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This article presents a numerical study of a model of nerve impulse propagation in
a rectangular area based on the Fitz Hugh-Nagumo system of equations. This model
belongs to the class of reaction-diffusion systems describing a wide range of physico-chemical
processes, including chemical reactions with diffusion and transmission of nerve impulses.
Given the asymptotic stability of the model and a significant difference in the rates of change
of its components, the initial problem can be reduced to a problem for a semilinear Sobolev
type equation.The study touches upon the issues of non-uniqueness of the solution of the
Showalter — Sidorov problem. The paper develops a computational algorithm implemented
in the Maple environment based on the Galerkin method, which correctly takes into account
the degeneracy of one of the equations of the system. The article provides an example of
a numerical experiment for the Fitz Hugh-Nagumo system on a rectangle, illustrating the
behavior of solutions depending on the parameters of the problem.

Keywords: Showalter—Sidorov problem; Fitz Hugh—Nagumo system of equations;
uniqueness of solutions.

Introduction

The study of the dynamics of nerve impulses in biological systems, both numerically
and analytically, is of fundamental interest for understanding the processes in cells of
striated muscles, intestinal smooth muscles and the cardiovascular system [1-3|. One of
the models of these processes is based on the Fitz Hugh—Nagumo system of equations [4,5]:

10y = a1 Av + fLw — v,
3 (1)
oW = e Aw + fow — 3000 — W",

which describes the dynamics of ion currents Na, and K, and the generation of nerve
impulses in response to external influences. In this article, we will consider the degenerate
case €9 = 0, when the system takes the form:

UV = Odl(vslsl + USQSQ) + /BIQw - /811’07 (2)
0 = 2(Wsys; + Weysy) + Bo2w — Bonv — w?
in a rectangular area, I = ((0,{;) x (0,l3)) x R, with boundary conditions:
v(s1, S2,t) = w(sy, S2,t) =0, (s1,82) € 011, t € (0,7). (3)

It is in the case when €, = 0 that the phenomenon of non-uniqueness of solutions to
the Showalter — Sidorov problem arises, which was first discovered in the research of
T.A. Bokareva, G.A. Sviridyuk [6] in the study of reaction-diffuse systems. As it was
shown later in the works [7—12|, this phenomenon appears if the phase space of the system
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contains features such as assembly and Whitney folds. In this paper, a study has been
conducted that allows us to identify the conditions for the existence of multiple solutions,
analyze the dependence of the number of solutions on the parameters, and visualize the
spatiotemporal dynamics of solutions in the case of a rectangular area. The results of the
study expand the understanding of the mechanisms of propagation of nerve impulses and
can be applied in neurophysiology.

1. Mathematical Model in the Case of ¢ =0
In the rectangle, IT = ((0,1;) x (0,l2)) x R consider the Showalter — Sidorov problem

v(s1, s2,0) = vo(s1, S2). (4)

for a system of equations (2) with a boundary condition (3). We are interested in the
solvability of the problem (2) — (4) for any xog = (vg,wg) € €,, where €, = € & €},
€} = {0} x Wy (II), €, = & x {0}, €, = Ly(II).

Definition 1. Vector function x € C'((0,7); Lo(IT) x Lo(I1)) N C((0, 7); €4, satisfying a
system of equations (2) with a boundary condition (3), we will call the solution of the
problem (2), (3). The solution x = x(t) of the problem (2), (3) is called the solution of the

problem (2) - (4) z'ftl_ig:LHv(sl,sg,t) — v9(81, 52)]e, =0

The phase manifold 9t will take the form

m = {UEQQ:_<07U>:<_5_22w+%iQw 777>+<i_zw8i7778¢>} (5>

and note that all solutions of the system of equations (2) satisfying the boundary conditions
(3) will lie in this set.

Theorem 1. For any as, 56 € Ry,85 € (0, a9((5)* +()?)) and zg € €, there is a unique
solution to the problem (2) — (4).

