivated
by the following considerations.

Let h(u) be the even activation function (3.2). Then the function ¢(u) =
h(au + ¢) — h(—au + ¢); a,c € R, is the extended odd activation function [25].

Indeed, without loss of generality, we can assume that ¢ > 0 and ¢ > 0. Let
u* be the root of function ¢(u) (it is easy to check that this root is unique).

It is clear that if u > u* (u < u*), then ¢(u) > 0 (¢(u) < 0). Thus, if there
are numbers k, 4, j such that hy((A — rI)G;x) — hi((A — r1)G;x) = 0, then the
k-th equation of system (4.9) is a composition of only odd activation functions
(linear and ¢(ux), where uy is a function of x); k& € {1,...,n};i # j. Since
any of these functions separates points (see Definition 2.1), the k-th equation of
system (4.9) satisfies the approximation Theorem 2.2. (Let ¢y # 0. Obviously,
if numbers i,j € {2,...,1 — 1}, and i # j are such that G; + G; = 0, then all
nonzero components of vector h((A — r1)G;x + ¢o) — h((A — rI)Gjx + cg) are
odd activation functions.)

4.2. Examples of attractors of 3D power systems

1. Strange chaotic attractor. Consider a specific system (4.1) for n = 3.
Assume that in this system

0.1 —02 48 —r —0.1 —0.7
v(x)=0, B=| —29 —14 20 |, A—rI=| 01 —r —02
0.1 —1.7 1.9 0.7 02 —r

The eigenvalues of the matrix B are Ajo = —1.1645 & 2.48114, A3 = 2.9291.
Thus, the origin is the saddle focus.
Let’s define vectors: x = (z, 5, 2)7, h(x) = (h1(z), ha(y), h3(z))T, where
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hi(z) = — (=)%Y if(x < 0) and x'® if(z > 0)
ha(y) = —(—y)** if(y < 0) and y** if(y > 0)
h3(z) = —(—2)2Y if(z < 0) and 2! if(2 > 0).

The following Fig. 4.5 shows the transition of system (4.1) from regular regime
to chaotic behavior:

V()

Y AP Y L.L.J.Ju wllii s

50 100 150 200
t

(ad) (ab)

Fig. 4.5. A cascade of bifurcations of the limit cycle in system (4.1) for different

values of r (transition to chaos): (al) r = 0.024, (a2) r = 0.019, (a3) r = 0.0183,

(ad) r = r. = 0.0142 (it is a chaotic dynamic); the verification of condition 2) of
Theorem 4.1 is shown in the graph (a5).

Thus, we have shown that systems (3.5) can simulate a chaotic processes.

2. Strange non-chaotic attractor. Theorems 3.1 and 4.1 are valid if » > 0.
For r = 0 the statements of these theorems have not been proved. In this regard,
consider 3D system (4.3) in which » = 0 (compare with system (3.17)): v(x) = 0,

0 001 0 0 0 0
B=| -001 0 1 A, =H 'AH=1| 001 0 —0.1
1 -2 —0.05 0 0005 0

In Fig. 4.6 presents a new type of attractors that can be generated by system
(4.3) with odd activation functions hy(z) = 270 ha(y) = y?V°, ha(z) = 27V9:
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(al) (a2)
Fig. 4.6. New strange attractors in system (4.3): (al) v = 3.5714,6 = 3 and (a2)
v =3.1428,6 = 4.3314

Note that matrix 4,, = H~'AH is similar to antisymmetric matrix

0 0 0
A= 0 0 —/5/100
0 +/5/100 0

Thus, system (4.3) allows simulating more complex processes than system (4.1).
5. Generalization of the concept of power activation function

Formulas (3.1) and (3.2), which introduce power activation functions, have

two drawbacks:
1)if0 < a<1lor0< g <1, then the functions (3.1) and (3.2) are non-
differentiable;
2) functions (3.1) and (3.2) do not take into account the shift of the argument.
In this connection, we introduce the following function (see Fig.7.1, Fig.7.2):

b 1 -1 5 1 b\\ B
w(u, o, B,b,c) = piecewise [u +-< —cﬁil,—ﬁ ch-1 — —(— (u + —)) ,
c I6; I3 c
b b -1 o 1 b\«
u—i——gcﬁ,c‘(u—i——),a ca—l—i——(u—i——) } (5.1)
c c Q « c

Here a >0, 8 >0, a # 1, and 8 # 1 are degrees; ¢ > 0 is the tangent of angle of
inclination of a straight line w = cu + b; b a given bias of argument.
We put in formula (5.1) b = 0. Then we will have
w(u, a, B, ¢) = piecewise

ﬁ—l% «
g T g "= a a

1
u < —ch-1, —
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(Formula (5.2) can be obtained from formula (5.1) by introducing a new variable
z:=wu+b/c, which in (5.2) is denoted again as u := z.)

In the optimization problem using gradient methods, it is necessary to use the
derivative of the function w(u, «, 8, ¢). In the case of « >0, 8 >0, a # 1,8 # 1,
and ¢ > 0 this formula is as follows:

1
wy(u, a, B, ¢) = piecewise [u < —ch-T, (—u)ﬁ_l,u < cﬁ, c, ua_l]. (5.3)

If lim g8 — 1, then

[0}

. . 1 a—1 o« u
w(u, o, B, ¢) — piecewise [u < co-1,cu, co—T + —},
!
1
Wy (u, , B, ¢) — piecewise [u < co-1,c, u"‘_l]; (5.4)
if ima — 1, then
1 -1 8 —u)?
w(u, a, 8, c) — piecewise [u < —ch-T, b ch-T — (=u) ,cu],
p p
1
Wy (u, a, B, ¢) — piecewise {u < —cF1 (—u)P7 C}; (5.5)

if ima — 1 and lim 8 — 1, then w(u, a, B, ¢) = cu and Wy (u, o, B, ¢) — c.

(Note that formula (5.2) is transformed into formula (5.1) if we put in (5.2)
u:=u+ b/c. Thus, we have w(u + b/c,a, B, ¢) = w(u, o, 8,b,¢).)

Finally, if we put ¢ = 0 in formula (5.2) , then we obtain (with insignificant
additions) function (3.1) :

_u)B
w(u, o, B) = piecewise {u <0, (=) , u—}, (5.6)

Wy (u, a, B) = piecewise [u <0, (—u)ﬁ_l,ua_l};a >1,8>1.

200 —

100 —

=2,8=23) (c=05a=0208=3)
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(c=7,a0=0.3,8=0.1) (c=0.2,a=0.1,5=0.01)
(c=2,04=0.01,8=2) (c=10,a =1.5,4=0.02)
Fig.5.1. The activation differentiable power function
1 _B_ _ 1 _o a
w(u) = piecewise [u < —cFT, —%cﬂfl - %,u < cail,cu, a-leat 4t

for different values of the parameters «, 8, and c.

100 3

=5,b=—20,0=2,8=3) (c=5,b=120,a=0.2,8=0.3)

Fig.5.2. The activation differentiable power function w(u) = piecewise [u + g

_1_ 1 B 1 -
< o7, ~ ST dcum b e et 0, S 4 A by

with a given bias b # 0 for different values of the parameters «, 8, and c.

Note that the functions (5.1) and (5.2) are differentiable on the whole interval
(—00,00) for any a > 0, # 1 and > 0,8 # 1. At the same time, function (5.6)
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is non-differentiable for 0 < a < 1lor 0 < f <1, at point u = 0. (If « = g =1,
then we get the linear function w(u) = w, which is useless for modeling with the
help of neural networks.)

Thus, functions (5.1) and (5.2) are by a generalization of the power odd
activation function (3.1) (or (5.6)). This generalization is that function (5.2)
(unlike function (3.1)) is differentiable. Therefore, it becomes possible to use these
functions in the gradient methods of search algorithms (for example, in Algorithms
1 and 2 or in the backpropagation method [1-3,9,16]).

6. Algorithms for adjusting the weight coefficients of neural
ODEs with power activation functions

Suppose that we study the behavior x(t) of some dynamical system and we
can determine the dimension n of the space in which this system operates.

We introduce real numbers At > 0 and 0 < T < oo such that T" >> nAt.
Assume that for any ¢ € [0,T] vectors x(t + kAt) and %x(t + kAt) € R™ can be
measured; k = 0,1, .... (If the measurement of vector x(¢) is impossible, then the
standard approximation of derivative

1
(1) ~ 1 (el + A1) — ()
is used to find it.)
Algorithms are based on the least squares method [1| and the fact that we
know sufficient precision the components of x(t) and its derivative x(t).
Suppose that n time series

910,911, 9125 - - -, 91N,
920, 921, 922, - - -, 92N,
9n059nls Gn2y - - -, GnN
are given on the same time interval T" in equally spaced N nodes: 0, At, ..., kAt,

...,NAt =T. Thus, At =T/N.

The objective is to determine the dynamical system described by the equation
x(t) = F(x) from the known time series; here F : R™ — R™ is realized by a
multilayer neural network xj11 = x;, + At-F(x;); £ =0,1,... (see [9-11,17,25]).
The difference between the input x and the output F(x) is compared with x(¢) to
generate an error e(t) € R™. This error is used to adjust the network parameters
so that e(t) = x(t) —F(x) — 0. The function F(x) is the right-hand side of system
(3.5) with unknown parameters. It is necessary to minimize the error e(¢) (in any
norm) by adjusting some of the parameters included in (3.5).
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6.1. Algorithm 1: architecture of neural ODEs does not use
antisymmetric matrices

The algorithm implements a search procedure for approximating a time series
by solutions of a system of differential equations.

In this system: 1. There is a linear part. 2. The nonlinear part contains one
fixed even and one odd activation function that must be adjusted. 3. All matrices
of the system are matrices of general form (antisymmetric matrices are not used).

The model describing the process should be presented in the form of the
following system of differential equations of order n:

( i’l(t) =190 + €111 + -+ C1nTn + bnu(l'l) + bmu(xz) +---+ b1nu(:l:n)
+d11h(a?1) + dmh(l‘g) +--+ dlnh(aﬁn)7
Zo(t) = co0 + o121 + - - - + Conwp + baru(x1) + bogu(x2) + - - - + bapu(zy)
+d21h($1) + dQQh(:L'Q) +--+ dznh(ajn),
En(t) = cno + cn1x1 + -+ + Cun@n + bpru(zr) + bpou(za) + -+ - + bppu(xy,)
L +dn1h($1) + dngh(SUQ) +--+ Clnnh(xn)

(6.1)

Here u(z;) = piecewise(x; < 0, (—x;)°,x)); § > 1, v > 1 (even functions with

fix degrees); h(x;) = piecewise(r; < 0, —(—z;),28); a >, B > & (odd function
with adjustable degrees); i =1,...,n.

The purpose of the algorithm is to determine vector ¢y = (c1g, . .., cn0)’ € R?,
matrices C' = {¢;;} € R™", B = {b;j;} € R"*", D = {d;;} € R"*", and degrees
a, B of system (6.1); 4,5 = 1,...,n. The answer is presented in the form of matrix

Y = (¢o,C, B, D) € R™*Bn+1),
1. Fix a learning selections

910,911,912, - - - s 91m,;
920, 921,922, - - - s 92m,;,

9n059nl, Gn2;y - - -y Gnm;

where 0 < 1+ 3n < m < N. (The number of training elements m in the time
series should be more than the number of unknown coefficients 1 4+ 3n in any of
the equations of the system.)

1.1. Introduce positive numbers step, v, d, and integers M, > 0, M, > 0. (Let,
for example, be: step := 0.1, v := 1.5, § := 1.5, and M, := 20, M, := 20.)

1.2. Construct the matrix of numerical derivatives

g11 — gio 921 — 920 cee gnl — gno

1 912 — g11 922 — g21 e 9n2 — gnl

DER = c Rmxn.

9g1m —91m-1 92.m — 92;m—-1 --- YGnm — Inm—1
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1.3. Construct the matrix

u(g10) u(g0)  --- u(gno)
U u(gll) U(Qzl) % U(in) —
u(gl,.mfl) U(gz,lmfl) . . u(gn,.mfl)

2. Put k, := 1, kp := 1. (Start a double cycle for integer variables k, and kj.)
2.1. Fix the number o« := v + k, - step.
2.2. Fix the number 3 := § + k;, - step.
2.3. Construct a perturbation matrix

h(g10) h(g20) ... h(gno)
g h(g:11) h(gzzl) h(g:nl) € R,
h(gl,.mfl) h(92,.mfl) . . h(gn,-mfl)

and the Jacobi matrix for system (6.1):

1 910 e 9n0
we | M g g | e,
1 9g1m—-1 --- YGnm-—1

2.4. Check the condition rank W = 3n + 1. If rank W < 3n + 1 then fix some
number p € (0, 1] else p := 0.
2.5. Find the matrix Y using the least squares method:

YT = WTW 4 ul)"'WT . DER € RBnHxn,

(Here I € RB?HDXEBrHD) s the identity matrix.)
3. Compute the matrix of errors

and the total computational error at iterative steps k, and kp:
m n
Bk, :=tr(ERRT - ERR) = Z Z egj'
i=1 j=1

4. If ky < M, then ky := kp + 1 and go to item 2.2.

4.1. If k, = M, then go to item 5 else k, := 1, k, := ks + 1 and go to item
2.1.
5. Compute the integer numbers [, € {1,..., M,} and [, € {1, ..., M} such that

Ela,lb = min(ELl, e 7E]_7Mb,E271, . .7E27Mb,. . .,EMa,l, .. .,EMme).
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(End of the double cycle for integer variables k, and k.)

6. Print the matrix Y =Y}, ;, € R™ (G741 the numbers @ > 1, 8 > 1 and stop
the algorithm.

7. Solve system (6.1). If the solutions of system (6.1) diverge, then to increase the
values v and 0 by a small number A >0 (y:=v+ A > 0,6 : =60+ A) and go
to item 2. If for several values v and ¢ the solutions of system (6.1) still diverge,
then stop the algorithm.

Uy

Comment 6.1. If there are no matrices B or D in system (6.1), then there
are no fixed degrees of activation functions. Indeed, let B = 0, then Algorithm
1 works directly. If D = 0 holds, then the following redesignations of variables
B — D,y — a, and § — § should be introduced into Algorithm 1.

Comment 6.2. If the matrix D + D7 is negative definite, then the resulting
model of neural ODE will generate bounded solutions (see [25]).

6.2. Algorithm 2: antisymmetric matrices are used in the architecture
of neural ODEs

It is known that in most real dynamical systems, chaotic phenomena arise
as a result of the development of certain periodic processes. In this regard, in
order to model the chaotic behavior of such systems, it is desirable to include a
mechanism generating a limit cycle in the architecture of the neural network. In
turn, the cascade of bifurcations of the limit cycle will lead to the appearance
of chaos in the modeled system. The following algorithm is designed to simulate
limit cycles in real dynamic processes.

As an object of modeling, we will choose some generalization of system (4.8).
Consider the following matrix

S1 —d11 d12 ceodipa din
Sa —d12 —daa ... dan—1 dop,
S= : = : : : : € R™"
Sn—1 —dip-1 —dop—1 ... —dp_1p—1 dn—1n
Sn _dln _d2n v dn—l,n _dnn
(6.2)
such that (S + Dg) + (S + Do)T = 0. (Thus, (S + Dy) is antisymmetric.)
Now, we introduce the following system
il(t) = f1(010 + E ch;xi) + h1(51 - X+ bl),
i=1
To(t) = faleao + Do caixi) + ha(S2 - x + ba),
i=1 (6.3)

1‘n(t) = fn(cnO + Z Cm‘xi) + hn(Sn - X+ bn)
=1

Here f;(u) = piecewise(u < 0,4(—u)%,u*) are odd or even power functions,
hi(v) = piecewise(v < 0,—(—v)%, v") are odd power functions and ~; > 1;
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i =1,...,n. (System (4.8) follows from system (6.3) if we put deg fi(u) = 1,
Dy =1, and b; = 0 in the last system.)

It is known that the basis of search algorithms is the Jacobi matrix Jac. Let’s
form this matrix for system (6.3) using representation (6.2). In this case, the
vector of parameters z € RC:+7(+2) will be constructed as follows :

T
Z:(0107"'701”7'"7cn0a"'7Cnn7d117"'7d1n7d227"'7d2n7"'7dnn7b17"'7bn) .

Let m = 1. We introduce the following auxiliary matrices that will be needed
to construct the Jacobi matrix for system (6.3):

(Liz1,...,xn) ... 0
Jy = Diag; - ; : e R,
0 v (Lzg, ooy x)

Jy = Diagy - (—x, P1, Py, ..., Py_1,1,) € Rnx(C?ﬂrnJrl)’

where
, n
filewo + > crimi) ... 0
i=1
Diagy = z z e R,
n
0 - fn(cno =+ Z Cm'l‘z')
i=1
h’l(Sl-x—H)l) 0
Diagg = : . c IRan7
0 h,,(Sp - x+ by)
and

O(i—1)x(n—i) € ROE-Dx(n=1) ig the zero matrix; I,_; € R®=9x(=1) and [, € R**"
are the identity matrices; 1 =1,...,n — 1.

Now, we briefly describe the algorithm for adjusting the weights for system
(6.3).
1. Introducing objects that do not change in the iterative process.

1.1. Fix a learning selections (they are formed from time series):

910,911,912, - - -, 91m = ng
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920,921,922, - -, 92m = ggT

9n0,9n1s Gn2; - - - s Gnm = gg

1.2. Fix triplets of real numbers o; > 1, 8; > 1 and v > oy, > Bi; @ =
1,...,n.
1.3. Introduce the matrix

1 g1 920 -+ Gno
G=|: : : : = (1,81,82,...,8n) € R™(HL,

1 gim—1 g2m—1 -+ Gnm—1
1.4. Construct the columns of numerical derivatives:
gi1 — 9i0
1 gi2 — gi1

D= —
At

eR™i=1,...,n.
9im — Gim—1

2. k = 0. (The beginning of a global cycle.) Introduce the nonzero vector Y €
RCA+1(n+2) of initial approximations:

- T.
Yk'_(clow--vclna'"7677,07"'acnnadlla"'adlnadQQa”'adQTLa--'vdnn)bla"’vbn) )

(fOI“ example)Yo = (17 SRR 17 di1 = Oa 7dnn = 0707 B 0) € RC,%-i—n(n-i-Q),

the previous error Tj,_; = 71 := 10'9, and the number € := 0.001.
2.1. Construct the matrices

o
F; = . GRme’
0 gl

. n n
where f;;) = piecewise(cio + Y isgsj < 0,—Bi(—cio — O isgs;)P L, ailcio +

s=1 s=1

n
> cisgsi)®h), and
s=1

Y 0
o ... p9-

. n n n
where hg? = piecewise( Y, Sigj+bi < 0,7i- (= Y Sugiy — i)V, vi- (X Sugi; +
i=1 i=1 i=1
b)) i Y i=1,...,n;5=0,1,...,m— 1.
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2.2. Now we will use auxiliary matrices J; and Jo obtained for m = 1 in

order to construct the Jacobi matrix of system (6.3) in case m > 1. To do this,
we need to replace scalar variables 1,1,

..., Ty, respectively, by vectors vectors
1,21,...,8, € R™. Then, we have
Jac = (Jl(]-agla” '7gn)|<]2(17g17"' 7gn)) - Wk
-G 0 0 —Hy-g1 Hi-g ... Hi-gn
0 FQG 0 0 —Hg'gl 0
0 0 F,-G 0 0 —Hp - g1
0 0 0 0 H -1 0 0
—Hy-go Hs-gs3 Hy-g, 0 0 Hy-1 0
0 —Hs-go ... 0 0 0 0 0
0 0 . —Hpy g9 —H, - gn 0 0 H,-1

Here Wy, is (nm x (C2 + n(n + 2)))-matrix and 1 = (1,1,

DT eR™ .

2.3. Check condition rank Wy, = C2 + n(n + 2). If rank Wy, < C2 + n(n + 2)
then fix some number p € (0, 1] else p := 0.

2.4. Calculation of the right side of system (6.3):

n

n n
Rij = piecewise(cio + Z Cisgsj < 0, —(—cio — Z cisgsi)”s (cio + Z CisGsj)™)
s=1 s=1 s=1

n n n
+piecewise(z Sigij +b; <0,—(— Z Sagi; — bi)", (Z Sigj + bi)");
=1 =1 =1

wherei=1,....,mn; 5 =0,...,m— 1.
2.5. Form vectors:

R;o
R .
R; . e R™;1¢ 1,....n
Ri 1
3. Compute the vector of errors
T ._

Ei = (€1, €m,Cmtly---€2m,€2mily---1€3ms-- s Cnelims---,Enm) =
Dy — Ry
DBy |

D, - R,
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nm
and the total computation error at iteration step k: Tj := > e?.
j=1
4. If
Tpq1 > Ty + ¢,

then compute the vector
Vo =Y+ W Wi+ )™ W - By € RGO

else go to item 6. (Here I € R(Catn(nt2))x(Citn(nt2)) is the identity matrix.)
5. Put k:=k+1,

— T
Yk"_(cl()a"'761117---7Cn07"',cnnad11,'"adlnad22,'"7d2na'"adnnabla"'abn)

and go to item 2.1.

6. Print a graph of error changes Ty, 71, ..., T 1.

7. Print the vector Yi_; € RO +7(+2) and stop the algorithm.

8. Solve system (6.3). (If the solutions of system (6.3) diverge, then in the initial
conditions replace the value d1; = 0 with a sufficiently small value |d11| and go to
item 2.)

Comment 6.3. A chaotic dynamic process modeling should begin with building
a limit cycle. As Theorems 3.2 and 3.3 show, for a periodic trajectory to appear
in system (6.3), it is sufficient that b = --- = b, = 0. Therefore, Algorithm 2 can
be started by putting by =--- = b, = 0.

Comment 6.4. If the constructed model does not satisfy the necessary require-
ments, then it is possible to increase the number of neurons in the equation in
accordance with the architecture of system (3.5).

7. Modeling

7.1. Applications of Algorithm 1

To test the operability of Algorithm 1, the following system [36] will be used:

&(t) = y(t),
y(t) = —x(t) + (1), (7.1)
2(t) = 2 — 0.822(t) + 2%(¢).

For system (7.1), we solve the Cauchy problem with initial data zo = 0,yo =
2.3, zp = 0. From the obtained continuous z(t), y(t), z(t), we form time series with
step At = 1. To denote these series, we use the notations x(t) = z(t), z2(t) =
y(t),z3(t) = z(t);t = 0,1,2,...,300. Thus, we have m = 300.