Consider the case fa2 = 2((F)? + (£)?), where @13 = /%2 sin(%2) sin(%2), let’s

l2

say €2t = {ot € @ (vt /bl sin(%*) sin(52)) = 0}, s = {wt € W,y :
(wh, /B2 sin(T2) sin(52)) = 0}.

ol
If v € ¢ and w € W,(II) represent as v = v+ + 7 and w = w' +

+q4/ 1k sin(%*) sin(%2), where 7, g € R, then the set ., takes the following form:

( rel,: 3
Lds_/( ﬁ22 i l&ng. L_|_
H/ ﬁQl K 6 21 si'lss
(,BEQZ +_(w +q @ in(ﬂ81)sin(@))3nl ds7 . (6)
o1 1 Iy
_er:/(w“rq\/@ﬁn(ﬂﬁ)Sin(mQ))g\/ESin(ﬂ—Sl)sin(LS?)ds
ll lg 2 ll l2

\ \ 11 J
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If we substitute instead of By = a((7)? + ({)?) into the system of equations defining
the set(5), then in order to to get the first equation of the system (6) instead of n in (5),
substitute = nt, and then to get the second equation (6) instead of 7 in (5) substitute

n=/" sin(%) sin(7%2).

Let’s move on to the second equation of the system defining the set (6). Converting
the resulting equation, we get:

11
q H<,01 1HL —|—3q / L\/ﬂsin(@)sin(@)gd&i—
a( 2 1 ly
7
1 bl . 7T81 . 7T82 7T81 . 3 (7)
+3q [(w™) TSID(Z —s l )( )dS+,3217“—
1 2

II

Equation (7) is a cubic equation of the general form aq® + bg* 4 cq+d = 0 with respect
to q. According to the Cardano formulas any cubic equation of the general form can be
reduced to the canonical form y® + py + e = 0 with coefficients by replacing ¢ =y — =

a= ”Wl,l“i4(n)a

b= S/wl(\/ ity sin(@) sin(@)):gds,
2 L ly

II

Il
c=3 /(wl)2(q/ L2 sin(ﬂsl) sin(ﬁS2))2ds
hL Iy
lllg 7T81 . 7T82 1\3 3ac — b2
/\/ 12 —)(w )dS—ﬁQﬂ",p:Wa

1/ 263 be N d
e=— - 4 =
2\ 2743 3a®2 a)’

Res(q,w') =p* + ¢,

Lily . 7wsy, . ,ms
Rlg.w) = el + 20 [ w22 sin(sin(T2) Pas+

II

+ [ty M@ sin( 5 sin( 52 s,

II

ol
For the convenience of further consideration, we introduce sets 99 = {w € W,(II) :

R(q,wh)=0}, 95 ={w € WQ(H)ii"’wﬁ(q,wl) >0}, Yy ={w e VIO/;(H) 1QRes(q, wh) < 0}

Theorem 2. For any ai, i, fra € Ry, B € Ry, Bao = aa(()? + (£)?),n < 4, and
(i) for any vo € €* (Y~ there is one solution to the problem (2) — (4);
(11) for any vy € €* (YT, there are three solutions to the problem (2) — (4).

2. Numerical Algorithm

We describe an algorithm for numerically solving the problem (2) — (4) on the domain
IT, based on the modified Galerkin—Petrov method and the phase space method. The
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algorithm allows you to find approximate solutions on a given area Il for given initial
values vy (s1, $2) and coefficient values ay, g, B2, B2, B11, P21 to model the propagation of
a nerve impulse in the membrane membrane, as well as to obtain graphs of approximate
solutions.

Stage 0. We find the eigenfunctions {gg, k,(s1,50)} = 4/2&2 sm(“kllsl)sin(m)

l2
homogeneous Dirichlet problem of the Laplace operator (—A) in the domain II.
Stage 1. Following the Galerkin-Petrov method, we will look for an approximate
solution & = (0, W) of the problem in question in the form of sums

. & X 1 k (T
U(s1,82,8) = 3o D Uk gy (8)/ A2 sin(F7E) sin(F22),

k‘l lkrg 1

w(sy, s9,t) = Z Z Wy ey (E)\/ 74 hla Slﬂ(ﬂ]?lsl)sm(‘ﬂgsg)‘

k1=1ko=1

(9)

Stage 2. To find the unknowns v; ;(t),w; ;(t), substitute the Galerkin sums (9) into
the system of equations (2), and then multiply the right and left sides of the resulting

7rzs1 7I']S2)
)

system of equations scalar in L (II) on eigenfunctions ¢; ;(s1, s2) = /12 sin (T ) sin(5F

1 =1,mq, j = 1, mo, thus obtaining a system of algebraic differential equations of the form:

m1 m2

7rk 7k 7k 7rk l11 ms . 7r S
0 30D o (D4 PP (0 7 sin( ) sin(= )
4 lg
J——
e 12 7Tl€1$1 . 7Tl€282 lllg . 7Ti81 . 7Tj$2 10
—i—ﬁngZwkl,kg ){{/ — sin( ) sin( ) - Sin 2 sin( A N— (10)
k1=l ko=l
- Lily . 7Tk1=5‘1 ., Tkasy Lily . misy, . Tjsy
_511220,{:17@ (t)( Tsm( L ) sin( L ), Tsm( 2 ) sin( A ))=0,
1=1 ko=

e = d Lily .  7wkisi, . whasa, [Llo . misy, . @js
> Y T (1) 7< ) s, T s T sin( )+

k1=1ko=1

)Y w0 (2 <”—k2>2><\/@sin(”k”l)sin(”“s?),
Iy 4 I ly
ki=1ko=1
/l112 Sln(ms1 ) Sln(ﬂ']SQ
7Tk s 7Tl<; s 1l ms 7T S (11)
By Z Z wkl,kg % 1 1 . 2 2 T 1 . ?;>>+

k1= lkrg 1

B Z Z Uky oy (¢ (,/ 2 sin( ”klsl ) sin( ”km) ,/llf sm(”lwl)sm(”f?)}—i—
k1=1 ko—1 2
mi  mo 3
H( S0 Wy ()42 Sln(”kéfl)sm(”kli”)) 1/ B2 sin (T sin( 722 ))=0.

k1=1ko=1
Stage 3. Find vy, x,(0) by scalar multiplying by Lo(II) initial condition (4)
for eigenfunctions /4k sm(“}sl)sm(“{”),i = 1,my, 7 = 1,mg, ie (v(0) —

Vo, 1/ B2 sm(”l”l)sm(”g”)) = 0.

Stage 4. Having solved the system of algebraic equations (10) with respect to wy, x,(0),
we obtain the values of wy, x,(0).
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Stage 5. Using the Runge-Kutta method, we find the solution of the system of algebraic
differential equations (10), (11) with vy, ,(0) found in stage 3.

Let’s describe the logical structure of the program in more detail.

Step 1. The coefficients of the equations of the system «y, as, B2, P22, Bi1, Bo1,
the initial value function wvg(si,ss) for the case e; = 0 for the initial Showalter—
Sidorov condition, the parameters of the region II, as well as the number of Galerkin
approximations my, ms.

Step 2. From a separate file eigenfunction.mw using the built-in procedure read,

the found normalized system of functions ¢, m,(s1,52) = 1/ % sin(%llsl) sin(%) for
the area under consideration II.
Step 3. The procedure unapply allows you to present the desired approximate

solutions in the form of sums

V= unapply(vlylgt

©1,1(51, 52) +v12(8)01,2(51,52) + - - F Uy o (1) Py me (51, 52)),
w = unapply (w1 (t

©1.1(51, S2) + w1 2(t)p12(51,52) + -+ - + Wiy my (£) Py ms (51, S2) ).