We assume that B = 0. Then the use of Algorithm 1 with odd activation
functions leads to such coefficients of system (6.1):

0.00020 0.00955  0.99992 —0.00951
co=| —0.01967 |,C = —0.95541 0.00848 0.95059 ,
1.96685 —4.44895, 0.15144 4.93128
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0.00000  0.00000  0.00000
D= —-0.03484 0.00131  0.04126 ; o = 0.66666, 8 = 1.55555.  (7.2)
3.48409 —0.13084 —4.12689

Phase portraits of system (7.1) and (7.2) are presented in Fig. 7.1:

«t) 2(t) 13,2

3,0
| 15,2
1,51 ]
S 3.5 15
J \\/ -!355 x(t) ] 3,5 x(t)
10,0 IS -7, e AaaL e e > -8,5
28 0,8 -1,2 -3,2 -5,2 1,4 -0,6 2,6 -4,6
y(® y(®)
(al) (32)

Fig. 7.1. Phase portraits of system (7.1)(al) and (7.2)(a2)

Now, in order to simulate processes in system (7.1), we assume D = 0 and
again use Algorithm 1, but with even activation functions. Then we get such
coefficients of system (6.1):

0.00021 0.01000  0.99990 —0.01000
co= | —0.02067 |,C = —0.99964 0.01018  0.99956 )
2.06700 —0.02591 —-0.01766 0.03368

0.00000  0.00000  0.00000
B = 0.00735  0.00000 0.00926 | ;v = 2.05263,0 = 2.05263 (7.3)
—0.73552 —0.00296 0.92592

and
0.00006 0.00989 0.99993 —0.00021
co = —0.00619 | ,C = —0.98893 0.00679 0.98823 ,
0.61919 —1.09730 0.32107 1.16668

0.00000  0.00000  0.00000
B = 0.02060 —0.00296 —0.02438 | ;v = 0.66666, = 1.55555. (7.4)
—2.06034 0.29609  2.43823

Phase portraits of system (7.3) and (7.4) are presented in Fig.7.2:
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«t) ]
-6/5
P x 05 x®)
-11,5 \/. ig13 g1’35
40 1,5 -1,0 35 -60 - 5,2
¥(t)
(al) (a2)

Fig. 7.2. Phase portraits of system (7.3)(al) and (7.4)(a2)

Thus, we can assert that the use of even activation functions leads to more
accurate modeling (especially, system (7.3)) than use of odd activation functions.

7.2. Applications of Algorithm 2

Consider the following special case of system (4.9):

#1(t) = ay + '23:1 ar;xj + h(—di1w1 + diozs + di33)
+1/h(—Jl;d11:U1 + ladioxe + 3d1373)

Eo(t) = ag + ]§1 azjxj + h(—dizz1 — daoxa + d23xs) (7.5)
+vh(—l1di271 — lad2axs + l3d2373)

3
&3(t) = aso + Y azjxr; + h(—dizz1 — dogwa — d33x3)

j=1
L —I-I/h(—lldlg,xl — lodogzo — l3d33x3).
Here if v = 0(v = —1), then there is a limit cycle (a homoclinic orbit).
In addition, if v = 0, then h(v;) = piecewise(v; < 0, —(—v;)7,v]) is an odd
function; if v = —1, then h(v;) = piecewise(v; < 0, (—v;)?,v]) is an even function.

Here v > 1 di1,d19,d13,dss € R, where dy7 > 0;¢=1,...,3.

A triple of integers (I1, l2,13) accepts only one set of 2" —2 = 6 (n = 3) possible:
(=1,—-1,1);(-1,1,-1);(1,-1,—-1); (1,1,—1);(1,—1,1); (—1,1,1). The triplet
(I1,12,13) indicates one of the possible types of homoclinic orbits that can be
realized in system (7.5).

In this subsection, Algorithm 2 will only be used to simulate systems with
possible homoclinic orbits (v = —1). Therefore, instead of the nonlinear part
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h(Sx + b) in the system (6.3), the nonlinear part h(SG1x + b) — h(SGax + b)
should be used.

In order to check the performance of Algorithm 2, several well-known systems
were used. From the obtained continuous z(t), y(t), z(t), we form time series with
step At =1, where t =0,1,2,...,200. Thus, we have m = 200.

1. Lorenz system (4.10) at 9 = 1,50 = 1,29 = 8. For the Lorentz approxi-
mation, we need to take (I1,l2,1l3) = (—1,1,1).

1.1. For the classical Lorentz attractor, we have for system (4.10) o0 = 10,a =
27,b = 2.7 and h(v;) = piecewise(v; < 0, (—v;)%,v2);i =1,...,3. A graph of this
system is shown in Fig. 7.3 (al).

1.2. We form time series for system (4.10) and assign h(v;) = piecewise(v; <
0, (—v;)t5,v}5); i = 1,...,3. Then Algorithm 2 applied to system (7.5) leads to
the following results:

0.71269 —10.01641  9.94437 —0.00899
Ao= [ 0.69584 | , A= 54.83067 —2.42695 —-0.02138 |,
3.92098 —0.44238  0.27646 —3.32041

di1 = 0.00607,d12 = 2.63824, d13 = 1.08829,dos = dy1,de3z = 1.68198, d33 = dy1.
The graph of this system is shown in Fig. 7.3(a2).

1.3. Now we add the following terms to the corresponding right-hand sides of
each of equations (7.5):

(al) (a2)
Fig. 7.3. Phase portraits of system (4.10)(al), (7.5)(a2), and [(7.5)+(7.6)](a3)

3 3 3
hi(ato + > ayjz;), hilage + > agiz;), halaso + > as;a;), (7.6)
j=1 j=1 j=1
where hi(v;) = piecewise(v; < 0,—(—v;)'tol1);i = 1,...,3. In this case,

Algorithm 2 leads to the following results:

—0.09276 —4.25589  4.15270  0.00343
Ag=| —037044 |, A= | 2712403 —2.14111 0.00926
—6.40899 0.00761  —0.00245 —1.53054

)
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di1 = 0.00081, dy2 = 2.75407,dy3 = 0.83019,d2a = dy1,d23 = 2.63333,ds3 = dy1.
The graph of this system is shown in Fig.7.3 (a3).

Thus, in the case 1.3 (see Fig. 7.3(a3)), there was no improvement in the
quality of approximation.

2. Consider the following system without equilibrium points [38]:

&(t) = 10y(t),
g(t) = —x(t) + 32(t) + =(

t (7.7)
2t =1+ 2(t) — 2(t) —

)2(t),
Hy(t) + 0.25z(t)z(t),

where g = yo = zp = 1. The graph of this system is shown in Fig. 7.4 (al).
2.1. From the obtained continuous z(t), y(t), z(t) of system (7.7), we form time

series with step At = 1, where t = 0,1,2,...,5000. Thus, we have m = 5000.
We assign h(v;) = piecewise(v; < 0, (—v;)%,v2); i = 1,...,3. Then Algorithm 2

()

applied to system (7.5) leads to the following results:

0.00017 —0.01871 9.98680  0.02484
Ao =1 —0.05053 | ,A=| —0.99742 —0.36465 3.00322 ,
2.22924 0.99120  0.01164 —0.52040

d11 = —0.1000,d12 = —0.00573,d13 = —0.00573, dag = 43.63002, d2o = —0.1182,
d33 = 10.81835. The graph of this system is shown in Fig. 7.4 (a2).

2.2. Now we will assign h(v;) = piecewise(v; < 0, (—v;)*", v+7); i =1,...,3.
In this case, Algorithm 2 leads to the following results:

0.05826 —0.22723  9.75617  0.24837
Ag = 1.49581 A= —1.93969 —3.59190 2.94801 ,
13.51462 0.92691  0.18019 —6.16120

d11 =0.01850,d12 = 1.30116, dy3 = 1.30705, des =—0.71111, doy = 0.01463, d33 =
—0.16564. The graph of this system is shown in Fig. 7.4 (a3).

-340

-140
160 y@®
260

-90 10 110

Fig. 7.4. Phase portraits of system (7.7)(al), system (7.5) at deg h(v) = 2 (a2),
and system (7.5) at degh(v) = 1.7 (a3)

Thus, the quality of the approximation deteriorates if degh(v) < 2.
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7.3. Modernization of Algorithm 2 for use of activation functions (5.2)

Assume for simplicity that n = 3. Now we will demonstrate Algorithm 2 for
modeling a dynamic process for given time series. We also suppose that the result
of such modeling should be the following system of neural ODEs:

&1(t) = c10 + cr1x1 + c12x2 + c13x3 + hi(—diiz1 + digxs + dizzs),

Z2(t) = co0 + 2171 + C22x2 + c23x3 + ha(—di2x1 — dooxa + dazxs),  (7.8)
#3(t) = c30 + c3171 + c32m2 + c3373 + ha(—di3z1 — dazwa — d3zz3).
(System (7.8) is a special case of system (6.3), in which we set fi(u) = u, b; =
Oi=1,...,3)

Now we will assume that in system (7.8) : h;(u) = w;(u, a4, fi, ¢i),i =1,...,3
(see (5.2)). The main goal of the modernization of Algorithm 2 is to replace the
Jacobi matrix of system (6.3) with the Jacobi matrix of system (7.8).

In system (7.8) the space of parameters (weights) is defined by the vector

._ T _ 18
Y := (ci0,...,€13,€20,- - -, €23,€30, - - -, €33, d11, d12, d13, da, d23, d33)" € R™®.

Therefore, the Jacobi matrix in this case is

G 0 0]|—-hy-g hi-g hi-gs 0 0 0
w=[ 0 G o 0  —hhy-gi O | —hy-gs hy-gs 0
00 G 0 0 —hy-g 0 —hygy |—hy- gs

Here the derivative h;- = h;u(u) = h;u (riz1+rowe+1r3x3) is calculated by formula
(5.3). (For example, if h(u) = (21 + x2 + x3)%, then h'(u) = 2(x1 + o + x3)).

Quite often in system (7.8) (or (6.3)) it is assumed that di; = da2 = d33. In
this case, the space of parameters is defined by the vector

. T 16
Y :=(ci0,-..,€13,€20, - - .,C23,C30, - ., C33,d11,d12,d13,d23)" € R

and the Jacobi matrix takes the form

G 0 0 —hyi-g1 hi-g hj-gs 0
W=| 0 G 0 —hy-g —hy-g 0 hy gz | € R¥™*16,
0 0 G —h3-g3 0 —hg-g1 —hs-go

Further, we form the vectors of the right parts of system (7.8): Rij; = ci0 +
c11915 + 12925 + 13935 + hi(—di1g1; + di2go; + di3g3;), Roj = c20 + co1915 +
22925 + 23935 + ha(—di2g1; — di192j + do3gsj), R3; = c30 + c31915 + 32025 +
c3393j + h3(—di13g1; — dazgej — di1g3;); 7 =0,...,m — 1.

Finally we compose vectors

R
Riy ,
R; = . eR™i=1,...,3.

Ri,m—l
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System (7.8) is written for arbitrary activation functions hj(u),...,hs(u). If
these functions are given by formula (5.2), then system (7.8) takes the following
form:

( .
a:l(t) = C109 + C11%1 + €C1222 + C13X3
1 B1

. . -1 -1 —1
—i—pzecewzse{—dnxl + di9x9 + digzs < —cfl 7_6161 cfl

(diizy — dizze — digz3)™t 21T
- ,—dnz1 + digwy +digrs < ¢t

5 t
c1+(—diizy + digxe + dizxs), 042[7;16{1111 n (—=diiz1 + d102§32 + dizx3)™ |
Eo(t) = co0 + 2121 + c22%2 + 2373 1 |
+piecewise [—dmxl — dooxg + dozxs < _0527—17 —%céﬁ%l
(d1ox1 + daowa + dagxs)P? L

—
- , —di221 — dooxo + dozxs < 5%,
«

B2
2 _d _ d d a2
1 a2 (—digz — dooxo + dozxs)
o (—digx1 — doawa + dagxs), 2 —cy® + . )
2

i3(t) = c30 + c3171 + 3202 + C3373
B3

1
' j Bg—1 3—1 Ba—1
—}—pzecewzse[—dlgxl — do3y — d3zxz < —cj® ’_6%3 el

(di3w1 + dogwa + d33w3)” 1
- , —d13w1 — dogxo — d3zwy < c3®
(¥3

B3

az—1 az-—1
c3-(—di3wy — dozwy — dg3wy), “5—=c3® + -
L 3

(—diz3x1 — dogwy — d3zxz)™®

(7.9)
Now everything is ready to use Algorithm 2 when modeling 3D systems with
activation functions (5.2).

8. Conclusion

As can be seen from the above examples, Algorithms 1 and 2 correctly indicate
the tendency of the behavior of dynamic processes described by certain time series.
Now, based on the obtained models, we can describe them more precisely: for
example, if approximate the derivatives by finite differences of the second or third
order. Various combinations of odd and even power functions can also be used
in the simulation. (Corollary of Theorem 2.2 guarantees the achievement of the
required approximation accuracy only for odd activation functions. Nevertheless,
the introduction of even activation functions sometimes makes it possible to
achieve the required accuracy with a smaller number of terms.) Moreover, adding
new power-law nonlinearities to the model equations also improves the quality of
the approximation.

The main results of this article are as follows:

1. Due to the concept of odd activation function introduced in [25], a simplified
version of the classical approximation Theorem 2.2 (this is Corollary of Theorem
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2.2) was obtained. As a result, representation (2.1), where generally speaking
&; # 1, was replaced by representation (3.4) with §; =1; j =1,...,m.

2. Conditions for the existence of periodic solutions in neural systems of
ordinary differential equations with power nonlinearities were found.

3. Theorems 3.1 and 4.1 represent a constructive approach to solving the
problem of the existence of chaos in dynamical systems with power-law nonlinea-
rities. (This approach is more general than the approaches indicated in [32-34].)

In addition, it was found that neural ODEs with power-law activation functions
can generate strange non-chaotic attractors (see Fig. 4.6).

4. Algorithms for approximating time series using antisymmetric neural ODE,
the architecture of which allows the possibility of modeling limit cycles or homo-
clinic orbits, have been developed (Algorithm 2 and its modifications associated
with modeling systems (4.9) and (7.5)).

5. Let g(AX+ b) = (gl (allxl +-tamTn + b1)7 ey gn(anlxl + - apnTn +
b,))T. Algorithm 2 can also be applied to simulate the following systems, which
generalize system (6.3):

x(t) =fi(Aix+by) + ... + f(Agx + br) + h(Sx + ¢).

Here fi(x),...,fr(x),h(x) are power vector functions, and the components of
function h(x) are odd; degh(x) > degf;(x),i = 1,...,k (see Section 4); Ay,...,
Ag, S € R™™ and the matrix S is the same as in (6.2); by,...,bg,c € R™. In
addition, the first block of the Jacobi matrix Wy, in item 2.2 of Algorithm 2 must
be replaced with the following k blocks:

-G 0 0 Fii -G 0 0
0 Fis-G ... 0 0 Fro- G ... 0
0 0 . Fip-G 0 0 voe Fip -G
where the matrix G and matrices of derivatives Fji,..., Fijp;e = 1,...,k are

defined in items 1.3 and 2.1 of Algoritm 2.

6. The developed methods for adjusting the coefficients of antisymmetric
neural ODEs for solving the approximation problem make it possible to use
the obtained coefficients as initial weights for deep learning of recurrent neural
networks for which the mentioned neural ODEs were designed.

Indeed, let us replace the reconstructed neural ODE x(¢) = f(x) € R" with
its difference analogue x;41 = xi + f(x;) - At € R™, where £k =0,1,..., K < o0,
and K is the number of layers. Then, by adjusting the value of step At > 0, we
can get RNN (At — 0), which adequately simulates the process under study for
some (At)* and K*.
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Abstract. We discuss the existence of solutions to an optimal control problem for the
Cauchy-Neumann boundary value problem for the evolutionary Perona-Malik equations.
The control variable v is taken as a distributed control. The optimal control problem is
to minimize the discrepancy between a given distribution ug € L?(Q) and the current
system state. We deal with such case of non-linearity when we cannot expect to have
a solution of the original boundary value problem for each admissible control. Instead
of this we make use of a variant of its approximation using the model with fictitious
control in coefficients of the principle elliptic operator. We introduce a special family of
regularized optimization problems for linear parabolic equations and show that each of
these problems is consistent, well-posed, and their solutions allow to attain (in the limit)
an optimal solution of the original problem as the parameter of regularization tends to
Zero.

Key words: Perona-Malik equation, optimal control problem, fictitious control, control
in coefficients, approximation approach..
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1. Introduction

Recently, in the context of time interpolation of satellite multi-spectral images,
the following model has been proposed (see [8])

ur — div (f (|Vu|) Vu) + (Vu,b) =v in Q@ =(0,T) x Q, (1.1)
u(0,2) = up(z) in Q, (1.2)
dypu(t,z) =0 on X =(0,T) x 09, (1.3)

where 0 C R? is a Lipschitz domain, b € B,q and v € U,y are the control
functions with

Boa = {b€L®Q)’NBV(Q)* : [|bllp~(q)y <k}, (1.4)
Voq = {ve L?(0,T;L*(Q))}, (1.5)
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0, stands for the outward normal derivative, f € CY1(R,) is a non-increasing
real function such that f(s) — 0 when s — +o00 and f(s) — 1 when s — +0. In
particular,

1

f(IVul) = T4 Va2 (1.6)

In fact, the Cauchy-Neumann problem (1.1)—(1.3) can be viewed as some
improvement of the Perona-Malik model [23] that was proposed in order to avoid
the blurring in images and to reduce the diffusivity at those locations which have
a larger likelihood to be edges. This likelihood is measured by |Vu|2.

However, the indicated problem is ill-posed due to the degenerate behavior
of the multiplayer f(|Vul|), f(|JVu|) — 0 as the gradient |Vu| tends to infinity.
So, equation (1.1) acts like a standard convection-diffusion equation inside the
regions where the magnitude of the gradient of u is weak, whereas at those points
where the magnitude of the gradient is large enough, the diffusion is 'stopped’.

Moreover, it can be shown that the equation (1.1), as an example of the
nonlinear equation of the porous medium type, combines forward-backforward
diffusion flow with the convection (or drift) of the function w in accordance
with the velocity field b. In particular, the operator div (f (|Vul|) Vu) implies
the forward diffusion in the regions where the squared gradient magnitude of the
function u is less than 1, whereas the backward diffusion appears in the area where
absolute values of the gradient are larger than 1.

Thus, the model (1.1) is an ill-posed problem from the mathematical point
of view and can produce many unexpected phenomena (see [13]). In particular,
we have no results of existence and consistency of the initial-boundary value
problem (1.1)—(1.3). To overcome this problem, many authors have been looking
for some regularizations of the equation (1.1) which inherit its usefulness in image
restoration but have better mathematical behavior (see, for instance, [1,3,7,14,15,
21] and the references therein). In order to guarantee the existence and uniqueness
of solution to the initial-boundary value problem (1.1)-(1.3), the authors in [8]
proposed to specify the equation (1.1) as follows

ur — div (K(t,x)Vu) + (Vu,b) =v in Q= (0,T) x Q (1.7)

with K(t,x) = f(|VY)]), where VY = VG, % Y* is the spatially regularized
gradient of Y*, G, denotes the two-dimensional Gaussian filter kernel,

1 =2
=3 5€ 207, z € R?,
xe

(VGe xY™) (2) := /QVGU({L‘ —y)Y*(y)dy, Ve,

Go(x)

and Y* € C([0,T]; L?(9)) is a special function which describes the simplest model
of image evolution over the interval [0, 7], and this function is defined as a solution
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of the following optimization problem

L%

— div (f (|VYU|) vY)|t:(T0+T1)/2
t=(To+T1)/2

+ (VY|t:(TO+T1)/2 ,b) _ v)Q} 0

+/ MV + 23 (Vb1 * + Vb2 [*)] de —  inf . (1.8)
@ b:giéié)g)

However, it is well-known that the Perona—Malik model with the spatially
regularized gradient has several serious practical and theoretical difficulties. The
first one is that the spatial regularization of gradient in the form f (|VG, * ul)
leads to the loss of accuracy in the case when the signal is noisy, with white
noise, for instance [7]. Then the noise introduces very large, in theory unbounded,
oscillations of the gradient Vu. As a result, the conditional smoothing introduced
by the model will not help, since all these noise edges will be kept.

The second drawback of the Perona—Malik model with the regularized gradient
(see also the model (1.7), (1.2), (1.3)) is the fact that the space-invariant Gaussian
smoothing inside the divergent term tends to push the edges in u away from their
original locations. We refer to [26] where this issue is studied in details. This
effect, known as edge dislocation, can be detrimental especially in the context of
the boundary detection problem and its application to the remote sensing and
monitoring.

In view of this, our prime interest in this paper is to study the equation (1.1)
and the corresponding PDE-constrained optimization problem without the space-
invariant Gaussian smoothing inside the divergent term. With that in mind we
consider the following optimal control problem

1
D (i)
. 1+ |Vul?

1 2 AT 2 g T 2
+ - | Ju(T) —ug|”dx + = |Vul|* dedt + = |v|* dxdt (1.9)
2 Ja 2Jo Ja 2Jo Juw

subject to the constraints

(R)  Minimize J(v,u) = /

ug — div <1+V|$u’2> =vxw In Qr:=(0,T)xQ, (1.10)
dyu=0 on (0,7) x 01, (1.11)

u(0,) =up in £, (1.12)

v € Voq := L*(0,T; L*(w)), (1.13)

where T > 0,  is a bounded open subset of RY with a Lipschitz boundary, N > 2,
1, z € w,

0, z€Q\w } is the characteristic

w is an open nonempty subset of 2, y, = {
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function of the set w, 9, stands for the outward normal derivative, ug, ug € L*(Q)
are given functions, A,y are given positive constants, and v : w — R is a control.

Let us mention that control problems for the non-smoothed Perona-Malik
equation have received very little attention in the literature. Formulating the
control problem (1.9)—(1.13) for the nonlinear equation of the porous medium type
is mainly motivated by the observation that this statement can be successfully
applied to the image processing, in particular, to the reduction of mixture of
Gaussian and impulse noise with keeping safe the image contours and texture
(see, for instance, [2] and the references therein). On the other hand, the novelty
of this problem is that we involve into optimization the nonlinear equation with
rather special type (non-convex and non-coercive) of non-linearity. Because of this
the situation is even more delicate since (1.10) is not well-posed for the given type
of non-linearity.