Step 4. The expressions compiled in step 3 are substituted into the algebraic equation
of the system and in the cycles for ¢ to 1 do m; end do, for j to 1 dom, end do the
resulting equation is multiplied It is based on the eigenfunctions ; ; and is integrated into
the considered domain II using the procedure int. Using the built-in procedures subs and
solve, with the setting RealDomain, we solve the resulting system of algebraic equations
with respect to unknowns v; ;(0), i = 1,my, j = 1,ms. To implement the possibility of
finding solutions using the built-in procedure save, the initial conditions are saved in the
file usl.mw | set of (vg, wpy) is saved in the file resh.mw.

Step 5. Using the built-in procedure read, the initial conditions and one of the sets
of (vg, wo1) or (vg, woz) or (v, we3) stored in the file are read resh.mw. In the cycles for i
to 1 do m; end do, for j tol do myend do, the left and right sides of the differential
equation obtained in the third step are multiplied by their own function ¢; ;(s1,s2) =

\/¥ sin(%’"’l) sin(%”) and integrate (int) in the domain under consideration II. As a
result of steps 4 and 5, we obtain a system of algebra-differential equations for determining
the coefficients of approximation v; j, w; ;.

Step 6. The system obtained in step 5 is solved with initial conditions using the
built-in procedure dsolve.

Step 7. A solution is created and displayed on the screen as a graph using the built-in

procedures plot or plot3d.
3. Numerical Experiment

Example 1. It is necessary to find a solution to the problem

Uy = (U8181 + U8282> —w+ v, (12>
0 = (Ways; + Wiysy) — 2w + v + w3
with a boundary condition
v(s1, S2,t) = w(sy, s9,t) =0, (s1,82) € 01l t € (0,7, (13)

and the initial condition of Showalter — Sidorov
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v(s1, $2,0) = vo(s1, 2). (14)
sin(sl)sin(s2) sin(2sl) sin(2s2) ‘

when IT = (0, 7)x(0,7),t = (0,T7), T =1,e0 =0nvy =
™ 2m

According to algorithm 1, approximate solutions to the problem (12) — (14) can be
represented as (1, S, 1) =v11(t)@1.1(51, S2) +v2.1 () p21(51, S2) +v12(t)1.2(51, S2) +v2.2(%) -
©2,2(51,82),W(s1,82,t) = wi1(t)p1,1(51,82) + wa1(t)p2,1(51,52) + wia(t) - v12(s1,52) +
wa2(t)pa22(s1,52). In the case of e = 0, according to Theorem 1.1.2, the problem (12)
— (14) will have several solutions. According to the second point of the algorithm, we
obtain a system of algebro-differenqialth equations.

—0171(75) + wl,l(t) = 0, _/ULQ(t) + wl,g(t) = O,
—0271(75) + U)271(t) = 0, —Ugg(t) + wg,g(t) = 0.

9w} | 4 (=81 + 18wi, + 18w3 | + 12w3 ) w11 + 47011 + 24wy 2ws 1w o

=0
2 ’
ngl)),Q + (-871'2 + 1810%’1 + 121{)%’1 + 1810%’2)?1}1,2 + 4720172 + 24101711027110272 0
2 o

9@(}%1 + (=872 + 18@(}%’1 + 12@0%2 + 18w§’2)w271 + 4%y 1 + 24wy 1w gwa o
2 -
w3 5 + (—87% + 12wi | + 18wi, + 18w3 | Jwa o + 4m%va 5 + 24wy 1wy 2wy 0

2

According to algorithm clause 5, Zéglving the algebraic equation of the system
with respect to vk, k,,Wk, k, at the initial moment of time, we obtain three solutions.
Conditionally, we number the first one with the initial conditions v:(0) =
1/2, ULQ(O) = 0, 02’1(0) = O, 1)272(0) = —1/4,11)1’1(0) = —1788274398, wl’g(O) =
1.426880739, w1(0) = 1.426880739, wq2(0) = 1.676481996, the second one with
initial conditions is v11(0) = 1/2, ©v12(0) =0, v21(0) =0, v92(0) = —1/4,w;,(0) =

—1.788274398, w;2(0) = —1.426880739, ws1(0) = —1.426880739, wq2(0) =
1.676481996 and the third with initial conditions vy 1(0) = 1/2, v12(0) =0, wv91(0) =
0, v52(0) = —1/4,wi1(0) = —1.788274398, w;(0) = —1.426880739, wy1(0) =

—1.426880739, w92(0) = 1.676481996. Solving the system of algebraic-differential
equations, we obtain numerical solutions, which are shown in Fig. 1 — 4 and Tabl. 1 — 6.