As was mentioned before, the operator div (f (|Vu|) Vu) with a function f
given by (1.6) provides an example of a non-linear operator in divergence form
with a so-called degenerate nonlinearity. Moreover, since the function RY 3 s —
ﬁ € RV is neither monotone nor coercive, we have no existence result for the
initial-boundary value problem (IBVP) (1.10)-(1.12) and its uniqueness. With
that in mind, we say that (v,u) is a feasible pair to the problem (1.9)—(1.13) if

v € Voq := L*0,T;L*(w)), we L*0,T;HY(Q)), J(v,u) < +oo, (1.14)

and the following integral identity

/ / < % 1V+u|vV<T3> dwdt:/()Tlvwdfdt+/§luO(x)w(0,x)dx

(1.15)
holds for any function ¢ € ®, where

d={peC'(Qr) : ¢(T,-)=0inQand d,p =0o0n (0,T) x 0N} .

In order to find out in what sense the solution takes the initial value u(0,-) =
ug, we give the following result.

Proposition 1.1. Let (v, u) be a feasible pair to the problem (1.9)—(1.13). Then,
for any n € C§°(f2), the scalar function h(t) = /u(t,x)n(x) dx belongs to
Q

WH1(0,T) and h(0) = / uo(x)n(x) dz.
Q

Proof. We set ¢(t,z) = n(z)((t) where ((-) is a smooth function on [0,7] and
¢(T) = 0. Then it is clear that ¢ € ® and, therefore, the integral identity (1.15)
yields the equality

[ [-moco ([ S53D a [poar) co] o= ( [ wanas) o,

H(t) k

(1.16)
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Since h € L'(0,T) and H € L'(0,T), it follows from (1.16) that » € W11(0,T),
i.e., the function h(t) is absolutely continuous on [0, T]. Moreover, from (1.16) we
deduce that h(0) = k. O

For further convenience we denote the set of all feasible solutions to the
problem (1.9)—(1.13) by Z. Because of the degenerate behavior of multiplier f(|Vul),
the structure of the set = and its main topological properties are unknown in
general.

The main focus in this paper consists in providing an approximation framework
which in spite of the technical difficulties leads to an implementable scheme,
namely, to the so-called indirect approach proving the existence of optimal solu-
tions and giving the procedure of their efficient approximation. With that in
mind, we show that the original optimal control problem (1.9)—(1.13) can be
approximated efficiently by a special family of optimal control problems for linear
parabolic equations with the fictitious BV -control in the principle part of elliptic
operator div (pVu). In spite of the fact that the concept of fictitious controls is
not new in the literature, in this paper we utilize it in a new manner combining
it with the pointwise convergence of the gradients of solutions to some parabolic
equations.

The paper is organized as follows. In the next section, we give some prelimina-
ries and notions that will be needed in the sequel. Section 3 contains a few technical
results concerning the almost everywhere convergence of the gradients of solutions
to linear parabolic equations with BV -coefficients in the main part of the elliptic
operator. These results were obtained in the spirit of Bocardo and Murat approach
(see Theorems 4.1 and 4.3 in [6]). In Section 4 we give a precise statement of
the fictitious optimal control problems for linear parabolic equations with the
constrained BV -controls in the coefficients. We also discuss in this section the
existence issues for the proposed control problems. The announced approximation
framework is the subject of Section 5, where we provide an asymptotic analysis of
a family of approximated optimal control problems and show that some optimal
pairs to the original problem (1.9)—(1.13) can be attained (in an appropriate
topology) by optimal solutions to the approximated problems.

2. Preliminaries and Basic Definitions

We begin with some notation. For vectors ¢ € RY and n € RV, (&,n) = &'y
denotes the standard vector inner product in R, where * denotes the transpose
operator. The norm |£] is the Euclidean norm given by || = 1/ (&, &).

Let Q be a given bounded open subset of RN (N > 2) with a sufficiently
smooth boundary. We suppose that the unit outward normal v = v(z) is well-
defined for HN"-a.a. © € 09, where a.a. it means here with respect to the
(N — 1)-dimensional Hausdorff measure H~~!. For any subset D C © we denote
by |D| its N-dimensional Lebesgue measure £V (D). For a subset D C Q let D
denote its closure and 0D its boundary. We define the characteristic function xp
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of D by
(2) = 1, for z €D,
XDAT) = 0, otherwise.
Let X denote a real Banach space with norm || - ||x, and let X’ be its dual.

Let (-,-)x:.x be the duality form on X’ x X. By — and X we denote the weak
and weak™® convergence in normed spaces, respectively.
For given 1 < p < 400, the space LP(Q; RY) is defined by

PQRY) = {f: Q5 RY ¢ |fllpem < +0o}

where || f|l poryy = (Jolf(2)[P daz)l/p for 1 < p < 4o00. The inner product of
two functions f and g in LP(€;RY) with p € [1, 00) is given by

N
(F)imaas) = [ (@.g@) do= [ 3 filaao)do.

Qg

We denote by C°(RY) a locally convex space of all infinitely differentiable
functions with compact support. We recall here some functional spaces that will
be used throughout this paper. We define the Banach space H'(Q) as the closure
of C(RY) with respect to the norm

1/2
Wl = ( [ 2+ 193 dw) .

We denote by (Hl(Q))/ the dual space of H'(). We also set H'(Q;09) =
{ue H(Q) : % =0}.

Let kK > 0. In what follows, we will often use composition of functions in
Sobolev space H'(2) with the Lipschitz continuous function

Ti(s) = max {—k, min {s, k}}.

We recall the well-know result on Sobolev spaces about composition with regular
functions.

Theorem 2.1. Let G : R — R be a Lipschitz continuous function such that
G(0) = 0. If u belongs to H*(RY), then G(u) belongs to H () as well, and

VG(u) = G'(u)Vu  almost everywhere in €.
As a result, we have
VTi(u) = Vuxp{|u| <k} almost everywhere in Q. (2.1)

Weak and Strong Convergence in L'(Q). Throughout the paper we will often
use the concepts of the weak and strong convergence in L!((2). Hereinafter, e



48 P. Kogut, Ya. Kohut, R. Manzo

denotes a small parameter which varies within a strictly decreasing sequence of
positive numbers converging to 0. When we write € > 0, we consider only the
elements of this sequence, in the case € > 0 we also consider its limit € = 0. Let
{ac}..( be a sequence in L'(Q). We recall that {ac}.. is called equi-integrable
if for any & > 0 there is 7 = 7(0) such that [¢|ac|dz < ¢ for all a. and for every
measurable subset S C Q of Lebesgue measure |S| < 7. A sufficient condition for
the sequence {a.},., to be equi-integrable is that there exists a constant C' > 0
such that

sup/|a€|1+9 de < C (2.2)
e>0J0

for some 6 > 0.

Theorem 2.2 (Dunford-Pettis). Let {a.}.., be a sequence in L*(2). Then this
sequence is relatively compact with respect to the weak convergence in L'(Q) if
and only if {ac},~q is uniformly bounded in L*(), i.e., sup. ||ucll 10y < +00,
and {ac}, - is equi-integrable.

Theorem 2.3 (Lebesgue-Vitali). If a sequence {ac}.., C L'(Q) is equi-integrable
and there exists a function a € L'(Q) such that a.(x) — a(x) almost everywhere
in § then a. — a in L' ().

A typical application of Vitalis®™s theorem is provided by the next simple
lemma.

Lemma 2.1. Let {a.}.., be a sequence in L'(Q) such that a-(z) — a(x) almost

everywhere in €, and this sequence is uniformly bounded in LP(QY) for some p > 1.
Then
a: —a in L"(Q) foralll <r <p. (2.3)

The next lemma is useful in many applications.

Lemma 2.2. Let {a:}..o, {b}.5¢, @, and b be a measurable functions such that

as(z) = a(x) a.e. in Q, Sl>118 llac|l o (o) < oo, (2.4)
€
b. = b in LY(Q). (2.5)
Then
abc L'(Q) and acb. — ab in L'(Q). (2.6)

Functions with Bounded Variation. Let f :  — R be a function of L'().
Define

/Q\Df|=sup{/ﬂfdivgpdx :

@ = (1, on) € CHORY), Jp(a)| <1 for 2 € 0},
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where div p = le\il gﬁz According to the Radon-Nikodym theorem, if [,,|Df] <
+o00 then the distribution D f is a measure and there exist a vector-valued function
Vf e [LY(Q)]Y and a measure D, f, singular with respect to the N-dimensional
Lebesgue measure £V | restricted to ©, such that

Df =vfLN|Q+ D,f.

Definition 2.1. A function f € L'(Q) is said to have a bounded variation in {2
if [o|Df| < +o0. By BV() we denote the space of all functions in L'(£2) with
bounded variation.

Under the norm || f||gv() = IIflli@) + Jo!Df], BV () is a Banach space.
The following compactness result for BV -functions is well-known:

Proposition 2.1. The uniformly bounded sets in BV -norm are relatively compact
in L'(Q).

Definition 2.2. A sequence {f}32, C BV(§) weakly-* converges to some f €
BV (), and we write fj X f if and only if the two following conditions hold: f; —
f strongly in LY(Q), and Dfy, — Df weakly-+ in M(Q;R"Y), where M(Q;RY)
stands for the space of all vector-valued Borel measures which is, according to
the Riesz theory, the dual of the space C(£2;R™) of all continuous vector-valued
functions ¢ vanishing at infinity.

In the proposition below we give a compactness result related to this conver-
gence, together with the lower semicontinuity property (see [4]):

Proposition 2.2. Let {f;}?°, be a sequence in BV (2) strongly converging to
some f in L'(Q) and satisfying supgey [o|Dfi| < +00. Then

(i) f € BV(Q) and [,|Df| < liminfy_oo [o|D fil;
(i) fr = fin BV(Q).

The following embedding results for BV -function is useful in many applications
(see [5, p.378]).

Proposition 2.3. Let © be an open bounded subset of RN with a Lipschitz

boundary. Then the embedding BV (2) — L¥-1 (€2) is continuous and the embed-
dings BV () < LP(Q) are compact for all p such that 1 < p < % Moreover,
there exists a constant Ce,, > 0 which depends only on €2 and p such that for all

u in BV (Q),
1/p N
(/Q]u\pd:v> < Cemllullpv(e), Vpe€ [1]\;_1] -
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3. Some Auxiliaries

In this section we give a few technical results that can be viewed as some
specification of the well-known results of Bocardo and Murat (see Theorems 4.1
and 4.3 in [6]).

Proposition 3.1. Let {uy},cy be a weakly convergent sequence in L*(0,T'; H*(12)),
and

up — v weakly in L0, T; H'(Q)). (3.1)
Assume that
ouy, ) ,

where {hy},y is a bounded sequence in L?(0,T; H~*(£2)). Then
up —u  strongly in L2 .(0,T; L} .(Q)). (3.3)

Proof. For arbitrary test functions ¢ € C§°(2) and n € C§°(0,T"), we set

B(t,7) = n(O0(a), 7= bk g = Phic+ S

Then, in view of the dense embeddings H'(Q) C L?(Q2) ¢ H~(Q), we see that,
for any bounded open subset S such that supp (¢)) C S C €,

a¢(t7 )
o

— =q, in D'((0,T)xS), VkeN,

2i(t,-) € HY(S) and t,-) e HY(S) ae. te(0,T),

sup ||ZkHL2(0,T;H3(S)) < C, sup |lakll20,m;m-1(s)) < C with some C > 0. (3.4)
keN keN

Moreover, all these functions have their support included in the same compact
subset of (0,7) x S.

Since the embeddings H}(S) < L*(S) and L?(S) < H~'(S) are compact,
the brilliant Aubin’s Lemma (see [24, Section 8, Corollary 4]) and conditions
(3.4) ensure that the sequence {2}, is compact in L(0, T’; L*(S)). This implies
(3.3). O

Proposition 3.2. Let ¢ € (0,1) and K € (0,00) be given values. Assume that
the sequences

{we}py C L2(0, Ty HY(Q), {2, € L2(0,T; L),

and  {p}22, C BV(Qr) N I%(Qr) (3:5)
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are bounded and such that
up — u weakly in L2(0,T; H(Q)), (
vp — v weakly in L?(0,T; L*(Q)), (
pr — p weakly-x in BV (Qr) and a.e. in Qp, (
(
3

pr > ¢ ae. in Qp, VkeN,

C{)(;? —div (ppVug) = v in D'(Qr), VkeN. (3.10

Then
VT (ugp) — VT (u) strongly in L2, .(0,T; L7 .(Q)Y, (3.11)

where T, : R — R is the truncation at height K.
Proof. Let us denote the duality pairing between

L0, T; HY(Q)) and L*(0,T; H(Q))

by < -+ >@g,. We also set Sk(u) = / Tk (s)ds. Then, using the trick with

approximation by convolution, it is easy to show that:
For any ¢ € C5°(0,T;C5°(Q)) and any u € L0, T; H (Q))

with ?;: € L*(0,T; H1(Q)), we have

<§Z,¢TK(U)>QT = _/Q gsz( ) dxdt. (3.12)

With an arbitrary compact subset A C Q7 = (0,7T) x Q) we associate a function
da € C§°(0,T;C5°(£2)) such that 0 < ¢pa(t,x) <1in Qr and ¢4(t,z) =1 on A.
Then using in (3.10) the test function

2p = [Tk (ur) — T (u)] o4,

we obtain

<a;f,¢ATK(uk) by G12) // %SK (ug) dzdt

and, therefore, (3.10) yields

ﬂ aquS}( ’U,k dacdt— <a k,¢ATK( )>
T Qr

+/ dapr (Vug, VIg(ur) — VTk(u)) dxdt
Qr
+ // [TK(Uk) - TK(U)] Pk (Vuk’vqu) dadt

T
- /O (0 [T () — Toc ()] 64 -1y rpcey - (3:13)
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As follows from the initial assumptions (3.5)(3.8), the sequence {hy }; o with
h = div (ppVug) + vg

is bounded in L2(0,7; H=(Q)). Then, Proposition 3.1 implies that, up to a
subsequence, the following assertion holds

Tr(ug) — T (u) — 0 weakly in L2(0,T; H'(Q)),
Tr(up) — T (u) — 0 strongly in L7 .(Q7), and a.e. in Q7. (3.14)

Therefore, the last term in (3.13) tends to zero as k — oo.

Moreover, using the fact that pg(z) — p(z) — 0 a.e. in Qr and the sequence
{(Vuk, Véa)}en is bounded in L?(Qr), we deduce that

// [Tx (up) — Tr ()] pr. (Vug, V) dedt — 0 as k — oo.

Since

%SK(uk) TK(uk)% in D/((O,T) X Q) VEkeN,

it follows from Proposition 3.1 that Sk (u) — Sk (u) strongly in L (Qr), which

yields
// %SK (ug) daxdt = // %SK ) dzxdt.
k:—>oo T T

As for the second term in (3.13), we see that ¢ Tk (u) € L2(0,T; Hi(Q2)) and %
is a bounded term in L2(0,7; H~(9)). Hence,

Ouy, by (3.12) 8¢A
< ,PaTK (u )>Q <at7¢ATK< >QT //T u) dxdt

as k — oo.

Thus, we have shown that

hm /Q dapr (Vug, VTg(ur) — VT'k(u)) dedt = 0. (3.15)
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Taking this fact into account, we observe that
// ) dap|VTx (ur) — Vi ()| ddt
_ /QT 64 (p— o) (VT (wp), VT (ug) — VT () dadt
+ / 04 (Vi) = VT (), VT () — VT () dd
- | 0a(p = ) (VTic (o), ¥Tic(m) ~ V() da
+ / 04 (e Tic(), VTic () — VTic(w) dads
_ / |, 04 PV Tic(w), V() = Vic(w) dod
- | 04— ) (V). VTic () — VTic(w) das
+ / 0 (¥, Vi) = VTic(w) e
— / o da (puVu, VT (uy) — VTx (u)) xa, dzdt
- / | 04V T(), Vi) ~ VTk(w) dadl, (3.16)

where xa, stands for the characteristic function of the set

Ay = {(t,l’) €EQr : ’Uk(t,l’)‘ > K}
In view of (3.8), (3.14), and (3.15), we have:

/ 6.4 (p — pr) (VT (ug), VT (ug) — VT () dadt ™ 25" 2 g,
T

/ b4 (pVuk, VIk(ug) — VTk(u)) dedt = = 0,
Qr
g

/Q ¢4 (pVTk (u), VIk (u) — Vg (u)) dudt

As a result, it follows from (3.16) that
lim // ¢Ap|VTK(uk) - VTK(U)|2 dxdt
k—o0 Qr

k—00

——tim [ 64V Vi) = VI () xa, dod.
Qr
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Utilizing the fact that xa, VI'kx(ur) = 0 almost everywhere in Qr, we see that
lim // PAp|VTk (ur) — VTK(U)‘2 dxdt
k—o00 Qr

= lim // o4 (pVu, VIg(u)) xa, dedt.
Qr

k—o0

Moreover, in view of the weak convergence (3.6) and the Lebesgue dominated
Theorem, we have

¢AVTx(u)xa, — 0 strongly in L2(Qr)".

Hence,

0= lim // 60| VT (ug) — VT ()| dadt > || T (ug) — VT ()2
*©MJQr

and we arrive at the announced convergence (3.11). O

In fact, the main result of Proposition 3.2 can be specified as follows.
Theorem 3.1. Let e € (0,1) be a given value and let
{ue}pzy € L20, T HY(Q)),  {wedply € L2(0,T; L (),

0 3.17
and  {pitrey C BV(Qr) N L>®(Qr) (8:17)
be bounded sequences satisfying conditions (3.6)—(3.10). Then

Vg — Vu strongly in L0, T; LY(Q)N for any q € [1,2). (3.18)

Proof. We fix an arbitrary compact subset A C Qr = (0,7") x Q and associate
with it a smooth function ¢4 € C§°(0,T; C5°(2)) such that 0 < ¢u(t,z) < 1
in Qr and ¢4(t,x) = 1 on A. In accordance with the initial assumptions, the
functions {vy}ro; and v belong to the space L?(0,T; H~1(f2)). Hence,

Guk

0
8—;‘ e L0, TsHTN(Q) and S e L0, T HT(Q), VkeN.
Therefore, in order to perform the usual integration by parts in the variational
equality (3.10), we can use for this T (ur — u)d4 as a test function. Taking into
account the representation (3.12) and using the fact that

W — div (pgVuy, — pVu) = v —v in D'(Qr), VkeN,
we obtain
094
- WSK(W — u) dxdt + oA (prVug — pVu, VT (up — u)) dxdt
T T

+ //QT [Tk (up — u)] (prVur, — pVu, Vo) drdt

T
= | o= v i = 0] )1,y (3.19)
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Due to Proposition 3.1, we have

Ty (up, — u) — 0 weakly in L2(0,T; H'(Q)), (3.20)
Tr(up —u) — 0 strongly in L}, .(Qr), and a.e. in Qr, (3.21)
Si(up, —u) — 0 strongly in L2 (Qr). (3.22)

Then, in view of (3.7), the first and last terms in (3.19) tend to zero as k — oo.
Moreover, using the fact that {p;}re; C L>®(Qr), pp(x) — p(x) — 0 a.e. in Qr,

and the sequence {(Vuy — Vu, Vo a)}, oy is bounded in L*(Qr), by the Lebesgue
dominated theorem we deduce that

// [T (ur, — )] (piVug — pVu, Vou) dadt
= // [Tk (ug — )] pr, (Vug — Vu, V) drdt

+ //T [T (u, —u)] (pr — p) (Vu,Va) dedt - 0 as k— oco. (3.23)

Thus, passing to the limit in (3.19) when £ tends to infinity, we obtain

k—o0

lim / o4 (peVug — pVu, VT (u — u)) dxdt
Qr

= lim / dap (Vug, — Vu, VT (ur — u)) dzdt
Qr

k—o00

i [ Galon = p) (V. Vi — ) dads
Qr

k—o00

= lim / dap (V(ug —u), VIg(up —u)) dedt =0, (3.24)
k—o0 Qr
where

k—o0

lim // dalpr — p) (Vug, VIg (ug — u)) dedt =0
Qr
by Lemma 2.2. Setting
By := ¢ap|V(up —u)|*> in Qr
and splitting the set A onto

BE = {(t,z) € A : |ug(t,z) — u(t,z)| < K},
GE ={(t,z) € A : |up(t,z) — u(t,z)| > K},

we see that

// EY dzdt = / Ef dxdt + / EY dxdt
A BE GKE
0 0
< // Epdzdt | |BE? + // Epdzdt | |GK[*0
B GE
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by Hélder inequality with some @ € (0,1). Since, for K fixed, we have |GK| — 0 as
k — 0o, and since the sequence {pV (uy — u)}32, is bounded in L2(0,T; L2(Q)"),
it follows that supyey || Bkl 1) < o0, and, therefore,

0
lim (// Ey da:dt) |GEI1=0 =0
k—o0 GkK

0 < lim // E? dadt
k—o0 A
0
< lim </ Ekdxdt> |BE|1-0
k—o0

0
= < lim / dap (V(ug —u), VIg(up —u)) d:cdt)
k—o00 Qr

Hence,

x lim |BE |10 ™ &2 (3.25)
k—o00

As a result, we deduce from (3.25) that EY — 0 strongly in L'(A). So, using a
sequence of compact sets A C Qr, there exists a subsequence of {Ej},y such
that

Ek, (t,x) - 0 for almost each (t,z) € Q7.
Then the estimate (3.9) implies that
Vuyg, (t,2) = Vu(t,x) for almost each (¢,2) € Qr as n — oo.
To conclude the proof, it remains to notice that since the sequence {Vug}p

is bounded in the space L%(0,T; L2(Q)Y), it follows from Vitaly’s theorem (see
Lemma 2.1) that

Vur — Vu  strongly in LI(Qr).

4. Regularization of the Original Optimal Control Problem

We introduce the following family of approximating control problems

(Re) Minimize J.(p,v,u) /|u ) —ug)?dz+ = / /\Vu|2dxdt

1
/ /|v|2d$dt+/Q |Dp| + - / /|p mpdxdt (4.1)
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subject to the constraints

ut — div (pVu) = vx, in Qr :=(0,T) x Q, (4.2)
0
a%‘:o on (0,T) x 99, (4.3)
u(0,) =up in £, (4.4)
v € Voq := L*(0,T; L*(w)), (4.5)
pER:={heBV(Qr)NL¥(Qr) : 0<h(t,x) <lae in Qr}. (4.6)

We say that a tuple (p,v,u) is a feasible solution to the problem (4.1)-(4.6) if
pERag, vEVyg, ue L*0,T;HY(NQ)), (4.7)

g2 1
4.
Lo T e 9 (48)

p(t,z) > max{

and this triplet satisfies the following integral identity

T T
/ / (—pru+ p (Vu, Vo)) dzdt :/ /vgoda:dt—i—/ uo(x)p(0,z)dx  (4.9)
0 Q 0 w Q
for each ¢ € ¥, where
\IJ:{QOGCI(@) : o(T,-)=0inQand d,p=0o0n (0,T)x 9N} .

The set of all feasible solution is denoted by Z..

Remark 4.1. Let us show that Z. # ) for each € > 0. Indeed, taking z = e~ *u,
we obtain the following IBVP for z:
= ug, (4.10)

2+ az—divA=e %y, =z
=0

where the vector function A = eV z possesses the following monotonicity,
coercivity, and boundedness conditions

(Att.2.8) = Alt.2,m). § =) > 0,

(Aw2.6).¢) > . iz

€, (At,2,€),€) < T2,
and the operator Bz = az — div A is coercive in the space L2(0,T; HY(Q)), i.e.
2 g2 2
(Bz:2) 20 msm @ yrzomn @) = A2llizen + T2 IVA L2y
> collzll72(0 7.5 (@)

Hence, the problem (4.10) has a unique solution for each v € U4 [20]. As for the
original IBVP, the same result follows by multiplying of z by e*. Moreover, in
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this case the integral identity (4.9) holds for any function ¢ € ¥ and the energy
equality

t
/UQ(t,l‘)dl‘+2/ /qu|2dxdt
Q 0 /o

t
:2/ /vudwdt—l—/ugdw, 0<t<T, (4.11)
0 Jw Q

is valid.

Our next step deals with the study of topological properties of the set of
feasible solutions =, to the problem (4.1)—(4.6).

Definition 4.1. A sequence {(pg, Vg, ur) € Ec}jcy is called bounded if
sup leel Bv@r) + vkllLzor;2@w)) + 1wkl L2001 @))] < 400
€

Definition 4.2. We say that a bounded sequence {(pg, vk, ux) € Zc}jcy of feasible
solutions 7-converges to a triplet

(p,v,u) € BV(Qr) x L*(0,T; L*(w)) x L*(0,T; H'(Q))

if conditions

up — u weakly in L*(0,T; H'(Q)), (4.12)
vp — v weakly in L*(0,T; L?(w)), (4.13)
pr — p weakly-* in BV (Qr) and a.e. in Qr (4.14)

hold true.

Remark 4.2. As follows from Theorem 3.1, if {(pk, Vg, ur) € Ec} ey is a T-conver-
gent sequence of feasible solutions and (pg, vg, ur) — (p,v,u), then Vu, — Vu
strongly in L9(0,T; LY(Q))N for any ¢ € [1,2) and, passing to a subsequence if
necessary, we can assert that Vug(t,z) — Vu(t,z) a.e. in Qr = (0,7) x Q.
Remark 4.3. As immediately follows from (4.9), if (p,v,u) is a feasible solution
to the problem (4.1)-(4.6), then the equality

ouy,

o div (pVug) = xwvr  in D'(Qr)

holds in the sense of distributions for each k& € N. Moreover, if a sequence
{(pr, vk, up) € Ec}ye is bounded in the sense of Definition 4.1, then div (p Vug)+
XwVr € L?(0,T; H-1(Q2)). Therefore, uy, € C([0,T); L*(2)) for all k € N (see [25,
Proposition I11.1.2]) and due to J.L. Lions [22, Chapitre 1, Theorem 5.1] (we refer
also to |24] for some generalizations), the Banach space

W = {«p cp e L20,T; HY(Q)), %‘tp e L*0,T; H—l(Q))}



Optimal Control Problem for the Perona-Malik Equation 59

with the norm of the graph

)

L2(0,T;H-1(9))

Iy
lellw = lellzoanion + | 5

is compactly embedded into L?(0,T; L*(9)).

Thus, the first term in the objective functional (4.1) is well defined onto the
set of feasible solutions. So, if {u},cy is @ bounded sequence in W and up — u
weakly in L?(0,T; H*(9)), then u, — u strongly in L?(0,T;L?(f2)) and, as a
consequence, uy(T,-) — u(T, ) strongly in L?(£2).

Before proceeding further, we establish the following important property.

Proposition 4.1. For every ¢ € (0,1) the set Z. is sequentially closed with
respect to the 7-convergence.

Proof. Let {(pk, vk, ur) }reny C Ee be a T-convergent sequence of feasible solutions
to the optimal control problem (4.1)—(4.6). Let (p,v,u) be its 7-limit. Our aim is
to show that (p,v,u) € Z..

Since the inclusions x,v € Voq := L?(0,T; L*(Q)) and u € L*(0,T; H'(Q2))
are obvious, let us show that the condition (3.9) is valid for some ¢ > 0. Indeed,
in view of Remark 4.2, we can suppose that, up to a subsequence,

1 1
%
14 |Vug(t,z)|> 14 |Vu(t,x)]?

ug(t,z) = u(t,z) and a.e. in Qr.

Hence, in view of the definition of T-convergence, the limit passage in the relation

g2 1
1+¢e2" 1+ |Vug(t,z)

pr(t,z) > max{ ’2} a.e.in Qp

immediately leads us to the inequality (3.9) with & = %

p € Rqag, it is a direct consequence of the weak-* compactness of bounded set Rq
in BV (Qr).

It remains to show that the limit triplet (p,v,u) is related by the integral
identity (4.9). To do so, it is enough to fix an arbitrary test function ¢ € ¥ and
pass to the limit in relation

As for the inclusion

T
/ / (—pru + pi (Vug, Vo)) dadt
0o Jao
T
—/ /vkcp dxdt + / uo(x)(0,z) dx. (4.15)
0 w Q
Since prVup — pVu strongly in LI(Qr) for ¢ € [1,2) by Lemma 2.1, it follows

that the limit passage in (4.15) leads to the integral identity (4.9). Thus, (p, v, u)
is a feasible solution to optimal control problem (4.1)-(4.6). O
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We are now in a position to state the existence of optimal solutions to the
problem (4.1)—(4.6).

Theorem 4.1. Let ug € L™(Q2) be a given function, and let A\ and v be given
constants. Then, for each e € (0, 1) the optimal control problem (4.1)—(4.6) admits
at least one solution (p2,v2,u?) € Z,.

Proof. Let € € (0,1) be a fixed value. Then, as it was indicated in Remark 4.1,
the optimal control problem (4.1)—(4.6) is consistent, that is, =, # (.

Let {(pr, vk, ur) € Ec}peny be a minimizing sequence to the problem (4.1)-
(4.6). Then the relation

1 At
mf Je(p,v,u) = lim [2/|uk(T)—ud|2dCL‘+/ /\Vuk\dedt
Q

(p,v,u)EEL k—o0

1
wldedt -+ [ Dol + / Lo = el dedt] < +o0
=) ) vl

and definition of the set fR,4 imply existence of a constant C' > 0 such that
sup || Vug/| z20,7;220)7) < C,s
keN
sup Hvk”L2 0,T;L2 <C,
el ( (@) (4.16)

and sup || pkl| pv (@) < C-
keN

Then, from the energy equality (4.11), we deduce that

T T
/ /uz(t, x) dxdtSQT/ /vkuk dxdt—i—T/ug dx
0 Q 0 Jw Q
T 1 [T
§2T2/ /vida:dt—l—/ /uidxdt-l—T/u%daz.
0 Ju 2Jo Ja Q

Sup urll 2012200 < 4TC? + 2THUOHZE(Q)
c

Hence,

Utilizing this fact together with (4.16), we see that {(pg, Vg, ur) € Ec}pey is @
bounded sequence in the sense of Definition 4.1. As a result, there exist functions
p? € BV(Qr), v? € L*(0,T; L?(w)), and u? € L?(0,T; H'(2)) such that, up to a
subsequence, (pg, Vg, ur) — (p2,v%,u?) as k — oco. Since the set Z. is sequentially
closed with respect to the T-convergence (see Proposition 4.1), it follows that the
7-limit tuple (p?,v?,u?) is a feasible solution to optimal control problem (4.1)-
(4.6) (i.e., (p2,02,uY) € Z.). To conclude the proof, we observe that Vuy(t,z) —
Vug(t,x) a.e. in Qr (see Remark 4.2) and, therefore,

1 N O(t ) 1
y L) —
1+ Vo) "= 1+ [Vul(t, 2)2

pr(t,z) — a.e. in Qrp.
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Since .
‘Pk <2forall k e N,
>(Qr)
. 1 . ..
it follows that the sequence {pk — 2} is equi-integrable. Hence,
L+ |Vugl? | ey
Vitaly’s theorem implies that
1 0 1 . 9
- 5 p. — ————— strongly in L 4.17
Pk 1+ ’vuk‘Q Pe 1+ ‘VUOP gly (QT) ( )

(see Lemma 2.1). Taking this fact into account and observing that

liminf/ /| 2 dzdt ™ &1 /T/ o1 pga
s Pk 1+\v T+ |[Vug? = ST T Ve ’

by Remark (4.3)
lim /\uk(T) — ug|*dx > /\uO(T) — ug|? dz,
k—o00 (e}

)

lim/ /|Vuk]2da;dt @12 //yvu0| dudt,
k—o0

(41
hminf/ /|vk|2dxdt > //|v0| dzdt,
k—o0

y (4.14)
imint [l "= [ (DA
k—oo T Qr

we see that the cost functional J. is sequentially lower 7-semicontinuous. Thus

Jo(p2, 02, 1) < liminf J.(pg, vk, ug) < lim Jo(pg, vp,ug) = inf  Jo(p,v,u),
k—o0 k—o0 (p,v,u)EE.
and, therefore, (p2,v2,u?) is an optimal triplet. O

5. Asymptotic Analysis of the Approximated OCP (R.)

The main goal of this section is to show that the original OCP (R) is solvable
and some solutions can be attained (in an appropriate topology) by optimal
solutions to the approximated problems (R.). With that in mind, we make use
of the concept of variational convergence of constrained minimization problems
(see [9,17,18]) and study the asymptotic behavior of a family of OCPs (R.) as
e —=0.

Before proceeding further, we adopt the following concept.

Definition 5.1. Let
{(p=,v=,u2)} oo © BV(Qr) x L0, T; L*(w)) x L*(0,T; H'(2))
be an arbitrary sequence. We say that this sequence is bounded if

Sup el Bv@r) + 1vell 2207 12(0)) + el L2071y ] < +o00.
I3
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Definition 5.2. We say that a bounded sequence
{(pesvesue)boug € BV(Qr) x L*(0,T; L*(w)) x L*(0,T; H'(2))

is w-convergent as ¢ — 0 and (p.,v-,u:) — (p,v,u) if (pe,ve,us) = (p,v,u) as
e —0,ie.,

u. — u weakly in L2(0,T; H'(Q)), (5.1)
ve — v weakly in L2(0,T; L*(w)),
ps — p weakly-x in BV (Qr) and a.e. in Qr; (5.3)

and Vu, — Vu strongly in L'(0,T; L*(Q)V).
The following technical result will play a significant role in the sequel.

Lemma 5.1. Let {(pe,ve,ue) € Zc}og be a T-convergent sequence of feasible

solutions to OCPs (4.1)—(4.6), and let
(p,v,u) € BV(Qr) x L*(0,T; L*(w)) x L*(0,T; H'(Q))

be its T-limit. Then (pe,ve,u:) — (p,v,u) as e — 0, and (p,v,u) is subjected to
the constrains

pERaa, vEVug, ue L*0,T;HYQ)), (5.4)

1
> qg.e. 1 .
p(t,:E) ~ 14+ |VU(t, x)‘g a.c. QTa (5 5)

/oT /Q (—pru + p (Vu, Vo)) drdt
:/OT/vad:cdt—i—/ﬂuo(x)@(O,x) dr, YpeWU. (5.6)

Proof. Since {(ps,ve,us) € Ec},o is a sequence of feasible solutions, it implies
that the equality

T
/ / (—prue + pe (Vue, Vo)) dzdt
0o Ja

T
:/ /Uagodxdt—i—/uo(a:)go(o,x) dx, Ype ¥ (5.7)
0 w Q

holds true for all € > 0. Then the limit passage in (5.7) leads to the relation (5.6).
Setting in this relation the test function ¢ as an element of C°(Qr) C U, we see
that the 7-limit (p, v, u) satisfies the equation

ou )
i div (pVu) = xuv
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in the sense of distributions D'(Qr). So, in view of Remark 4.3, we can suppose
that, for each ¢ > 0, we have the equalities

0 (ue — u)

g~ div(peVue = pVu) = (v- —v)xw i D'(Qr)- (5.8)

Therefore, arguing as in the proof of Theorem 3.1, we use for (5.8) the test
function Tk (ue — u)pa, where A is a compact subset of Qr, and the function
pa € C(0,T;C3°(€2)) is such that 0 < ¢a(t,z) < 1in Qr and ¢pa(t,z) =1 on
A. After integration by parts, we obtain

/ dape (Vue — Vu, VTg (us — u)) dedt = // %SK(U,E —u) dxdt
Qr r Ot

[ oato-— ) (Ve VTicluc — ) dac

- // dap (Vue — Vu, VI (ue —u)) dxdt
Qr

- / o da(pe — p) (Vue, VTg (ue — u)) dzdt

T
[ (0 = 0 [T = 0] )10,y (5.9
Since, by Proposition 3.1,

Ty (ue —u) — 0 weakly in L*(0,T; H*(Q)), strongly in L} .(Qr), and a.e. in Qr,
S (ue —u) — 0 strongly in L7 .(Qr) as € — 0,

it follows from (5.1)—(5.3) and the Lebesgue dominated theorem that the right
hand side of (5.9) tends to zero as € — 0. Hence, passing to the limit in (5.9), we
deduce:

e—0

lim/ pape (Vus — Vu, VIg(u: — u)) dedt = 0. (5.10)
Qr

Setting
E. = ¢ape|V(ue —u)[*  in Qr

and aligning the set A into

B, ={(t,z) € A : |uc(t,z) —u(t,z)| < K},
Ge ={(t,z) € A :|uc(t,z) —u(t,z)| > K},

we see that

0 0
//Efda:dtg </ Eedxdt> yBg\l—M(// Eedxdt) G| 7
A B: Ge
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by Hélder inequality with some 6 € (0,1). Since, for K fixed, we have |G¢| — 0
as € = 0, and the sequence {p-V(u: — u)}.., is bounded in L?(0,T; L*(Q)V), it
follows that sup,~ || Ec|[11(g,) < 00, and, therefore,

0
lim (/ E. dxdt) 1G|* =0
e—0 Gs
Hence,
0 < lim // E? dxdt
0
< lim [(/ E. dmdt) |B:|*~?
e—0 Be

0
(hm/ dap (V(ug —u), VI (u: — u)) dmdt) lim|B.|'~¢
e—0 e—0

by (3.24)

(5.11)

As a result, we deduce from (5.11) that E¢ — 0 strongly in L'(A). So, using a
sequence of compact sets A C Qp converging in an appropriate sense to QQ7, there
exists a subsequence of {E.}__ (still denoted by the same index) such that

E.(t,z) - 0 for almost each (t,z) € Q7 as ¢ — 0.
Thus,
pe(t, ) |[Vue(t, z) — Vu(t, z)]> = 0 for ae. (t,z) € Qrase, — 0.  (5.12)
Utilizing the fact that (pe,ve,u:) € Z¢ for each ¢ > 0 and observing that

£2

m—>0a35—>0,weseethat
€

(t,z) > e 1 > 1 in Qr (5.13)
xr max a.e. 1n .
Pelb, %) = 14+e2 14 [Vueb )2 | = 1+ [Vue(t, )2 T

for € > 0 small enough. Hence, from (5.13) and (5.11) we deduce:

, 1 2
<1 —_— e — dzdt
0_513[1)//% ENE |Vu, — Vu|” dz

< lim // pe |Vue — Vul|? dedt = 0. (5.14)
T

e—0
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Since

Ve = Vulla oz (/ /|Vu€ Vul dxdt)
T 1 1/2 1/2 2
€
/ /I—HVu I Ve — Vul? dxdt/ / 1+ |Vue(2)?) dx dt
6

—  |Vu.—Vu d
<|QT|H“p”“E”L%OTHl(ﬂ»)/91+|Vu()\2‘ te = Vul* da,

it follows from (5.14) that
. 2
;lg(l) [Vue — v“HLl(o,T;Ll(Q)N)

. 1 2
Thus, we can specify the 7-convergence properties (5.1)—(5.3) as follows: in addition
to (5.1) Vu. — Vu strongly in L'(0,T; L}(Q)"), and there exists a subsequence
{e'} such that

Vue (t,z) = Vu(t,z) a.e. in Qr. (5.16)

To conclude the proof, it remains to show that

p(t,x) =

= m a.e. in QT. (517)

To do so, it is enough to observe that

a.e.in Qr (5.18)

2
€ 1 1
toz) > >
pe(t,x) 2 maX{lJra?’ 1+ !Vue(t,x)P} =1+ [Vue(t, 22

for € > 0 small enough. Using the pointwise convergence (5.16) and (5.3) and
passing to the limit in (5.18) as ¢ — 0, we arrive to the announced property
(5.5). O

Our next step is to discuss the issue related to the existence of solutions to the
original optimal control problem (1.9)—(1.13) and their attainability by optimal
solutions of the approximated problems (R.). Before we go on, we assume that
the set of feasible solution Z to the problem (1.9)—(1.13) is non-empty. In the case
when the initial state ug is sufficiently smooth and supp (up) C w, this assumption
can be easily verified. Indeed, let ¢ € C*°([0,T]; C2°(w)) be an arbitrary function
such that ¢(0,2) = up(z) in Q. Then it is easy to check that the pair

e (s (55) L)
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belongs to the set =. Thus, Z # (.
We begin with the following result that can be viewed as a direct consequence
of Lemma 5.1 and Theorem 4.1.

Proposition 5.1. Let ug € L*(2) be a given function, and A and « be given
constants. Let {(pg, 02, ul) € EE}(—:>O be a bounded sequence of optimal solutions
to the approximated problems (4.1)-(4.6) when the small parameter e varies
within a strictly decreasing sequence of positive numbers converging to zero. Then
there is a subsequence of { (02,00 u S) € Hg} 50’ still denoted by the suffix e, and
distributions p® € Ruq C BV(Qr), v° € Vg, and u® € L2(0,T; H(Q)) such that
they satisfy conditions (5.5)(5.6), and (p2,v2,u2) = (p°,v°, u®) as ¢ — 0.

The key point in Proposition 5.1 is the assumption that a given sequence of
optimal solutions to the approximated problems (4.1)—(4.6) is bounded. Let us
show that this assumption can be omitted if only the original optimal control
problem is consistent, i.e. = # .

Proposition 5.2. Assume that = # (0. Let {(p2,02,u?) € E€}€>O be a sequence
of optimal solutions to the approximated problems (4.1)-(4.6). Then there exists
a constant C' > 0 independent of € > 0 such that

sup 1162 Bvi@r + 102N 220,702y + W2l 20 1011 ()] < C- (5.19)
€

Proof. Let (v,u) € E be a feasible solution to optimal control problem (1.9)—
(1.13). Hence, this pair satisfies conditions (1.14)(1.15). Setting p := (1+|Va|?)~!
in Qp, we see that

0<p(t,z)<lae in Qr and peBV(Qr)NL>(Qr)

and the pair (p,u) satisfies inequalities (4.8) for ¢ > 0 small enough. Hence,
p € Ruq and, as a consequence, we deduce: (p,v,u) € Z; for € > 0 small enough.
Therefore,

inf JE(ﬂ)”?“):J(pe:? sa e) <J ( A)

(p7v7u)eES
/|u ) —ug)?dx 4+ = / /\Vu|2dxdt
+/ /]@\dedt—i—/ |Dp| = C < +o0.
2 0 w Qr

From this and definition of the set 9,4, we deduce that
2 2
HVUSH%Q(QT;LQ(Q)N) < XC; vaHQLQ(QT;L?(Q)) < 50, (5.20)
/ ‘DPE| <C, |P2lsv <lQr|+C, (5.21)

2
dxdt < Ce (5.22)

1+\V 1+ [Vulf?
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for all £ > 0 small enough. Then energy equality (4.11) implies that

T T
/ / [ug]Q dzdt < 2T/ /Ugug dxdt + T/ ul dx
0 Q 0 w Q

2 T 012 17 012 2
<2T [02]” dadt + - [wl]” dadt + T | ugda.
0o Ju 2 )0 Ja Q

Therefore,
C
sup [|ug|| L2(0,1;2(0)) < 8T% = + 2T [|uo|| 72 (- (5.23)
e>0 v
Thus, the sequence {(p2,v?,u?) € Eg}€>0 is bounded in

BV (Qr) x L*(0,T; L*(w)) x L*(0,T; H(Q)).

O

The next step of our analysis is to show that the pair (v°,u°) is optimal to

the original OCP (R) provided (p°, v, u") is a cluster tuple of a given sequence of

optimal solutions {(p2,v2,u?) € Eg}s>0. To do so, we will utilize some hints from

the recent papers [10,16] where the so-called indirect approach to the existence
problem of optimal solutions has been proposed.

Theorem 5.1. Assume that = # 0. Let {(p2,v2,u?) € E€}8>0 be a sequence
of optimal solutions to the approzimated problems (4.1)—~(4.6). Let (p°,v%,u®) €
BV (Qr) x L?(0,T; L*(w)) x L2(0,T; H*(Q)) be a w-cluster tuple (in the sense of

Definition 5.2) of a given sequence of optimal solutions Then
1
0,0\ - = 0 ~
€= t = .e. 5.24
Wha)es pta) 1+ |Vad(t, o)z “ ™ @r: (5:24)

lim inf J.(p,v,u) = lin% Jo(p2,02,u0) = J(0°,u%) = inf J(v,u). (5.25)
E—

e—=0 (p,v,u)€E. € (v,u)€=

Proof. Arguing as in the proof of Proposition 5.2, it can be shown that there exists
a constant C' > 0 such that estimates (5.20)—(5.23) hold true. Hence, the sequence
{(pg, 02, u?) € E€}£>O is compact with respect to the T-convergence. Moreover, in
view of Proposition 5.1 and the Lebesgue Dominated Theorem, we can suppose

that, up to a subsequence,

(2, ve,ug) = (0%, 0", u’) (5.26)
1 o
1+ Va2 14 Va2 strongly in L*(Qr) as € — 0, (5.27)
pe(t, ) — ! — 2t x) — ! a.e. in Qr, (5.28)
c 1+ |Vul(t, z)|? 1+ |Vud(t, )2

and <pg -1+ |Vu2\2)_1) € L>(Q).