Fig. 1. Solutions for the component v(sy, s3,0) for k; = 1,2,ky = 1,2, t = 0, where a) the
first solution; b) the second solution; ¢) the third solution
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Fig. 2. Solutions for the component w(sy, s9,0) for ky = 1,2,k = 1,2, t = 0, where a) the

first solution; b) the second solution; ¢) the third solution
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Fig. 3. Solutions for the component v(sy, s3,1) for ky = 1,2,ky = 1,2, t = 1, where a) the
first solution; b) the second solution; ¢) the third solution
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Fig. 4. Solutions for the component w(sy, s9,1) for ky = 1,2,ky = 1,2, t = 1, where a) the
first solution; b) the second solution; ¢) the third solution
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The first numerical solution of the problem (2) — (4)
for ki = 1,2, ky = 1,2, for the component v

Table 1

Ul,l(t)

1)172 (t)

U271(t)

/U272(t)

0.0000

0.5000000000

0.0000000000

0.0000000000

-0.2500000000

0.0001

0.5002288414

-0.0001426968

-0.0001426968

-0.2501926600

0.0002

0.5004577107

-0.0002854112

-0.0002854112

-0.2503853438

0.0003

0.5006866080

-0.0004281431

-0.0004281431

-0.2505780513

0.0004

0.5009155331

-0.0005708926

-0.0005708926

-0.2507707824

0.0005

0.5011444862

-0.0007136596

-0.0007136596

-0.2509635373

0.0006

0.5013734673

-0.0008564442

-0.0008564442

-0.2511563159

0.0007

0.5016024762

-0.0009992463

-0.0009992463

-0.2513491182

0.0008

0.5018315131

-0.0011420660

-0.0011420660

-0.2515419442

0.0009

0.5020605779

-0.0012849032

-0.0012849032

-0.2517347939

0.0010

0.5022896706

-0.0014277580

-0.0014277580

-0.2519276674

The first numerical solution of the problem (2) — (4)
for ky = 1,2, ko = 1,2, for the component w

wl,l(t)

’LULQ (t)

w271(t)

w272(t)

0.0000

-1.7882743980

1.4268807390

1.4268807390

1.6764819960

0.0001

-1.7883247148

1.4269134426

1.4269134426

1.6765263490

0.0002

-1.7883750335

1.4269461484

1.4269461484

1.6765707038

0.0003

-1.7884253541

1.4269788563

1.4269788563

1.6766150606

0.0004

-1.7884756765

1.4270115663

1.4270115663

1.6766594193

0.0005

-1.7885260007

1.4270442784

1.4270442784

1.6767037799

0.0006

-1.7885763269

1.4270769926

1.4270769926

1.6767481423

0.0007

-1.7886266549

1.4271097089

1.4271097089

1.6767925067

0.0008

-1.7886769848

1.4271424273

1.4271424273

1.6768368729

0.0009

-1.7887273165

1.4271751478

1.4271751478

1.6768812410

0.0010

-1.7887776501

1.4272078704

1.4272078704

1.6769256111

The second numerical solution of the problem (2) — (4)
for ky = 1,2,ky = 1,2, for the component v