68 P. Kogut, Ya. Kohut, R. Manzo

Then it follows from Vitaly’s theorem (see Lemma 2.1) that

2\~1 0 1 i T2
pl = (1+|Vul]?) ™ — p’ - TF Ve strongly in L°().

However, as follows from the third estimate in (5.22), the L2-limit of the sequence

0 1 . .
— —=— is equal to zero. Hence, we obtain
{'05 1+ Vug]? }s>0 d '

1
1+ |VuO(t, x)|?

POt x) = a.e. in Qrp.

Thus,

1
(paa (O g) ﬂ) <1+|vu0|2,00,u0> as € — 0.

Taking into account Proposition 5.1, we see that (v°,u?) is a feasible solution to

the original OCP (R). Moreover, as a direct consequence of the properties (5.27),
we have the following estimate

1
lim inf J.(p2, 02, u?) > /]uo( ) —ugl*dr + = / /Vu0| dxdt
e—0 2 Q

T
Y 02 1 0,0
— D|——— || = . 2
+2/0 /Q]v ] dxdt—i—/T <1+\Vu0]2>‘ J(w",u’). (5.29)

Let us assume for a moment that the pair (v°,u”) is not optimal for (R)-
problem. Then there exists another pair (v*,u*) € Z such that

Jw* u*) < J(0°,ul) < +oo. (5.30)

Setting p* = (1 + ]Vu*]2)71, we deduce from condition (v*,u*) € Z that the tuple
(p*,v*,u*) is a feasible solution to each approximate problem (R.), i.e.,

(p*, 0" u") e 2., Vee(0,1). (5.31)

Taking this fact into account, we get

1 0 2 AT 0,2
=— [ |u(T) —ug|*de + = |Vu’| dzdt
2 Ja 2 Jo Ja
T
v 02 1
— dxdt Dl ———
+2/0 /Q’”’ v +/T (1+\Vu°!2>|

by (5.29)

< hmlan (P2, 0%, ul) = liminf inf  J.(p,v,u)
e=0 (p,v,u)EEL

< hm Je(p*, 0", u* /|u ) —ug|*dr + = / /|Vu ? dadt
’Y/ /|v*|2dxdt+/ D 1
. 1+ |Vur|?

2
1+\V |2

dxdt = J(v*,u").
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Thus, J(v°,u®) < J(v*,u*) and we come into a conflict with condition (5.30).
Hence, the limit pair (v°,u") is optimal for the original OCP (R). O

As follows from Theorem 5.1, the optimal solutions to the approximated
problems (p2,v2, u?) can be considered as a basis for the construction of suboptimal

controls to the original problem (R) (for the details we refer to [9,11,12,19)])
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NONLINEAR EVOLUTIONARY PROBLEM OF FILTRATION
CONSOLIDATION WITH THE NON-CLASSICAL
CONJUGATION CONDITION

OlhaR. Michuta! Petro M. Martyniuk®

Abstract. Finite-element solutions of the initial-boundary value problem for a nonlinear
parabolic equation in an inhomogeneous domain with the conjugation condition of a
non-ideal contact were found. The initial boundary value problem is a mathematical
model of an important technical problem of filtration consolidation of inhomogeneous
soils. Inhomogeneity is considered in terms of the presence of thin inclusions, physico-
chemical characteristics of which differ from those of the main soil. The problem of long-
term consolidation is especially pronounced in soils with low filtration coefficient. Low
permeability of the porous medium causes deviation from the linear relationship between
the pressure gradient and the filtration rate. Weak formulation of the problem is suggested,
and the accuracy of the approximate finite element solution, its existence and uniqueness
are substantiated for the case of Darcy’s nonlinear law. A test example and the effect
of the nonlinear filtration law for thin inclusion on the dynamics of scattering of excess
pressures in the entire area of the problem are considered.

Key words: nonlinear initial-boundary value problem, finite element method, consolidation,
threshold gradient, nonlinear filtration law, conjugation condition.
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1. Introduction

A nonlinear initial-boundary value problem is investigated for the parabolic
equation in the inhomogeneous domain Q = QU Qy, Q1 N Qs = 0, where Q1, Qo
are some given domains. By inhomogeneity we mean the presence of a contact
interface w = 7 N Qs which from a physical view point means a thin inclusion
of the third material. Differences in the physical characteristics of the materials
of the inclusion w and regions §2;, ¢ = 1,2, can lead to the discontinuity of the
solutions of the initial boundary value problem at the inclusion. Regarding the
study of problems in inhomogeneous environments of this type, we will focus on
the methodology where the study of processes at the thin inclusion itself is taken
outside the general initial-boundary value problem. The physical characteristics of
the thin inclusion material and the inclusion thickness are taken into account. The
presence of a thin inclusion is taken into account in the general initial-boundary
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value problem by the so-called conjugation conditions for an unknown function.
This approach, when using numerical methods, avoids solving the problem in the
inclusion itself and thus simplifies the solution process.

The above approach to simulating inhomogeneities in soils began to develop
in the work of L.I. Lyashko, I. V. Sergienko, V. V. Skopetskii, V. S. Deineka and is
quite fully described in review monographs [6,15,16]. The works [2,11,14-17] are
also worth mentioning in this direction which develop both the solution methods
and the qualitative theory of initial-boundary value problems with possible dis-
continuous solutions.

As noted above, the initial-boundary value problem, more specifically the
conjugation with non-ideal contact, include physical characteristics of the material
of the thin inclusion (inclusions themselves may be both of natural origin and
artificial). The parameters of the material of thin soil inclusions (filtration coeffi-
cient, porosity, thermal conductivity, etc.) are nonlinearly dependent on the effect
of external factors. Considering the initial-boundary value problems as mathema-
tical models of physico-chemical processes in porous soil media, the presence
of such dependences requires modification of the conjugation conditions. The
above-mentioned works [2,6,11,14-17] assumed the parameters of inclusions to be
constant, which is reflected in the conjugation conditions with non-ideal contact.
Mathematical models for the distribution of inorganic chemicals in porous media
and modification of conjugation conditions taking into account nonlinear depen-
dences of material parameters of thin geobarriers on the effect of physicochemical
factors, including chemical suffusion [23| were developed in [18,19].

The influence of organic substances on the development of microorganisms
and the effect of bioclogging processes on the value of pressure jumps at a thin
geobarrier were studied in [20,21]. Modified conjugation conditions and mathema-
tical models of moisture transfer in inhomogeneous porous media are presented
in [5,12]. The method of modification of conjugation conditions for the partial
case of Darcy’s nonlinear law is shown in [13].

Here, we investigate the initial-boundary value problem for a quasilinear para-
bolic equation as a mathematical model of soil consolidation. The problem of
consolidation (compaction) of soils is especially relevant for water-saturated clays.
This is caused by the low filtration coefficient of clay soils and, as a result, the long
time for the transition of clay bases of civil and industrial buildings to a stable
state. Weak permeability of clay soils raises questions about the limits of Darcy’s
filtration law in its classical form [9]. It will be recalled that Darcy’s classical law
mathematically records the linear relationship between the filtration rate and the
pressure gradient. The linearity of Darcy’s basic filtration law has its physically
determined limits. The linearity is violated both for highly permeable porous
media and for weakly permeable ones. In particular, for weakly permeable porous
media, this is manifested in the presence of the so-called “threshold gradient”,
below which the relationship between the filtration rate and the pressure gradient
becomes nonlinear.

The nonlinearity of Darcy’s law for consolidation problems is taken into account
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in e.g. [10,24,25]. However, only homogeneous media without thin inclusions are
considered there. Additionally, power laws were considered nonlinear (dependence
of the filtration rate on the pressure gradient raised to a certain degree other
than unity). Quasilinear filtration processes were studied in [3,4] where the linear
dependence of the filtration rate on the pressure gradient is preserved, but the
filtration coefficient nonlinearly depends on the physico-chemical parameters of
the porous medium.

Thus, the objectives of this work are: 1) modification of the conjugation
condition on a thin inclusion under Darcy’s nonlinear law; 2) formation of a
mathematical model of filtration consolidation of inhomogeneous soil in the pre-
sence of the threshold gradient; 3) investigation of finite element solutions of the
corresponding boundary value problem, numerical experiments and analysis of
the significance of the nonlinearity of Darcy’s law on the value of excess pressures
and their jumps.

2. The problem of nonlinear filtration through a thin inclusion

It is suggested in [9] to generalize nonlinear filtration laws in the form (in
one-dimensional case)

(B G ) @) e

where ¢ is the absolute value of the pressure gradient, i.e. in the one-dimensional
case i = % ‘; k is the filtration coefficient of the porous medium; w is the filtration
rate; I is the absolute value of the pressure gradient below which the linearity
of Darcy’s law is violated (the so-called threshold gradient); « is an empirical

parameter;
o

()

T
’}/(CL,.’L'):/ s le™8ds,
0

I = I,

v (a) :/ s le=3ds.
0

Here 7 (a), v (a,x) are the so-called gamma function and the lower incomplete
gamma function.

Asnoted in [9], Eq. (2.1) includes previously proposed nonlinear filtration laws
for permeable soils, i.e. Hansbo’s law (1960), Swartzendruber’s law (1961), Zou’s
law (1996).

The use of the law in the form of (2.1) is quite inconvenient in terms of
applying the finite element method. Given that g—g = isgn (%) , it follows from

(2.1) that -
u = —k(n) (1 - mv (; (;) )) g];’
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or

u=—k*(n,I) (2.2)

87.%’

k*(n, T) = k(n) (1 _ mey <; <;>a>> .

Here n is the soil porosity; € > 0 is a small constant. Since in this work we consider
the problem of soil compaction, the dependence of the filtration coefficient on
porosity should be taken into account.

We assume (due to thinness of the inclusion w, Fig. 1) that the filtration
processes in the cross-section of this inclusion are stationary (or at least quasi-
stationary). Thus, similarly to [5,12,13,18-21], for the inclusion of thickness d,
we consider the following filtration problem:

where

g <_k:)(nuw[w);llg> =0,0<¢<d, (2.3)
h(0) = h™, h(d) = h*. (2:4)

Here, h=, h™ are the known values of pressures, and the sub-script w means the
corresponding characteristic for the inclusion w (Fig. 4.1). Repeating the reasoning

of [5,12,13,18-21], we have
/é dx
0 k&(nw, Lu)

/d dx
o k&(nw, L)

However, hereafter we are more interested not in the pressure itself, but in its
gradient. As a result

h(€) = (h"—h7)+h".

dh 1
e~

(Wt -1, (2.5)

d
kX (N, 1y, / —_—
( ) 0 k&(nw, L)
3. Conjugation condition for nonlinear filtration law
According to [16], similarly to [5,13] the conjugation condition is derived on

the basis of the law of conservation of fluid flow through the cross-section area of
the inclusion surface along the normal in time At. As the flow

dh
q= _k;(nm Iw)jAt = ult

and
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then
dh

dig.
From (2.5) and (3.1) we have the final formula of the conjugation condition with

non-ideal contact for pressures at the inclusion, with nonlinear filtration law in
the form (2.2)

ui‘ng = —k;(ny, L,) (3.1)

(]

/d de
0 kZ(nw’Iw)

Here [h] = h™ — h™ is the pressure jump at the inclusion.

Before formulating the mathematical model of the problem, we note that the
porosity n (as well as ny) of the soil in the regions €;, ¢ = 1,2, is related
to the void ratio e as n = ;. In its turn, and it is shown in the section of
numerical experiment results, e depends on pressures h(z,t). Thus n = n(h), and

in subsequent calculations k* = k*(h, I), k, =k (h, L,).

o (32)

4. Nonlinear mathematical model of filtration consolidation of
porous medium with thin inclusion

Here we consider the process of filtration consolidation of the soil layer of total
thickness [ with a thin inclusion w of thickness d which is located at the depth
x =& (Fig. 4.1). The material of the thin inclusion differs in its physico-chemical
characteristics from those of the main soil.

0
0
x=¢&-0
d
x =&+0
2,
l
YX

Fig. 4.1. A layer of soil of thickness [ with a thin inclusion w of thickness d (d < ).

The formulation of the mathematical model of the described problem will
partially use the work of scientists reviewed in Introduction. The mathematical
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model will include the equations of filtration consolidation [8,22,23]. As a result,
we have the following boundary value problem:

oh 1+e0d [, oh

h(z,t),_ = 0,t € [0,T), (4.2)

u(x,t)|,_; = (—k*(h,[)gh) =0, tel0,T], (4.3)

L) le=1
h(z,0) =ho(z), =€ Q1 UQy, (4.4)
Or\* [h]
+ _ | _* i —
| = < k*(h, I)ax> : (4.5)

r=£ /d dix
0 k:)(hvlw)

k(b 1) = k (h) (1 Mv <; <;>a>> ,

Q1 = (0;8),Q2 = (£1),0 <& < ;2= Q1 UQy;

Here,

T > 0 is the specified time duration; hg (z) is a known function; a is the soil
compressibility coefficient; n, n, are the porosity of soil and inclusion material,
respectively; e = 17~ is the soil void ratio; 7 is the specific weight of the pore
fluid; h is the pressure; k, k. are the filtration coefficients of the main soil and
soil inclusion, respectively; u is the filtration rate which is determined according
to (2.2); u™ are the filtration rates at = &€ — 0 and = = £ + 0, respectively;

[h] = ht — h™ is the pressure jump at the thin inclusion.

We shall show that k* is always positive. Let us turn to the starting relations
from [9] from which the generalized Darcy’s law (2.1) is derived. Particularly, it
is based on ( [9, formula (1.20)])

% s (1 _ e—i(%)a> (4.6)

from which we have [9, formula (1.21)]

g=Fk (i—yé)v (; (Iz)a>> (4.7)

From (4.7), q|,_, = 0, from (4.6), % ‘
1>

function of the absolute value of i is increasing for i € (0;+00), and is equal to
zero for i = 0. That is, q[;5, > 0. It follows that

O

. > 0. Therefore, the function ¢ as the
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1 1 i\ @
iv(z) \a'\I
Then it further reinforces the above inequality that when i > 0
e ((F))
(’L'—|-<€2)'y(é)7 a’ \ I* '

Since 'y(é,O) = 0, then for ¢ = 0 from the formula for k*(h,I) we obtain
k*(h,I) = k(h) > 0. Therefore

or

k*(h,I) >0, i € [0;400)

and similarly
kX (h,I,) >0, i€ [0;400).

Similarly to [6] we introduce the following notation: Q7 = Q x (0; 7], Q% =
Ql X (O,T], Q%« = QQ X (O,T} .

Assume that the function hg(x) is continuous on each of the closures Q1, Q.
Also with respect to the coefficients £*, £k, assume that

1)

0<krim <k*(s1,82) <k} pw < 00,

min max

0<k’ < kZ(Sl,SQ) < k*

w,min w,max?

Vs € (—o0;+00), Vsg € [0;4+00); kX .ok s K k} are positive constants;

» Ymano Ymax Vw,mins Yw,maz

|E* (p1,s1) — k™ (p2, s2)| < kT [p1 —p2|, 0 < k] < o0;
kg, (p1, s1) — kg, (p2, s2)| < kg p [Py — p2l, 0 < kg, p < oo

Also, the function k* = k*(h, I') must be continuous on 0, Qs and continuously
differentiated on Q1, Q9.

Definition 4.1. The classical solution of the initial-boundary value problem
(4.1)—(4.5) which allows a discontinuity of the first kind at the point x = ¢ is
a function h(z,t) € U that satisfies V(z,t) € Qp equation (4.1) and the initial
condition (4.4).

Here, ¥ is a set of functions ¥ (x,t) which, together with ‘?—ﬁ, are continuous

—1 =2 : . o
on each of the closures Q7, Q7 , have bounded continuous partial derivatives %—Tf,

% on QL, Q%, and satisfy conditions (4.2), (4.3), (4.5).

For further calculations we will note one more aspect. The conjugation condition
with non-ideal contact (see [16, page 291, formula (7.4)]) which can be called
classic 5

U
o) go)|  =ri
< O r=¢£
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includes r, a known constant, and 0 < rop < r < oco. Consider condition (4.5).
When the second of conditions 1) for the coefficient in the right part of the
conjugation condition (4.5)

<k*(h’l)gz>i _ 7]

et /d dz
0 k:)(h) Iw)

d /d dx d
< <
k = Jo kx(h,1,) ~ k*

*
w,max w,min

is satisfied, we have

Further,
N D I

w,min F = d d w,mazx F .
| g

Thus, in the case of a modified conjugation condition (4.5), we have

k* *
O<%§r§m<oo. (4.8)
Estimate (4.8) allows us to generalize the theorems proved in [6, 16| for problems
with the classical conjugation condition with non-ideal contact, for the case of a
modified conjugation condition (4.5).

5. Generalized solution of problem (4.1)-(4.5)

Similarly to [6] let Hy be the space of functions s (z) that in each of the regions
Q; belong to the Sobolev space W% (Q4), i = 1,2, and they acquire zero values
at the ends of the segment [0;!] where the function h (z,t) is set the boundary
conditions of the first kind.

Let h(x,t) € U be the classical solution of the initial-boundary value problem
(4.1)—(4.5). Take s(x) € Hy. Multiply equation (4.1) and initial condition (4.4)
by s(x). Integrating them on the segment [0;!] and taking into account the
conjugation conditions (4.5), we obtain

! l
va oh B~ i
/0 1+68ts(a:)d:c+/ok(h,[)axdxdx—i—/d I =0, (5.1)
0 k:)(h’vjw)

! !
/0 h(x,0)s(z)dx = /0 ho (z) s (x) dz. (5.2)

Thus, if h(x,t) € U is a classical solution of the initial-boundary value problem
(4.1)-(4.5), then h(z,t) is a solution of problem (5.1), (5.2) in a weak formulation.




Nonlinear evolutionary problem of filtration consolidation 79

Let H be the space of functions v (z,t) that are square-integrable together
with their first derivatives %, % on each of the intervals (0;&), (&;1), vVt € (0; T,
T > 0, and they satisfy the same boundary conditions of the first kind as the
function h (z,t).

Definition 5.1. Function h (z,t) € H that for any s(z) € Hp satisfies integral
relations (5.1), (5.2) is called a generalized solution of the initial-boundary value
problem (4.1)—(4.5).

An approximate generalized solution of the initial-boundary value problem
(4.1)-(4.5) will be sought in the form

N

hia,t) = hi(t) i (), (5.3)

i=1

where {p;(z)}Y is the basis of finite-dimensional subspace My C Ho; h; (t),
i =1, N are unknown coeflicients that depend only on time.

The set of functions that can be represented in the form (5.3) generate a
finite-dimensional subspace M, C H;.

Definition 5.2. An approximate generalized solution of the initial-boundary
value problem (4.1)—(4.5) is a function h(z,t) € M; that for an arbitrary function
S(z) € My satisfies integral relations

/l va oh (x)der/l/.g*(iL,I)%deerW:Oa (5.4)
0 0

1+edt Oz dz /d dx
0 k;;(ﬁ,]w)

I I
/Oh(x,O)S(x)dx:/o ho () S (2) da. (5.5)

Next, from the weak formulation of (5.4), (5.5) we obtain (assuming the
function S(z) equal to each basis function ¢;(z), i = 1, N) the Cauchy problem
for a system of nonlinear differential equations

M (H) % +L(H)H () =0, (5.6)
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mij = /l L i,
o L+e

l
s do; dpj [oi] [5]
Li= | k*(h, 1) gy ¢ —FUAIL
’ /0 ( )da:d:vx+/d dz
0 kz(h, L)

The square matrix M (H) is symmetric and positive definite because % > 0,

V(z,t) € Qp. Given the proven positivity of the coefficients k*, k¥, as well as

w?
the assumptions 1) made regarding their limitations, the matrix L (H) will also
be symmetric and positively definite |6, page 417|. Next, similarly to |6, problem
(3.14) of Chapter 8|, we write the system (5.7) in the form

dH
—r =2 (H), (5.8)

where ® (H) = —M 'L (H) H (t). The functions ® (H), 9®/0H are continuous.
Thus, there is a single approximate generalized solution h (z,t) € M of the initial-
boundary value problem (4.1)—(4.5).

We will introduce the following norms [6, page 380]:

l
2
lul2, = / W2 (e, t)da,

@2
ox

2, = '
0 Lg,

T l
2 2
lal? 1, = llul2, o) = /0 /0 ddt,

T T l 2

ou

2 o 2 o ou
gz, = [ Mol = [ [ (w) dudt,

lullpyxr, = sup [lu( )L,
te(0,T7]
ou(z,t)
IVoull, s = sup '
T oo xoe (z,t)EQT O

T pl 2
ou
2 _ 2
llivgr, = | (u +(5) )dxdt,
T T

Nulll2, = /0 )2t = / (ul€ +0,1) — u€ — 0, 1))t

0

Similarly to |6, page 380, Theorem 1| we can prove the following result.

Theorem 5.1. Let h(x,t) be a classical solution of the initial-boundary value
problem (4.1)—(4.5), and h(x,t) be a generalized solution of this problem from

space My . Then, under the conditions 1), 2) imposed on k*, k', taking into account
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(4.8), there are such positive constants c, 01, 02, that for an arbitrary function

h(z,t) € My the following inequality holds:

R 2
‘ +(51’ +(52H[h—h}
LoxLoo HixLy L2
<C{M Al +Hh Al
Lox Lo H1><L2
2z |lam =Ry -
h—h‘ ar—n . Vhe M. (5.9
+H[ } L2+ ot Lngg} €My (5.9)

Dependence (5.9) is used in estimating the accuracy of the finite element
method.

6. Finite element method

We will cover the closure = Q; Uy with a finite element grid with the total
number of nodes N. The point x = £ should be double numbered, the node on
the left © = £ — 0 and the node on the right x = £ 4+ 0. Let in (4.8) ¢;(z) be the
basis functions of the finite element method which allow a discontinuity of the
first kind at the point © = £ and are polynomials of m-th degree. Then the space
of functions h(z,t) of the form (5.3) with the specified basic functions is denoted
HNY.

Theorem 6.1. Let the classical solution h(x,t) of the boundary value problem
(4.1)-(4.5) have partial derivatives 87”:;(1), 8(;’L;26(]t) limited on Q%, i = 1,2. Then
the approximate generalized solution h(x,t) € Hn]\{ has an estimate

(M—ﬁ” <comm

max?
W21 X L2

where m s the degree of FEM polynomials, ¢ = const > 0,

[xiy1;2;] are finite elements.

Proof. The validity of the theorem follows from the estimate (5.9) of the previous
theorem taking into account the interpolation estimates |6, page 387, Theorem
2]. O

7. Time discretization methods

Problem (5.6), (5.7) is a Cauchy problem for a system of nonlinear differential
equations of the first order. Finding its solution also requires the use of appropriate
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discretization methods. The application of the Crank-Nicolson method is subr-
stantiated in [15]:

1 .
M (1 (HO*D 4 H(j))) HUH) —HO

2 T
+L < <H(J+1) + H(J)>> 5 (H(]-‘rl) + H(J)) =0, j=0,1,2,....,m,; — 1.

Here the time segment [0, 7] is divided into m, equal parts with the step 7 = mLT;
HY) is the approximate solution of the Cauchy problem (5.6), (5.7) for t = jr.
Let also introduce the following notation: h; is the classical solution of the initial-
boundary value problem (4.1)-(4.5) for t = j7; ﬁj is the approximate generalized
solution of the initial-boundary value problem (4.1)-(4.5) for t = j7; @410 =
(¢j+1 + ¢j) zj = h; h]-

Given (4.8), surnllarly to Theorem 5 [6, Chapter 8| it is also valid the following

result.

Theorem 7.1. Let h(x,t) be a classical solution of the initial-boundary value
problem (4.1)—(4.5). Let the functions %’t‘, 9h be twice continuously differentiable

. =i . 8%h  _0%h
over time on Qp, i = 1,2. Let also assume that the derwatives 5, 5257

uniformly limited in modulus by a constant ¢y, ¥(x,t) € Qp. If conditions 1),
2) are satisfied, then there are positive constants c, 81,719, To, that depend on
the constants of conditions 1), 2), as well as T, 1, such that for Y7 < 71y the
classical solution h(x,t) and the approximate generalized solution obtained using
the Crank-Nicolson method, h(z,t) € My, of the problems (4.1)~(4.5) and (5.6),
(5.7), respectively, satisfy the inequality

are

mr—1 mr—1
HZmTHL2 + 01 Z HZJ+1/2HH17+7“0 Z g+1/2 T
j=0 j=0
! —(h=h)j 1y
S Y R s 5y [ IEE N
— Lo
mr 1 ~ 2 _ 2 3
+ jz_(:) [(h - h)j+1/2] T+ H(h - h)0’ s + H(h - h)m-rfl/QHLQ
2 s
+ =R, +o06"). vhenm. @)

Similarly to Theorem 6 [6, Chapter 8] and taking into account estimate (7.1),
we have:

Theorem 7.2. Let the classical solution h(x,t) of the problem (4.1)—(4.5) satisfy
the conditions of Theorem 7.1. Then for the errors z of the approzimate generalized
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solution h(x,t) € HY of the problem (5.4), (5.5) obtained using the Crank-
Nicolson method, the following estimate is valid:

mr—1
2 2, + 00 D7 [z /2l < o (i + 7).
j=0

However, the practical implementation of the Crank-Nicolson method for the
nonlinear Cauchy problem (5.6), (5.7) requires the use of iterations. Instead of the
Crank-Nicolson method, one can use the predictor-corrector method [16], which
for the system of equations (5.6) has the following form:

M (Hm) wut -\ 4L (H(j)> % <W<j+1> n H(j)) _o,

T

» |
M (1 (WO 4 H<j>)) HUTD —HO
2 T

+L <; (WU“) +H(j))> ' % (HU“) +HU>) =0, j=0,1,2...,m —1,

where WU are auxiliary vector functions.

From the view point of the simplicity of practical implementation, a fully
implicit linearized difference scheme has proved itself well [8,21,23]. For the system
(5.6), it has the form

HU+D —gO)

M(H(j)> +L<H(j)) CHUD —0, j=0,1,2,....m, — 1.

T

8. Results of numerical experiments and their analysis
According to [9, formula (1.24)],
[ = AE",

where A = 4.0 x 10712 and B = —0.78 are empirical parameters; k ({l;:} =m?)
is the soil permeability coefficient, i.e. kK = kpg , p is the density of pore fluid, p
is its viscosity, g is the acceleration of free fall. Since these studies do not yet
take into account non-isothermal conditions, the dynamic viscosity of water at

constant temperature 25° C' is used which is

p=1.03-10"% Pa - day.

Soil parameters for the numerical experiments were taken from the Hydrus-
1D freeware. Specifically, Sandy Clay was considered as the main soil, with ko =
0.0288 m/day, ng = 0.38. Then for the main soil k = 2.98 - 1074 m?2 and I =
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0.142. Silty Clay was taken as the inclusion soil, with kg, = 0.0048 m/day, ng, =
0.46, where index "0"denotes the initial values. Then for the inclusion soil k =
497107 m?, I = 0.574.

The parameter « is also important. According to [9, formula (1.24)] a > 0.
The authors state that the parameter o mainly characterizes the smoothness of
the transition from nonlinear to linear part of the curve of dependence u = (%)
for the filtration rate and depends on the distribution of pore sizes in the porous
medium. An increase in o means a sharper transition. A larger distribution range
of pore sizes means a smoother transition between the linear and nonlinear parts
and thus a smaller « value. For instance, for « — oo we have from the generalized

law (2.1) [1]
u — 0, :<1I;
| —k(i—1I)sgn(i), i>1.
When a — 0 we obtain the transition to Darcy’s linear law.
We used a = 2 for the main soil, and @ = 5 hor the thin inclusion soil in the

following numerical experiments.
According to the linear compression dependence for soils,

e = —ao + const.

Here o are vertical stresses in the soil skeleton (in one-dimensional case). Further,

Ode 0o

o~ Yo

Also, according to Terzaghi’s effective stress principle [22,23]

do oh

ot~ Tor
and

Oe oh

a Vo

From the last ratio we obtain

G+1) _ o) G+1) _ )
¢ it 012 me—1,
T T

or
eIt = gy (h(j+1) — h(i)) +e9), 5=0,1,2,...,m; — 1.

Obtained ratio was used to determine the variable filtration coefficient in the void
ratio according to the Kozeny-Carman equation |7

3
l+e( e
1+e €0
where kg, eg are the initial values of filtration coefficient and void ratio; k, e are
their variable values over time.
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In equation (4.1), the soil compressibility coefficient a = 5.12x 10_7%2, specific
gravity of pore fluid v, = 104%. Initial pressure distribution hgy (z) = 20 m
is corresponding to the application of the respective load to the soil surface.
Unobstructed outflow of pore fluid is provided at the upper limit, and there is no
drainage at the lower limit.

The model problem considered a soil layer of [ = 25 m thickness. The depth of
inclusion & = 10 m, and its thickness d = 0.2 m. The x variable step was 0.04 m,
the time step 7 = 10 day. Piece-square functions were used as FEM basis. The
results of numerical experiments are plotted in Figs. 8.2, 8.3.

h, m
1,44 4 t=9000 days

t=6000 days —_—

t=3000 days
086 1 \

058+ t=1000 days

15 20 25

10

t=6000 days
t=3000 days
t=1000 days

Fig. 8.2. Difference of the distribution of the pressure fields for cases of nonlinear and linear

Darcy’s laws.

The nonlinearity in Darcy’s law has virtually no effect on the distribution
of excess pressure during the first 1000 days from the beginning of the study
process (Figs. 8.2, 8.3). However, as of the 3000th day, the relative difference in
the pressure jumps on the thin inclusion in the linear and nonlinear laws reached
8.4%. Then such relative differences continue to increase and reach 42% on the
9000th day (about 1.5 meters in absolute terms). Thus, the nonlinearity in Darcy’s
law and the presence of the threshold gradient can introduce significant changes
in the distribution of pressures, particularly in the long run. This is important
both in terms of natural heterogeneous soils and in terms of hydraulic structures
with fine inclusions.
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Abstract. In this paper necessary and sufficient conditions of a minimum for the uncon-
strained degenerate optimization problem are presented. These conditions generalize the
well-known optimality conditions. The new optimality conditions are presented in terms
of polylinear forms and Hesse’s pseudoinverse matrix. The results are illustrated by
examples.The formulation and appearance of these conditions differ from high-order optim-
ality conditions by other authors. The suggested representation of high-order optimality
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1. Introduction

Unconstrained optimization is the aim of many papers, and it has a variety of
applications (see, for example, [1-5]).Nevertheless, the existing numerical methods
for solving the general unconstrained optimization problem up to the second order
have a very low convergence rate in the case of degenerate problems [6-17] since
for increasing the convergence rate, it is necessary to use derivatives of orders
greater than two [6,7]. At the same time, using derivatives of the 3"¢ and 4"
orders makes a numerical method very time-consuming.

For the analysis of the convergence rate for unconstrained optimization me-
thods in the case of a singular minimum point, it is necessary to have appropriate
high-order optimality conditions.

A broad literature review on optimality conditions is presented in [18], therefore
we will not go into details in this paper. In addition to the above review, many
papers have been devoted to high-order optimality conditions (for example, [19,
20]). For the unconstrained optimization degenerate problem, high-order optima-
lity conditions are formulated in [19], but the form of these conditions is not
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convenient for application. In [20] high-order optimality conditions for unconstrai-
ned optimization have been also considered, but they are not convenient for usage
as well.

This paper aims to represent generalized necessary and sufficient conditions of
a minimum for unconstrained optimization degenerate problems, which improve
to some extent mixed order necessary and sufficient conditions for a minimum
proposed in [19] , but also differ from high-order optimality conditions suggested in
[20]. The developed optimality conditions should be more convenient for evaluating
the convergence rate of unconstrained optimization methods in the case of a
singular minimum point.

2. Higher-order optimality conditions

Remind that the degenerate problem of unconstrained optimization is to find

min f(z), =z € R", (2.1)
where f(x) is of class CP (p > 4) under the assumption that a point z* € R" of
local minimum of f(z) is such that the Hessian matrix f()(z*) is degenerate but

is not zero identically.
Introduce the following notations:

Ri=Ker(fP*)={zeR" fO@*)-2=0}; Ry={yeR"|ylaz}

is the orthogonal complement of R; (i.e., R® = R1®Ry); P is an orthogonal
projector onto the subspace Ry; Pt is an orthogonal projector onto the subspace
Ry; fO(2*) is an I-th derivative of f(z) at fU (z*)- [u?, v'='] is a multilinear form
of [ arguments u, v € R™ (the superscripts ¢ and [-i indicate the multiplicity of
occurrences of the corresponding argument). Notice that the value of symmetric
multilinear form is invariant concerning various permutations of arguments.

Denote by R the space of (%)—dimensional arrays of the dimension n x
nx...xn. Then f(gﬂ) (z*) can be considered as a linear mapping f(gﬂ) (x*):
R R"™; the mapping (f(%ﬂ) ()T : R — RM™ s a conjugate to
f (5+1) (z*) linear mapping. The mapping f®) (2*) can be considered as a linear
mapping f(p) (x*): R(n)p/2 — R(")p/Q, i.e. the value of the multilinear form f(p) .
(x*) [uP] = UTf(p) (xz*)U, where U € R(")p/Q, is a (5) — dimensional matrix with
entries U; j .k = Uil -+ Ug.

Remark also that if (@ (z*))t is a pseudoinverse matrix [21] to f2)(z*),

then
P=1- (fO@N*f? @), P+ = @) rPa. (2.2)

Theorem 2.1. (generalized necessary condition for minimum). Let f(z) be a
function such that

e f attains at point x* € R"™ a local minimum;
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o fisptimes (p > 4, pis even) continuously differentiable in the neighborhood
V(") of *;

o forallu e R"
£ @) | (Pw] =0, (2.3)

fort=1,..., (§-1).
Then for all u € R™

(2.8)
where mo > 0.

Proof. The conditions (2.4) are well known. The condition (2.5) means that
the matrix f)(z*) is not identically zero. Moreover, my > 0 is equal to a
minimal nonzero eigenvalue of the matrix f()(2*). The conditions (2.6) and
(2.7) follow from Theorem 2.1 [19] that was proved for the case of Hilbert space.
Additionally, in Theorem 2.1 [19] it was proved that under condition (2.3) the
following inequality

Fo(z*,u) = éf@) (z*) [ <PJ‘u>2]

() (o L p2] L L ) o »
e [(Pru) Py + 79 @) [(PuP) = 0 (29)
holds for all v € R™.
Taking into account (2.2), we can rewrite (2.9) as follows

Fo(a",u) = 3/ ()

(5)!

5 (f“” (2%) = — P () (@) T (@ () (s 5 <x*>>> [(Pu)?].
(2.10)

2
<PLu + o (fD @) @) [(Pu)p/ﬂ) ]
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Since Fy(x*,u) > 0 for all u € R™, consider decomposition u = uj + ug, where

w = Pu € Ry, up = Plu = —@(f@) (@) (£ (%) [(Pu)p/Q] € Ry.
Then (2.8) follows from (2.4), (2.9), (2.10). O

Corollary 2.1. (generalized necessary conditions for a minimum of 4™ order).
Let f(x) be a function such that it attains at point x* € R™ a local minimum and
1s four times continuously differentiable in the neighborhood of x*.

Then, for allu € R"

O @) =0, f@ (@) [UZ] = f@ (2% { (Piu)T > 0; (2.11)
72 @) | (Pe)’] 2 mallp Ll

O @) [(Pu?] =0, £9 @) [(Pw)*] > 0 (2.12)

(19 @) =3 (1P @)U @) @) (P =0, (2.13)
where mo > 0.

Theorem 2.2. (generalized sufficient minimum condition). Let f(x) be a p times
(p >4, pis even) continuously differentiable function in the neighborhood V (z*)
of point x*at which the conditions (2.3)-(2.7) are satisfied and for all

uec R"

(ﬂ”wﬂ—MQU@“Nﬁ»Wﬂ”wﬂﬁu@“NﬂD>

X [(Pu)’] = my| | Pull?, (2.14)

where my > 0.
Then x* is a point of strict local minimum of the function f(x) and for all x
from the sufficiently small neighborhood V (z*) the following inequality

f (@) = f(z*) = mo - (|[PLo|* +||Po|[P), (2.15)
where v =z — x* and mgo > 0, holds.

Proof. Since the function f(x) is p times continuously differentiable in the
neighborhood V' (z*), according to the Taylor series expansion we have the following:

F@) =7 @) =30 170 @) [0)] + ol
=1

2

+i;iwwmeHYﬁmﬂ+mwwm

=1 @]+ 57 @) | (Po)’]
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for all z € V(z"), where v = z—z*. Taking into account the conditions (2.3)—(2.7),
in a sufficiently small neighborhood V' (z*) the following equality

P - 1) = ¥ e | (Ph)]
+(§)!f(5“)( [ (Po), (Po)f]

1
+ Hf@ () [(Pv)?]
+O(||PLol]?) + O(||Pol| - ||Pol|5 )
+O(|[PHo] |2 - ||Po]|2) + O(|[o] ™)

holds. Because of (2.9) and (2.10), we have

(2) P L ’
fa)~Fa) = of @) [(m AR RC) [(PWD ]

L W (B+1) (o N\ T( £ ())+( p(BH) (o )P
o (fp( ) 2((%)!)2(f (@) (S (@) (f (%)) | [(Pv)”]

+O([Pol[*) + O(||P*o]| - [|Po]|2 ) + O(|[PHol > - | Pul|2) + O(llo]P*).

Thus, from (2.5) and (2.14) it follows that

2

f@) = @) = 52| Pro +(21)(f(2)(x*))+(f(5“’(w*)) [(Pv)%]
+ 22 Poll? — N HPH}H?’—NQ | Pro 51
p!
= Na | Pol[ Pl - N ol 2.16)

where Ny, No, N3, and N, are some positive constants.
Consider x € V(z*) such that

o] = gl ] 5 ]

Then
PLH@})!U@) @) (B () [(Pv)g] > HPJ_ H
~ |t ® @ @) [eof]] 2 5 P4
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and hence (2.16) implies

r) -1z g (2 [P+ 2 e
> mm(%?, 2’7;!)- (HPivHQ + |va|P> (2.17)

in a sufficiently small neighborhood V' (z).
Let x € V(z¥) is such that

f(ngl) (gj*

~—

[Pl < il @]

r
RIES

Then

R e LT R T |

The inequality (2.5) implies that H(f@) (m*))+H < %2 and, hence,

1Pol > @ oy |0 o]
> &l rio9 o] o]
Then from (2.16) we obtain
F@) = ) 2 502 Pl
p 2 _

= e g (G ) 160 oo
> min | T L @) 2Hf(§+1)( ) 2
ST T A | T2 M2 v
< ([l +1eer) 19

in a sufficiently small neighborhood V' (z").
It is worth to emphasize that in our calculations given above (see, for instance,

(2.18)), we implicitly assumed that Hf(%ﬂ) (z*)|| > 0. In the case when

|7 @) =0

(i.e., f<g+1) (x*) =0), from (2.16) we conclude that
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P -6 2 g (B2 [P+ 2 o)
> min(%, 2”?;!). <HPLUH2+ ||Pv||p) (2.19)

in a sufficiently small neighborhood V' (z"),

Thus, according to (2.17) — (2.19) , for all z € V(z") different from x*, there
is a positive constant mg such that inequality (2.15) is fulfilled, i.e. z* is a point
of a strict local minimum of the function f(z). O]
Corollary 2.2. (generalized sufficient condition for a minimum of the 4" order).
Let f(x) be a four times continuously differentiable function in some neighborhood
V(z™) of the point x*, at which conditions (2.11) and (2.12) are satisfied, and for
allw e R

(£ @) =3 9 @ DTGP @D @) ()] 2 ma[Pullt, (220)

where myg > 0.
Then x* is a point of the strict local minimum of the function f(x) and for all
z from a sufficiently small neighborhood V (z*) the following inequality

F@ =16 zmo- (|24 + 1), (2.21)

where v =x — z* and mqg > 0, holds.

The given above generalized necessary and sufficient minimum conditions
provide constructive optimality criteria for degenerate problem (2.1). We illustrate
the naturalness of conditions (2.13) and (2.20) with the following examples.

Example 2.1. Consider the function f(z) = (21 —|—x%)2, r € R2. This function
attains its minimum at the points of a set X = {z € R?| 21 = —3}.
Consider the point z* = (0, 0)' € X. Then,

= (3 0) () = (3 h).
=m0 =(1615).

0 0 0 4 00 0 0
whereA-(O 4>,B—<4 4>,C—<0 O>,D—<O 24>.The0rthogonal

projector P = 8 (1)

) and the orthogonal projector P+ = (é 8) .
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The point z* is not a point of strict local minimum, although the following
condition

@ () { (Plu>2} =2 HPlv‘ ’

is satisfied. In addition,

D @) [(Pw)'] =24 |Poll*, Yu € B?

(19 @) =3 (5P @NTGP @NTID @) [P =0, Vu e B

Ezample 2.2. Consider the function f (z) = 2+ 123+ 3, € R%. This function
attains the minimal value at * = (0,0)", which is a point of the strict local

minimum.
. 2 0 LT 19
=0 0) () = (3 ).

Then
o . clc
ey =uis, e -(6]5).

0 0 0 2 0 0
where A = <O 2) ,B= <2 0) ,C' = <0 0> < ) The orthogonal
1
0

0 0
0

8 1 and the orthogonal projector P+ =
For x* the following conditions

F@ (2%) [ (PLU)Z] - 2HPLU‘ ?

projector P =

SO @) [(Pu)] = 24+ |Pul’, ¥ u e B2

(59 @) =3 (4 @) @)D @) [(Pw)] = 18- Pullt, ¥ u € B2

are satisfied.
Therefore, the condition (2.20) provides strictness of the minimum, while the

condition f(*) (z*) [(Pu)4] >m ||[Pul|*,¥V v € R%,m > 0, is not sufficient for this.

3. Conclusion

The suggested necessary and sufficient conditions of a minimum for unconst-
rained optimization degenerate problems generalize the known optimality condit-
ions. The formulation and appearance of these conditions differ from the high-
order optimality conditions proposed by other authors. Owing to the results
obtained, the suggested optimality conditions can be used for the analysis of the
convergence rate of unconstrained optimization methods in the case of a singular
minimum point, for example, Newton’s method and quasi-Newton’s methods.
These issues will be considered in future papers.
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Abstract. We deal with the initial-boundary value problems with some restrictions at
infinity for linear and nonlinear anisotropic parabolic second-order equations in unbounded
domains with respect to the spatial variables. The weak solutions of our problem in
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1. Introduction

Let n be a natural number, and R™ be the linear space of ordered collections
z = (21, ..., ) of real numbers with a norm |z| := (|22 +... 4 |z,|?)/2. Suppose
that Q is an unbounded domain in R™, and 992 (boundary of the domain 2) is a
piecewise-smooth surface. Let v = (v1, ..., 1) be a outward-pointing normal unit
vector on 0f). Suppose 92 = I'g U I'1, where I'y is a closure of an open set on
0 (in particular, Io = 0 or Ty = 9Q), T'; := 9N\ Ty. Put @ := Q x (0,7),
Yo : =T x(0,7), 1 :=T71 x (0,T), where T' > 0. Denote by Bd(f2) the set of
all bounded subdomains of €.

We consider the problem: to find the function u : Q@ — R that satisfies (in
some sense) the parabolic equation

n

Up — Z diai(:z,t, u, Vu) + ag(z, t,u, Vu) = f(x,t), (x,t) €Q, (1.1)

N
i=1 *
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of Lviv, 1, Universytetska St., Lviv, 79000, Ukraine, mm.bokalo@gmail.com

© M. Bokalo, 2022.
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the boundary conditions

ul =0, =0, (1.2)

and the initial condition
u(z,0) =up(z), =€, (1.3)

where a; : Q X R 5 R, i=0,n, f:Q = R, ug: Q = R are given real-valued

Ju(x,t
functions, duz, ) =y ai(x, t,u, Vu) vi(x) is an exterior conormal derivative

oy,
of u in point (x,t) € Xy.

Remark 1.1. An simpler example of the equations of type (1.1) considered here is

Ut — Z (aij(xa t)u:vj):m‘ + Zaj(l‘, t)urj +60(x, t)u = f(xa t)? (J}, t) € Qv (14)
1,7=1 7=1

where @;; = @j; € Loo(Q), i,j = 1,n, are functions such that for a.e. (z,t) € Q
we have

n n
> @il tyming = w > Iml?, () €RT, w = const >0,
ij=1 =1

and @; € Loo(Q), 7 = 0,n, f: Q@ — R is such that f € Ly(Q' x (0,7)) for all
O € Bd(Q).