Table 2

Table 3

t ’0171(15) ’Ul,g(t> Uz,l(t) ’0272(16)
0.00000 | 0.5000000000 | 0.0000000000 | 0.0000000000 | -0.2500000000
0.00001 | 0.5000228829 | 0.0000142689 | 0.0000142689 | -0.2500192649
0.00002 | 0.5000457660 | 0.0000285380 | 0.0000285380 | -0.2500385301
0.00003 | 0.5000686495 | 0.0000428072 | 0.0000428072 | -0.2500577955
0.00004 | 0.5000915332 | 0.0000570766 | 0.0000570766 | -0.2500770612
0.00005 | 0.5001144172 | 0.0000713462 | 0.0000713462 | -0.2500963271
0.00006 | 0.5001373015 | 0.0000856160 | 0.0000856160 | -0.2501155932
0.00007 | 0.5001601860 | 0.0000998859 | 0.0000998859 | -0.2501348595
0.00008 | 0.5001830709 | 0.0001141561 | 0.0001141561 | -0.2501541261
0.00009 | 0.5002059560 | 0.0001284264 | 0.0001284264 | -0.2501733930
0.00010 | 0.5002288414 | 0.0001426968 | 0.0001426968 | -0.2501926600
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The second numerical solution of the problem (2) — (4)
for ky = 1,2, ky = 1, 2, for the component w

Table 4

t wlyl(t) wlyg(t) wgyl(t) w272(t)
0.00000 | -1.7882743980 | -1.4268807390 | -1.4268807390 | 1.6764819960
0.00001 | -1.7882794296 | -1.4268840093 | -1.4268840093 | 1.6764864312
0.00002 | -1.7882844612 | -1.4268872796 | -1.4268872796 | 1.6764908664
0.00003 | -1.7882894929 | -1.4268905499 | -1.4268905499 | 1.6764953017
0.00004 | -1.7882945245 | -1.4268938202 | -1.4268938202 | 1.6764997369
0.00005 | -1.7882995562 | -1.4268970906 | -1.4268970906 | 1.6765041722
0.00006 | -1.7883045879 | -1.4269003609 | -1.4269003609 | 1.6765086075
0.00007 | -1.7883096196 | -1.4269036313 | -1.4269036313 | 1.6765130429
0.00008 | -1.7883146513 | -1.4269069017 | -1.4269069017 | 1.6765174782
0.00009 | -1.7883196831 | -1.4269101722 | -1.4269101722 | 1.6765219136
0.00010 | -1.7883247148 | -1.4269134426 | -1.4269134426 | 1.6765263490

The third numerical solution to the problem (2) — (4)
for ki = 1,2, ky = 1,2, for the component v

t Ul,l(t) Ulvg(t) Ugyl(t) /U272(t)
0.0 | 0.5000000000 | 0.0000000000 | 0.0000000000 | -0.2500000000
0.1 | 0.7432939844 | 0.1517932576 | 0.1517932576 | -0.4549360384
0.2 | 1.0176673266 | 0.3232077736 | 0.3232077736 | -0.6862921189
0.3 | 1.3265990914 | 0.5165238550 | 0.5165238550 | -0.9470569953
0.4 | 1.6739431050 | 0.7342598678 | 0.7342598678 | -1.2405402121
0.5 | 2.0639668778 | 0.9791984294 | 0.9791984294 | -1.5704055540
0.6 | 2.5013949902 | 1.2544153099 | 1.2544153099 | -1.9407083446
0.7 | 2.9914573206 | 1.5633113249 | 1.5633113249 | -2.3559369049
0.8 | 3.5399414822 | 1.9096468196 | 1.9096468196 | -2.8210576129
0.9 | 4.1532517924 | 2.2975803455 | 2.2975803455 | -3.3415655900
1.0 | 4.8384753995 | 2.7317119101 | 2.7317119101 | -3.9235415245
The third numerical solution to the problem (2) — (4)
for ky = 1,2, ko = 1,2, for the component w
t ’LU171(t) ’LULQ(t) wz’l(t) wz’g(t)
0.0 | -1.7882743980 | -1.4268807390 | -1.4268807390 | 1.6764819960
0.1 | -1.8395383935 | -1.4606311852 | -1.4606311852 | 1.7217950657
0.2 | -1.8927598192 | -1.4964546916 | -1.4964546916 | 1.7690746985
0.3 | -1.9480255045 | -1.5343281526 | -1.5343281526 | 1.8183839513
0.4 | -2.0054174782 | -1.5742410131 | -1.5742410131 | 1.8697829419
0.5 | -2.0650148141 | -1.6161932935 | -1.6161932935 | 1.9233305936
0.6 | -2.1268950002 | -1.6601940353 | -1.6601940353 | 1.9790858458
0.7 | -2.1911350005 | -1.7062601030 | -1.7062601030 | 2.0371085327
0.8 | -2.2578121631 | -1.7544153212 | -1.7544153212 | 2.0974601005
0.9 | -2.3270047674 | -1.8046896491 | -1.8046896491 | 2.1602039799
1.0 | -2.3987925102 | -1.8571185683 | -1.8571185683 | 2.2254059088