In Remark 3.4, we have given additional conditions for the coefficients of
equation (1.4), which together with those indicated here guarantee the existence
and uniqueness of a weak solution of problem (1.4), (1.2), (1.3) in some class of
functions, which have corresponding behavior at infinity. O

Remark 1.2. An more complex example of the equations of type (1.1) considered
here is

k

up— > (@2, ), )z,

ij=1

= Y @i, ) e, [P g, ), + do(z, tu = fl,t), (1.5)
i=k+1

(z,t) € Q, where k € {1,...,n—1} and Q such that QN{z = (z1, ..., Tk, Tk11, ..., Tn)
€ R™ | |z1[*+...+|2x|* < 72} is bounded for each T > 0, for example, Q = Q0 xQy,
Q is an unbounded domain in space {(z1,..., k) ‘ x1,....xp € R}, and Oy is a
bounded domain in space {(g41, ..., Tn) ‘ Tkt - Tn, € R}. Also we suppose that
1) a;j = aj; € Loo(Q), i,j = 1,k, are functions such that for a.e. (z,t) € Q a
quadratic form Zﬁjzl aij(x, t)ning, (m,....,nk) € R*, is positive, 2) for every i €
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{0,k +1,...,n} a function @; : Q — R is measurable, and 0 < essinfo/, (1) a@; <
essSUpq/y (o) @ < +oo for all Q' € Bd(Q), 3) for every i € {k +1,...,n} a
function p; : @ — R is measurable, and 1 < essinfo p; < esssupg p; < +00
for all Q' € Bd(Q) (the functions p;,i = k+ 1,n, are called exponents of the
nonlinearity).

In remark 3.5, we have given additional conditions for the coefficients of
equation (1.5), which together with those indicated here guarantee the existence
and uniqueness of a weak solution of problem (1.5), (1.2), (1.3) in some class of
functions, which have corresponding behavior at infinity. O

Initial-boundary value problems for parabolic equations in unbounded domains
with respect to the spatial variables were studied by many authors. As is well
known, to guarantee the uniqueness of the solution of the initial-boundary value
problems for linear parabolic equations in unbounded domains (in particular,
these problems can be described by (1.4), (1.2), (1.3)) we need some restrictions
on solution’s behavior as |z| — +oo (for example, solution’s growth restriction
as |x| — oo, or belonging of solution to some functional spaces). Since the
uniqueness of solution is the determining condition to the well-posedness of prob-
lems for evolutionary equations, then it is naturally to formulate the initial-
boundary value problem for equation (1.1) in the following form: to find the
solution of this equation that satisfies conditions (1.2), (1.3), and some restrictions
on its behavior as |x| — +o00. Firstly this was obtained in [1]. There it was shown
that the classical solution of the Cauchy problem for heat equation

u—Au=0, (z,t)eR"x(0,T], uli=0 =wup(x), z€R", (1.6)
is a unique in the class of the functions such that
lu(z,t)| < Ae?™” for all (z,t) € R" x [0,T], (1.7)

where constants a, A are depending on u, while restriction (1.7) is an essential
condition for the uniqueness of the solution of the problem. Or rather, in [1],
[2] was proved that problem (1.6) with ugp = 0 has a nontrivial solution with
growth Ae?®"™* as |z| — 400 for € > 0. Remark that restriction (1.7) can be
interpreted as an analog of the boundary condition at infinity. Similar results for
weak solutions of linear parabolic equations from a wide class were obtained in [3],
and to substantiate these results used an analogue of the principle of Saint-Venant
known in mechanics. The similar situation is with nonlinear parabolic equations
from certain classes (see [4-9], etc).

Note that we need some restrictions on the data-in behavior as |z| — 400 to
solvability of the initial-boundary value problems for parabolic equations conside-
red above. In particular, in the paper [1] it was shown that a classical solution of
a problem (1.6), (1.7) exists if ug satisfies the condition: |ug(z)| < Bebl*® for all
x € R™, where b, B are any constants.

However, there are nonlinear parabolic equations for which the corresponding
initial-boundary value problems are unique solvable without any conditions at
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infinity. First result was proved in [10] for equation (1.5) with py = const > 2,
and pgi1 = ... = p, = 2. Similar results were obtained for nonlinear parabolic
equations in [10-20], etc.

Nonlinear differential equations with variable exponents of the nonlinearity
(for example, equation (1.5)) appear as mathematical models in various physical
processes. In particular, these equations describe electroreological substance flows,
image recovering processes, electric current in the conductor with changing tempe-
rature field (see [21]). Nonlinear differential equations with variable exponents
of the nonlinearity were intensively studied in [22-29], etc. The corresponding
generalizations of Lebesgue and Sobolev spaces (see [30]) were used in these
investigations.

In this work we consider a class of second order parabolic equations in unboun-
ded domains with respect to the spatial variables, which require for the correct
formulation of the initial-boundary value problems of setting conditions for the
behavior of the solution at infinity. This class contains both linear (see, for
example, (1.4)) and nonlinear equations with variable exponents of the nonlinearity
(see, for example, (1.5))). Here we complement and generalize results for linear
(see, for example, [3]), and nonlinear parabolic equations with constant exponents
of the nonlinearity (see, for example, [6]). As we know from the available sources,
nonlinear parabolic equations with variable exponents of the nonlinearity were
not previously investigated in the context of the problem under consideration. In
our researches, we use an analog of the well-known in mechanics Saint-Venant
principle. It was developed in [3,6, 31, 32|, and others. Moreover, to prove the
solvability of our problem we use the method of exhaustion for unbounded domains,
and the monotonicity method [33].

The article is organized as follows. In Section 2, we describe functional spaces
which are used in the sequel. In Section 3, we set the researched problem and
formulate the main results. Section 4 contains auxiliary statements that are used
in the next section. Finally, Section 5 is devoted to substantiation of the main
results.

2. Main notation

Firstly, we introduce some functional spaces. Let r : & — R be a measurable
function, r(z) > 1 for almost every (a.e.) z € Q, and esssup,cq/ 7(z) < oo for any
Q' € Bd(Q2). For any Q' € Bd(2) we denote by L,.y()') the linear space of (classes
of) measurable functions v : ' — R such that por,(v) == [o, Jv(z)|"®) dz < oco.
This is the Banach space with a norm

[0l @) = A >0 | porp(v/A) <1}

Space LT(.)(Q’ ) is called the Lebesgue space with variable exponent or generalized
Lebesgue space (see, for example, [30]). If r(z) > 1 for a.e. z € €, put by definition
r'(x) :=r(x)/(r(zr)—1) for a.e. € Q. As is well known, the dual space (L, (?2'))’
can be identified with LT/(,)(Q’) under the condition essinf,cq r(z) > 1. Note
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also that in the case r(z) = r = const > 1 for a.e. z € Q' € Bd(Q) we have
Lyy () = Le(), and || - Iz, @) = | - lz.(2)-

Denote by Ly 10¢(€2) the linear space of (classes of) measurable functions
v : Q@ — R such that their restrictions v|o belong to the space L,.y(Y') for
any set Q' € Bd(Q). This space with a family of seminorms {|| - HLTM(Q/) |V €
Bd(2)} is complete locally convex. Then a sequence {v;}p2; converges to v in
Ly(),10¢(82) strongly (correspondly, weakly), if for any domain ' € Bd(f) the
sequence {vi|or}2; converges to v|gr in L,(.y(Q2') strongly (correspondly, weakly).
As above, we introduce the space Lr( (@), where Q" = ' x (0,T), Q' € Bd(Q),
by using the functional p¢y - = [Jo lw(z, 1) )|"@®) dadt instead of pgy - (v). Then

we define a complete locally convex space LT(_)JOC(Q) along with a family of
seminorms {|| - ||, ., @x(0m) | " € Bd(Q)}.

Let the following condition holds:
(P) p = (po,p1,--.,pn) : & — R is a vector-valued function such that for every
i € {0,1,...,n} the function p; : @ — R is measurable, and for any Q' € Bd()
we have 1 < essinfoy p; < esssupg p; < +00.

Let p'= (pp, pl, - - -, pl,) be the vector-valued function such that ( y T /( y=1
for a.e. x € Q, i = 0,n. Obviously, the function p’ satisfies cond1t1on (P) with p!
instead of p;, i = 0, n.

For any domain Q' € Bd(Q2) we define the space

W) = {0 € Lyy(y () | g, € Ly s (), i =T}

This is the Banach space with the norm
n
ol @y = ol + - Nowllz,, o
i=1

Space Wpl(‘)(Q') is called the Sobolev space with variable exponent or generalized

Sobolev space (see, for example, [30]). Denote by Wpl(

convex space of (classes of ) functions v € Ly, (). 10c(Q2) such that vy, € Ly, () 100(),
i = 1,n, along with a family of seminorms {||UHW1 (@) | @ € Bd()}. Let

/V[Z)l(.) 10c(€2) be the closure of the set cl@Q) : {v e CYQ) | vl[r, = 0} in
space Wp(,) 1oc (). By Wpl(.) .(2) we denote a subspace of Wl() 1o (€) consisting
of functions with bounded supports.

For the domain Q" = Q' x (0,T), where ' € Bd(Q), we put

), loc () the complete locally

W, (@) == {w € L) (@) | way € Ly (@), i=T,n}.

This is the Banach space with the norm

n
el gy = Il @n + D Il @)
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Denote by W% o0, 1OC(Q) the complete locally convex space of (classes of) functions
w € Lp0(~),loc(Q) such that ws, € Ly, (), 10c(@), i = 1,n, along with a family

‘ Q' € Bd(Q)}. By Wl((; 10e(@) we denote a

(Q) such that w(-, t) belongs to Wpl(-) 1oc (€2) for

of seminorms {HwHWm)( OT)

subspace of functions w € W
a.e. t € (0,7).
By definition, put

), loc

C([0,T); Lojoc(2)) := {w : [0, T] = Lo 10c(S2) } w e C([0,T]; L2 () V' € Bd(Q)}.
This space with the family of seminorms

wlleqomza ) = s, |w(-, 8]y 1 € Bd(Q)}

is complete locally convex.
Denote by

Uptoe(@) 1= W5 100(@) 1 C((0, T]; Lo 1o (2))-

This space is complete locally convex along with a family of seminorms
Ul rngoy + Illcqoyzaery | € B},

Finally, let C}(0,7) c C*(0,T) be a set of functions with compact supports
n (0,7).

3. Statement of the problem and formulation of main results

We will consider weak solutions of the problem (1.1) — (1.3). To define them,
we introduce corresponding data-in classes.

Let p = (po,p1,---,pn) be a vector-valued function that satisfies condition
(P). By A, we denote all ordered collections (ag, a1, ..., a,) of the real functions
satisfying the following conditions:

(Aq) for every i € {0,1,...,n}, function a;(x,t,p, &), (z,t,p,€) € Q x R is
a Carathéodory, i.e., function a;(x,t,-,-) : R™*™ — R is a continuous for
a.e. (z,t) € @, and function a;(-, -, p,€) : @ — R is a measurable for every
(p, &) € R in addition, a;(z,t,0,0) = 0 for a.e. (z,t) € Q,i =0, n;

(Ay) for every i € {0,1,...,n}, for a.e. (x,t) € Q, and for every (p,£) € RI*"
the following inequality holds
i, t, p, )] <l (, 1) (|07 +Z|€ PP 4y o (2, 1),

7j=1

where hi1 € Loo,10c(Q), hi2 € L P, 1oc(@)-
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Now we give a definition of a weak solution of problem (1.1) — (1.3). We assume

that p satisfies condition (P), (ao, a1, ...,an) €Ay, f € Lajoc(Q), uo € L2 1oc(2).

Definition 3.1. A weak solution of problem (1.1) — (1.3) is called a function

u € Upioc(Q) that satisfies (in the sense of space C([0,T7]; La1oc(£2))) the initial
condition

u(-,0) = up(-) a.e. on €, (3.1)
and the integral identity

// [—utbg’ + ) ai(x,t,u, Vu)ihe, e + ao(x, t, u, V)] dudt
Q i=1

= //wacpdxdt Ve Wiy (Q), Yo e CHO,T). (3.2)

Suppose 0 € 2. Let k € {1,...,n} be a number such that for any 7 > 0 the
set Q== QN{z € R" | |z + ... + |x[? < 72} is bounded. For any 7 > 0 we

denote by €2, a connected component of the set € that contains 0. For any 7 > 0
put Q; := Q; x (0,7T"). Obviously, Q = (.o 27, Q@ = U, @~

The choice of value k depends on the geometry of the domain € (up to the
numbering of variables z1,...,z,). Obviously, in the general case we can take
k = n, and, in this case, the class of equations considered below will consist of
generalizations of equation (1.4), or rather, of almost linear equations. But in the
case of k < n the class of equations to which the following results apply is wider
than in the case of k = n, and the smaller the value of k the wider the class of
these equations (to confirm this, see (1.5)).

Let us illustrate possibilities of the value’s k considered two examples.

Example 3.1. Assume Q = Q; x 5, where 2 is an unbounded domain in Rl =
{(z1,...,7) | 2; €R, i = 1,1} forsomel € {1,...,n—1}, Qs is a bounded domain
in R" = {(z151,...,20) |2; € R, i =+ 1,n}, and 0 € Q. Then we can take
arbitrary k € {l,...,n}. If k = [, then Q; = Oy » x Qy for any 7 > 0, where §; ; is
a connected component of the set Q1 N {(x1,...,2;) € R | |22 +. .. +|z)? < 72}
such that 0 € 4 g. Il

Ezample 3.2. Suppose
Q= {(.1‘1,.%2) € RQ | —o0o < r <400, —¢1($1) < x9 < qf)g(l‘l)},

where for each m € {1,2} a function ¢,, is continuous on R, and ¢,,(s) > 0 for
all s € R. Then we can take either k = 1 or £ = 2. In case £k = 1, we have
Q.= {(.Tl,l‘g) cR? ’ 1| <7, —d1(x1) < 22 < gf)g(ﬂ:l)} for any 7 > 0. If k = 2,
then

Q= {(z1,22) €R? | 1] < 7,
—min{¢1(z1), /72 — |z1*} < 22 < min{ga(z1), /7% — |21]?}

for any 7 > 0. g
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By definition, put
I =1I;n00,, 7=0,1, T'i;: =200,
Yir=1;-x(0,T), 7=0,1, X,;:=0,x(0,T), 7>0.
We will use a notation

Vit = (Vpys -0z, )y VRV = ([vay | + - oo+ o, )2

Everywhere further we will consider that is carried out the following condition:

(P*) p= (po,p1,---,0n) : Q@ — R satisfy condition (P), and po(x) = p1(x) =
. =pr(x) =2 for a.e. x € Q.

Suppose A7 is a subset of Aj, which every element satisfies conditions (Aq),
(Ay), and the following condition:

(A3) for a.e. (z,t) € Q and for every (p1, &), (p2,£2) € R, we have

k
Z ‘ai(x7t7p17§1) - ai(.%',t,pg,{z)‘ < gl(xat)"fll - 5/2‘ +gg($’,t)|p1 - PQ’,
=1

(3.3)

n

> (i, t,p1,6") — ail, t, p2, ))& — &) + (ao(a, t, p1, &)

i=1

- a0($7t7p2>£2))(:01 - p2) = ql(x>t)|§,1 - §/Q|2 + QQ(.%',t)|p1 - p2‘27 (34)

where &7 := (&],...,8), 1€79] == (|1> + ... + |§)V2, j € {1,2}, and gy,
g2, q1, ¢2 : @ — R are continuous functions on @) that satisfy the following
conditions:

o gi(x,t) >0, ga(w,t) > 0, q1(z,t) > 0 for all (z,t) € Q, inf g2 > —o0;

e there exist a real number u, and continuous functions di, do, A defined on
[1,+00) such that

q@(z,t) +p >0 forall (x,t) € Q, (3.5)

forall 7>1: di(7) 2 max =——, ds(7) > max gs, 3.6
1(7) max — o 2(7) max g (3.6)

/ [qlkav‘Q + QQ|U‘2] dar
forall 7>1: —p<A(r)<inf —"

t,v 2 ’
|v|* dT
F*,T

where the infimum is taken over all numbers ¢ € [0, 7], and all functions v
that are continuously differentiable in the neighborhood of I'y -, and v = 0

(3.7)
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on 0T - N T (in particular, —p < A(7) < ming_— ¢o),
while N ’
(o0}
d
/ T = 4o, (3.8)
1 Au(r)

d1(7'> dQ(T)
A7)+ M)+ 4w

where

(3.9)

Remark 3.1. If supg j;» < 00, supg g2 < +09, then functions dy, da, A can
1

be chosen as constants. Namely, di(7) := di0, d2(T) := da0, A(7) := A¢ for all
T > 1, where dj o, d2,9, Ao are constants such that

g :
dipg=sup ——, doo=sup g2, Ao < %f q2-

o Vi Q
Then we can take p such that A\g > —u, and
di0 ds.0
A (r)=A,0:= : + : for all 7> 1.
/»‘( ) 1,0 /AO+,U/ )\O—i_,u/ =

g

Suppose AJ*, in the case of k < n, is a subset of Aj, which arbitrary element
satisfies the following condition:

(Ay) for a.e. (z,t) € Q and for every (p, &) € R we have

n

Zai(‘rvt)paé)éi_’_a()(xvt’pag)p > QS(xvt) Z |€Z|pl(m)—Q4(l’7t)|p|2—h(l’,t),
i=0 i=k+1

B B (3.10)
where ¢3,q4 € C(Q), g3(xz,t) > 0 for all (z,t) € @, 0 < supg ¢4 < +00,

h € Li0c(Q), h >0 a.e. on Q.

In the case of k = n we will assume that AZ* = A;;.

It is easy to prove that the initial problem

dr
o= Au(r), 7(0)=1 (3.11)
has a unique solution 7(a), a € [0, +00), and this solution is determined by the
equality
(@) ¢
/ " —a, a>0. (3.12)
1 Au(s)

From this and (3.8) it follows that

T(a) = +o00 as a — +oo. (3.13)
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Suppose 7(a), « € [0,4+00), is a solution of problem (3.11), and put
0=y TF=Tjr@a,i=01 T¢:=T, @),
Q% =Qra) X = Tjra), ) =01, =B

Note that in view of (3.13) we have Q = (J,.( 2%, Q@ = Uyso Q@™

Let {An,}2°_; be a sequence of real numbers such that for all m € N we have

/ [@1|Viv]? + go|v|?] da
—p < Ay <inf 2

Q
t,v 2 ’
|v|* dx
m

where the infimum is taken over all numbers ¢ € [0, 7], and functions v € C1(Q™)
such that v =0 on 0™ \ I'{" (in particular, —p < Ap, < mingz g2).

(3.14)

Denote ) 9
Ek,u(w) = q1|vkw’ + (QQ + :U’)|w‘ )

1/2 (3.15)
(W) = (ﬂQa Ej (w)e=2ut da:dt) , a=0.

Now we formulate our main results.

Theorem 3.1 (a uniqueness of the solution). Let p satisfies condition (P*), f €

L210c(Q), uo € L210c(2), (a0, a1, ..., a,) € Ay. Then problem (1.1) - (1.3) has at
most one weak solution such that

e B2 (p -0 as R— +oo (3.16)
(an analog of the boundary condition at infinity), where (-)gr defined in (3.15).
Remark 3.2. Assertion (3.16) is equivalent to the condition

ds

Pl o // (1| Viul® + (@2 + @) |ul?] dzdt -0 as 7 — +oo.  (3.17)
Qr

It follows from (3.12), if to remark that Q¥ = Q,., if R = flr Aifs)' O

Theorem 3.2 (an existence of the solution). Let p satisfies condition (P*), f €

L210c(Q), o € Lajoc(R2), (a0, a1,...,an) € A*. Also suppose for some number
» € (0,1) the following inequality holds

(A + )71 // |f|?e™ 2 dxdt + / lug)? dz < C1 ™™ ¥meN, (3.18)
m Qm

where C1 > 0 is a constant.
Then there exists a weak solution of problem (1.1) — (1.3) satisfying condition
(3.16). Moreover, for this solution the following estimate is fulfilled:

(W < Coel=M2 ym e N, (3.19)
where Cy := [(2+ e'/2 — e /%) /(1 — e~ #/?)]\/C7, ()m defined in (3.15).
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Remark 3.3. Estimate (3.19) is equivalent to the estimate
_ T _ds
// [01|Vkul? + (g2 + ) [ul2] e 2 dadt < Cze" P TG wr =1, (3.20)
Qr

where C5 > 0 is a constant depending only on s and C].
The statement is substantiated in the same way as (3.17). g

Remark 3.4. For equation (1.4) the conditions of Theorems 1 and 2 are satisfied if
functions @;j;, ¢,7 = 1,n, a;, ¢ = 0,n, are as in Remark 1.1, and for a.e. (z,t) € Q
following hold

n n

o)=Y (Y lasnP) " e =o

i=1  j=1

() =w/2, o) < (dolet) - oo 3 A 0P),
=1

where g1, g2, q1, g2 are as in (A3) with u = 0, and f, ug satisfy (3.18). O

Remark 3.5. For equation (1.5) the conditions of Theorems 1 and 2 are satisfied
if functions a;j, i,j = 1,k, @;, i = k + 1,n, @y are as in Remark 1.2, and for a.e.
(z,t) € Q following inequalities hold

k

Vi max |a;j(z,t)| < g1(x,t),
izle{l,...,k}| i@, 1) < gi(a,t)

k

k
1,7=1 i=1

a0($7t) = Q2(967t)7 min ai($7t) = Q3(:B>t)a
ie{k+1,...,n}
where g1, q1, g2, g3 are as in (Aj3), (Ay) together with go =0, ¢4 = 0, u = 0, and
f,up satisfy (3.18). O

4. Auxiliary statements

Here we give some auxiliary results which will be used in Section 5. We denote

a;(v)(z,t) = a;(z, t,v(z,t), Vo(z,t), (z,t)€Q, 1=0,n, (4.1)

ov =v, 0v=0v, i=1n. (4.2)

Recall that Lip(Q2) is the linear space of Lipschitz continuous functions on Q.
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Lemma 4.1 (Lemma 1, [24]). Suppose p satisfies condition (P), R > 0 is an
a;"bz'tmry fixed number, and a function w € W;{g,loc(@) satisfies the integral
rdentity

// [—wwcp/ + Z giaﬂbcp] dzdt =0
i =0 (4.3)
V¢ € W;()yc(Q)? Suppw C QiRa VSO € Ccl(ovT)a

where g; € Ly () 10c(Q), i = 0,n, are given functions.

Then for arbitrary function ¢ € Lip(Q), supp( C Qr, ¢ = 0 we have /Cw €
C([0,T); L2(2R)) (hence, w € C([0,T]; La(Qgr)) for every R’ € (0, R)). Moreover,
for arbitrary functions 6 € C*([0,T)), and for any numbers t1,t2 € [0,T] (t1 < t2)
the following equality holds

5 1000 /Q ot ) ] - ! /: /QR w]?C ¢ dudt
+/tt2/9 [igiai(wC)]Gda:dt:O. (4.4)

R =0

If, in addition, it is known that w|p_ ,xo,r) = 0, then w € C([0,T]; L2(2R)), and
we can take ((x) =1, x € Q, in ({.4).

Lemma 4.2 (an analog of Saint-Venant principle). Assume p satisfies condition

(P*), (ag,a1,...,an) € Ay, f € L210c(Q), ug € Lo joc(2). Suppose R > 0 is an

arbitrary number, and w1, uz € Up1oc(Q) such that for each | € {1,2} we have

w(-,0) =ug(:) ae on QF, (4.5)
and
//QR [—wve’ + ;ai(ul)ﬁiwap] dzdt = //QR [ dxdt,

Vi € Wi (), suppy C QF, Ve CHO,T). (4.6)
Then for every Ri, Rz, 0 < Ry < Ry < R, the following inequality holds
(ug — ug)g, < eFrR2/2 () —yo)p . (4.7)

Remark 4.1. The inequality of type (4.7) has been obtained in [3]| for weak
solutions from ng ﬁ)c to linear parabolic equations, and in [6], [31], [32] and

other works for weak solutions from W21 ’1?) . to quasilinear parabolic equations with
constant nonlinearty exponents. This inequality is an analog of the well-known in
elasticity theory Saint-Venant principle. g



110 M. Bokalo

The proof of Lemma 2. For an arbitrary x € R™ we set x = (2/,2"), where 2/ =
(21,..., ) € R¥, 2" = (211, .., 2n) € RVF. Let |2/| = (|1 + ... + |z]?)V2
For any § € (0,1), 7 € [1,4+00), 2’ € R* we denote

1, if |2'| <7 -6,
Ys(@' 7)== (r—|2!])/s, ifT—6< || <,
0, if |2'| > 7.

Obviously, for every i € {1,...,k} we have 9;¢5(z',7) := 0 if |2/| < 7 —§ or
|z'| > 7, and

Opps(a’,T) = —5‘3;2/‘ if T—d<|2| <. (4.8)

By definition, put w := u; — ug. Let § € (0,1), 7 € (1,7(R)) be arbitrary
fixed. We subtract the integral identity (4.6) for [ = 2 from this identity for [ = 1.
Applying Lemma 1 to their difference with t; = 0, to = T, 0(t) := e 2*, t € R,
C(z) == s(a, 1), » = (2,2") € Q, we obtain

sl [t Pustel,ryda] [+ // wf2se 2 dadt

// al uy) — ai(ug))o; ’ll)l/]g} =20t o dt

// al u1) — ai(ug))wo; ¢5} =20t . (4.9)

Let Viw := (Qyw, ..., 0pw), |Viw| := (Zle |9;w|?)'/2. In view of (3.3) we have
k
> lai(ur) — ai(uz)| < g1|Vew| + golw| a.e. on Q. (4.10)
From (4.9), taking into account (3.4), (4.5), (4.8), and (4.10), we deduce

// (01| Vikw]® + (g2 + p)w[*] se dadt
Qr

1
S // (91| Viw| + ga|w|] [w]e” " dadt. (4.11)
5 T\QT*(S

Note that for an arbitrary function P € L 10c(Q) we have

// P(:v,t)dxdt:/ (// P(z,1) dth) do, 7> 0.
QT\Qrfé T—0 *,0
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Using the latter assertion, we pass to the limit in (4.11) as § — 0+. So, we get

// (1| Viw? + (g2 + p)|w|?] e dadt
Qr

< // (91| Viw| + go|w|] [wle™** dT dt  for ae. 7€ (0,7(R)). (4.12)

From Cauchy-Bunyakovsky-Schvartz inequality it follows that for a.e. 7 €
(0,7(R))

1/2
// 91V kw]| + galw|] [w]e~2 T dt < (// 1912|V w|2e =2t drdt)
*,T Z*,T

1/2
X (// lw|?e 21 dth) —I—// galwPe M dD dt.  (4.13)
2*,7’ 2*,7

By virtue of (3.6) and (3.7), we obtain for a.e. 7 € (0,7(R)) and for a.e.
te(0,T)

/‘wme&w</[memww%r

T T

< (011(7))2/F (@1 View]* + (g2 + p)|wl?] dT, (4.14)

/ mﬂw</ [ Viwl? + (g2 + wlw]?] dT
F*,T F*,T

I, o st et |t

< (A7) +u)1/F (1| Vsw]® + (g2 + p)|w[*] dT',  (4.15)

/ gglw|2dF < dQ(T)/ |w|2dF
T

*, T

< do(T)N(1) + p)~? / (1| Viw|® + (g2 + p)|w|?] dT. (4.16)

*,T

From (4.12), taking into account (4.13) — (4.16), we infer

//Q (01| Viw]* + (g2 + p)w[*]e™ dadt
< [di () AF) + )72 + da(r) (A7) + )]

X // (1| Viw? + (g2 + p)|w|*] e dl dt. (4.17)
Z*,T
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In view of (3.9), (3.15), and (4.17) we establish for a.e. 7 € (0,7(R))

// B p(w)e™ 2 dxdt < A, (1) // By p(w)e™ 2 dr dt. (4.18)
QT *,T

Denote
F(r):= // By (w)e M dadt = / ( Ek,#(w)e’2“tdl“dt) do, (4.19)
Q‘r 0 E*,o‘

for all 7 € [1,7(R)]. Then for a.e. 7 € (1,7(R))

_ d [T _ dF(7)
E AT dt = — E 21t g = :
/Z*’T pulw)e arde = - | ( . e (w)e 2t d dt) do =
(4.20)
From (4.18), using (4.19), and (4.20), we obtain
dF
F(r) < Ay(r) ) for ae. 7€ [1,7(R). (4.21)

dr

Suppose 7 = 7(a), @ € [0,+00), is a solution of problem (3.11), and R, Ry are
arbitrary real numbers such that 0 < R; < Ry < R. In view of (3.11) and (4.21)
we get

< dF (1()) dr ()

F(T(a)) S dr da o€ [Rl,Rg].
It follows that
0< M — F(1(a)), « € [Ry,Rs). (4.22)

do

Multiplying (4.22) by e~%, we deduce 0 < di(e_O‘F(T(a))>, a € [Ry, Ryl
o'

Integrating the latter inequality in « from R; to Rs, we infer
F(1(Ry)) < 2B (1(Ry)). (4.23)

From (4.23), taking into account (w), = \/F(7(«)), we imply (4.7). O
5. Proofs of the main results

The proof of Theorem 1. Let us show that problem (1.1) — (1.3) has no more
than one weak solution. Assume the opposite. Let u; and us be different weak
solutions of problem (1.1) — (1.3), which satisfy condition (3.16). It is clear that

for arbitrary R > 0 a functional (-)r is a seminorm in space Up joc(@). From this
fact and (3.16) we deduce

e 2wy —ug)p < e ()R + (u2)r) = e 2 (ur) g + e (us)r = B(R),
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where S(R) — 0 as R — +o00. Using this assertion and Lemma 2 (see (4.7)) for
arbitrary Rj, Re such that R; < Rs, we obtain the estimate

(ug —ug)g, < eFR200y) —uy)p, = ef/28(Ry). (5.1)

We fix Ry, and tend Ry to +o0. From (5.1) it follows that (u; — u2)g, = 0. Thus
u1 = uo almost everywhere on Q. As R; is arbitrary, we get u; = ug almost
everywhere on (). This contradiction proves Theorem 1. O

The proof of Theorem 2. The proof is in four steps.
Step 1 (the solution’s approzimations). Let o > 0 be an arbitrary number. By
W[}(,)(QO‘) define the closure of space {v € C'(Q) ‘v‘am\r‘f =0} in Wpl(,)(QO‘).

By /W;(’F))(Qa) denote a space of functions w € W;(’g (Q¥) such that, for a.e. t €
(0,T), w(-,t) belongs to WI}(_)(QO‘). We set ﬁp(Qa) = W;(’g(Qa)ﬂC([O, T]; La(029)).

For every | € N we consider the problem: to find the function u; € I[AJp(Ql) that
satisfies (in the sense of space C([0,T]; La())) the initial condition

w(-,0) = uo(-) almost everywhere in (5.2)

and the integral identity

//Ql {—ulwp’ + zn; ai(ul)aﬂb@} dzdt = / o fp dxdt,

Vi € Wy, (), suppt €, Vo € CH0.T). (5.3)

To prove the existence of the function u; € [[AJp(Ql) we use Faedo-Galerkin
method (see, for example, [22]). In view of (Ags) it is easy to show that the
function u; is a unique.

For every [ € N the function u; is extended by zero to @, and the extension
denote by u; again. Obviously, that u; € Uy joc (Q). Now we show that there exists
a subsequence of the sequence {u;};°, converging to the weak solution of problem
(1.1) — (1.3), (3.16) in some sense. We use an approach from [3], [6], and [33].

Step 2 (the convergence of the sequence of solution’s approximations). First we
estimate (u;); for an arbitrary fixed [ € N. From Lemma 1, putting w = u;, R = [,
t1=0,t0=T,0() =e 2 teR, ((z) =1, 2 €, and using (5.3) instead of
(4.3), we obtain (see (4.1))

_2“T/ lug(x,T) ]2dm+// i(up) Ouy + | } 20 ddt

/ fuge M ddt + = / lup|* dz.  (5.4)
Ql
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From this assertion, taking into account (A;) (or rather, the condition a;(0) =
0, i =0,n), (A3) (see (3.4)), and Cauchy inequality:

1
ab < %aQ + 2—€b2, a,beR, >0, (5.5)

we infer

//Ql (1| Vil + (g2 + ) |w|*] e dadt

1 1
< % // ’ul‘QefQMt dxdt + 2/ |f’2672ut dxdt + 2/ |u0‘2 dxdt, (5.6)
Q! €1 ! «

where €1 > 0 is an arbitrary constant.
We have

T
// ’w\QeQ“tda;dt:/ 62#t(/ |uz!2da:) dt
Q! 0 Q!

= /OTe_Q“t(/QZ (@1 |Vl + (g2 + 1) |?] dw/[/ﬂl (1| Vi |?
oot ) dn) [l de] ) ai

1 2 27 —2ut
< V =+ =+ da?dt, .
l //l [q1\ kul\ (QQ [L)‘ul| ]6 (5 7)

where A; is defined in (3.14).
From (5.6) and (5.7), putting 1 = A; + p, we get

ﬂn&Ww”4MMﬁ<(m+ﬂVﬂﬂfﬂ%”WMﬁ+/Wme.
Q! Q! o

The latter inequality and (3.18) imply the estimate
(W) < /Cr =2 | eN, (5.8)

Let m € N be an arbitrary fixed number, and let [, 7 € N be arbitrary numbers,
while { > m. We have

|
—

r

(Wr —u)m < ) (Wit — Wi)m- (5.9)

I
o

For each ¢ € {0,...,r — 1} and the functions wuj4;11, w4, using Lemma 2 with
R =1+ 1, we obtain

(Writr — Wi)m < € A Wpitt — Wgi)mr1 < ..
< 67(l+i7m)/2<ul+i+1 — Ui (5.10)
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In view of (5.8), we have

(Uit )it + (Uigi)i
\/a[ (1= (I+i+1)/2 4 (1—%)(l+i)/2]
VO [e? 4104072 — ¢y (=02 (517)

(Uigit1 — UWigi)iti

NN //\

where Cy := /C7 (e!/? +1).
Using (5.9) — (5.11), we find

r—1
(Utgr — s < a3 e (=2 (0102
=0
< C4e(m—%l)/2 Z(e—%/Q)i < C5e(m—%l)/2’ (512)
=0
where
05 = C4/(1 — 67”/2) _ \/a(el/Z + 1)/(1 o 67”/2). (5.13)

From (5.12) it follows that (uj4, —u)m — 0 as I — +oo uniformly by r € N,
that is, {Q;w}, i = 0,k, are Cauchy sequences in space Lo(Q™), where m € N
is an arbitrary fixed. Hence, there exists a function u € L2710C(@) such that

du € Lajoc(Q), i = 1,k, and

Oju;— Oju  strongly in LQJOC(@), 1=0,k. (5.14)
l—00

Taking into account (As) (see (3.3)), from (5.14) we get

ai(ul)ljo a;(u) strongly in = Lo 15.(Q), i=1,k. (5.15)

Suppose m € N is an arbitrary fixed number, and [,r € N are arbitrary

numbers such that [ > m, r > m. Under the condition supp v C Q™, we subtract

the integral identity (5.3) for [ = r from this identity for [. Applying Lemma 1

to their difference with t; = 0, to = s € (0,T], 0(t) := e 2 t € R, ((z) :=
VY12, 7(m)), x = (a/,2") € Q, we obtain

t=s

%[6‘2’“ / iy (, 1) w1/2<w r(m)) de||

t=0

/ / az uy) — ai(uy))Oug + N’ulr‘2]¢l/2€i2ut dxdt

/ / (o ) — ai(ur) Dy o dudt,  (5.16)

where uy := u; — Uy
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By virtue of (A3) and (4.8), (5.2), from (5.16) for all s € [0,T] we deduce

/ [ir (2, )01 22!, 7(m)) d

< 42T / / |al w) (ur)|‘ulr|] dadt. (5.17)
From (5.17), in view of Cauchy—Bunyakovsky—Schvartz inequality, it implies that

max luy(z,t) — up(z,t)]* d
t€(0,1] /QT(m) 1/2 "

k 1/2
< 4e?HIT Z (// lai(w) — a;(uy)|? dacdt)
i=1 "

1/2
« (// g — [ dr) (5.18)
Qm

Using (5.14) and (5.15), from (5.18) we infer that {u;} is the Cauchy sequence in
space C([0,T]; L2 10c(£2)). Hence,

we O(0. T Lojoe@) and w—u i C(0.T) Loe@).  (5.19)

—00
Assume m € N is an arbitrary fixed number, and | € N is an arbitrary
number such that [ > m. Putting w = w;, R = 7(m), t1 = 0, to = T, ((z) :=

Y1 yo(a’,7(m)), z = (2/,2") € Q, 0(t) := e 2%, t € R, where ¢ := supg ¢4 (¢4 from
condition (Ay4)), and using (5.3) instead of (4.3), from Lemma 1 we obtain

e[ ru,<x,T>Pwl/2<x',T<m>> s

// i(uy)Oyuy + qluy| ]wl/ge 24t dpdt

- // Z a;(ug)uy Gi@/}l/ge_zqt dxdt + / fulwl/ge_zqt dxdt
=1 Q™
1
+ 2/Q |uo[*1 2 (2, 7(m)) da. (5.20)

Estimating the terms of (5.20) with conditions (A1), (As) (see (3.3)), (Ay4),
(4.8) and Cauchy-Bunyakovsky-Schvartz inequality, we get

// [(J3 Z |0 [P+ (g — q4)!ul\2] e 29 dydt
Qr(m)—1/2

i=k+1

k
< Cy (// [Z|8iul|2} e 24t dxdt+// [|f|2+h}6_2qtdxdt—l—/ g2 dx),
Q™ "i=0 Qm om

(5.21)
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where constant C7 > 0 is independent of [, but it may be depended on m.
Using (5.14), from (5.21) we obtain

n
// > 10w i) dzdt < Cs, m,l €N, 1 >m, (5.22)
Qr(m)—1/2 =0
where constant Cg > 0 is independent of [, but it may be depended on m.
By virtue of (As), (5.14), (5.22), and discrete Holder inequality we deduce
that for every i € {0,k +1,...,n} and arbitrary m,l € N, [ > m,

n

// la; (w)[Pi® dzdt < Cy // [Z \ajul\pm)} dzdt 4+ Co < Cha,
Qr(m)y—1/2 Q

T(m)=1/2 j=0
(5.23)
where positive constants Cy, Cig, C11 are independent of [, but they may be
depended on m.
In view of (5.22), (5.23), and the reflexivity of spaces Ly, (.)(Qr), Ly ()(@r),
i =k+1,n, 7> 0, it follows that there exists a subsequence of the sequence
{ul }Zl (without loss of generality we use the notation {ul }Zl for this subsequence),

and functions xo € L2, 10c(Q), Xi € Lp’i(~),loc(@)7 1t =k + 1,n, such that

Oiup— O weakly in L, 10c(Q), i=k+1,n, (5.24)
l—o0 ’
ag (ul)—> xo weakly in Lajoc(Q), (5.25)
l—00
a; (ul)ljo x; weakly in L/p/i(,),loc(@), i=k+1,n. (5.26)
Put L
Xi i =a;(u), =1k (5.27)

Remark that for every I € N (see (5.3)) we have the identity

//Q g + 3 ai(u) i — fiop) dadt =0,
1=0

Vi € Wiy (Q), suppyy C O, Vo € CH0,T). (5.28)

In (5.28) we fix an arbitrary ¢ € Wpl(.) (Q), ¢ € CL(0,T), and pass to the limit
as | — oo, taking into account (5.14), (5.15), (5.25) — (5.27). So, we get

//Q [—utpy’ + Z XiObp — [ dedt = 0. (5.29)
=0

To conclude that u is a weak solution of problem (1.1) — (1.3). It remains to show
that the following identity holds

//Q i: XiOitbp dxdt = //Q i:ai(u)aiw drdt Ve W, (Q), Ve CH0O,T).
=0 =0
(5.30)
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Indeed, if (5.30) is true, then from this and (5.2! 29) we obtain the integral identity
(3.2). In view of (5.14), (5.24) we have u € W() 10o(@)- From (5.2), (5.19) we

deduce u € C([0,T]; L21oc(2)) (it means that u € Ubloc(@)) and the initial
condition (1.3) is true. Hence, the function u is a weak solutlon of problem (1.1)
- (1.3).

Step 8 (the correctness of identity (5.30)). To verify the correctness of identity
(5.30) we use the monotonicity method [33].

Let v € Lgjoc(@) be an arbitrary function such that d;v € Lpi(-),loc(@)> 1=
1,n,let ¢(2), ' = (z1,...,71) € R*, be a nonnegative continuously differentiable
function with bounded support, and let § € C}(0,T), > 0. By virtue of condition
(A3) (see (3 4)), for every | € N we have

// aZ uy) — a;(v)) (O — Oiv) + p(uy — v)z]CGe_z’” dxdt > 0. (5.31)
We rewrite inequality (5.31) as

// Zaz (up) 8ul Cee 26t Jopdt — // al w)Ov + a;(v)(Ou; — aﬂ)))

+ pluy — v) ?|¢he " dxdt >0 VIeN. (5.32)

Assume m € N such that supp¢ C {z/|]2/| < 7(m)}. Using Lemma 1, we
obtain from identity (5.28) as i > m

- . . —2ut _ 2 /e —2ut
//Q [gaz(ul)&ul}cae dxdt //Q lw|*¢(6'/2 — pb)e™ " dudt
k
—// D> ai(w)wdi¢ — fwlbe " dudt. (5.33)
Q =1

From (5.32) and (5.33) we get
k
/ ’ul‘QC(9//2 — u@)e—Zut dxdt — // [Z ai(ul)ulaig - fulg] Oe2H dodt
Q =1

// (ai(w)0v + a;(v)(Bw — 9;v)) + p(ug — v)z] COe 2 dxdt > 0. (5.34)

In (5.34) we pass to the limit as | — oo, and by virtue of (5.14), (5.15), (5.25) —
(5.27) we infer

k
//Q lu2¢(0' /2 — pf)e M dadt — //Q [; xiudi¢ — ful] Ge =2t dadt

- //Q [Zn: (xi0iv + a;(v)(Bu — Ov)) + p(u — v)?|¢he > dxdt > 0. (5.35)
=0
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In view of Lemma 1 it follows from (5.29) next equality

- .O): —2ut _ 2 / _ —out
//Q[ghazu] COe Mt dxdt //Qu| C(0'/2 — pb)e " dadt
k
_// [ZXiuaiC—fuC]Qe_Q’” dzdt. (5.36)
Q@ =1

Assertions (5.35) and (5.36) imply

//Q [izn; Xi Oyu]whe M dydt — // [Zn: (xi0v + a;(v)(Qiu — Ov))

Q =0
+ p(u — v)ﬂ Che™ M dxdt > 0,

that is,
// — a;(v))(Oiu — Op) + p(u — v)?| (e~ dadt > 0. (5.37)

In (5.37) we put v = u — My, where X is an arbitrary number, and ¢ €
WZ}(,)C(Q), @ € CX0,T) are arbitrary functions. So, taking into account the
arbitrariness of A, we obtain the equality

// — il — M) Dbp + Au(wp)?] COe 2 dardt = 0,

Here we tend A to 0, using conditions (A;), (Az), and Lebesgue dominated
convergence theorem. Thus, taking into account the arbitrariness of ¢ and 0,
we deduce

// — a;(u ))aiw]goda:dt =0, Y€ WI}(,),C(Q), 0 e CH0,T). (5.38)

From (5.38) it follows (5.30).

Step 4 (the solution’s estimate). Estimate (3.19) is obtained from (5.8), (5.12) and
(5.13) by this way: (u)m < (U — Um)m + (Um)m = Hmye0 (U — Um)m + (Um)m
< Crel=9Im/2 swhere Oy := /C1 + Cs = /C1(2 4 e'/2 — e7%/2) /(1 — e=#/?).

Now it is easy to see that the function u satisfies (3.16). Indeed, let R > 0
be an arbitrary number, and m be a natural number such that m —1 < R < m
Using (3.19), we get

<U>R < <U>m < 026(17%)”1/2 — 026(17%)(m7R)/26(17%)R/2

< 026(17%)/267%1%/261%/2 _ /B(R)eR/Q, R>1,
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where B(R) := Cye(l=%)/2¢=#R/2_ Since f(R) — 0 as R — +oo, then we have
(3.16).

So, we have shown that u is a weak solution of problem (1.1) — (1.3) that
satisfies (3.16) and (3.19). Theorem 2 is proved. O
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