Table 5

Table 6
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YUCJEHHOE UCCJIEJOBAHUE ®EHOMEHA
HEEAMHCTBEHHOCTU PEIIEHUN 3AIAYN
IIIOYOJITEPA — CUIOPOBA JIJ151 MO/JIEJIN
PACTIPOCTPAHEHU S HEPBHOT'O UMITYJIHCA
B MEMBPAHE ITPAMOYTOJIBHOM ®OPMBI

0.

B. TI'aspuaosa', B. A. Bpwuzezanosa

Okn0-Ypanbeknil rocynapeTBeHHbli yHuBepenTeT, I. Yeasaoumnck,
Poccuiickas @ejiepartiust

B nanHoit cTarbe IpeJCTABICHO YHCICHHOE UCCJIE0BAHIE MOJEHN PACIPOCTPAHEHUS
HEPBHOI'O MMILYJIbCA B IIPSIMOYTOJIBHON 00JIACTH, OCHOBAHHOM Ha cucreMe ypaBHeHuit Puri
Xpi0o — Harymo. DT1a MOmenb OTHOCHTCS K KJIACCY PEAKIMOHHO-IN(DY3UOHHBIX CHCTEM,
OTIMCHIBAIOIIUX ITUPOKUI CIIEKTD (PUBUKO-XUMUIECKUX ITPOIECCOB, BKJIIOUAs XUMHUIECKUE
peaknuu ¢ jgudpysueil u nepenady HEPBHBIX UMITYJIbCOB. [Ipu yC/IOBUM aCHMIITOTHIECKON
YCTONYIMBOCTU MOJIEN U 3HAYUTEIBHOIO PA3JIMYUsl B CKOPOCTSIX M3MEHEHUsI €€ KOMIIOHEHT
HCXOJHAS 3aj[ada MOXKeT ObITh CBeJieHA K 3ajade IS MOJIyJUHEHHOTO ypaBHEHHsT CODO-
seBckoro tuna.lccieoBanne 3aTparuBaeT BOIMPOCHI HEEIUHCTBEHHOCTH DPEIeHUs 3a/a9n
[MToyosrrepa — Cugoposa. B pa6ore pazpaboTaH BEIYUCTUTEIBHBIN AJTOPUTM, PEAT30BAH-
HBII B cpese Maple, ocHoBaHHBIN Ha MeToze [ajépKuHa, KOTOPBIl KOPPEKTHO YUUTHIBAET
BBIPOXKIEHHOCTD OJHOI'0 M3 yPABHEHUIl CHCTEMBbI. B cTarbhe IpUBEIEH IIPUMEP UUCIEHHOIO
SKCIepuMenTa, Jijisi cucreMbl @uri Xbi0 — Harymo Ha npsiMOyTroJIbHUKE, WILTFOCTPUPY FOIIAIA
0COOEHHOCTH TIOBEJIEHUS PEIeHNsT B 3aBUCUMOCTHU OT [IAPAMETPOB 3a/adH.

Karoueswie crosa: ypasuerus coboresckozo muna; 3adava Ioyoamepa — Cudoposa;

cucmema ypasrernutt Qumy Xvio — Haeymo; needurncmeennocms pewenud.
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