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Abstract. Fractional calculus is considered to be a powerful tool in describing complex systems with
a wide range of applicability in many fields of science and engineering. The behavior of many systems can
be described by using fractional differential equations with boundary conditions. In this sense, the study
on the stability of fractional boundary value problems is of high importance.

The main goal of this paper is to investigate the Ulam—Hyers stability and Ulam—Hyers—Rassias stability
of a class of fractional four-point boundary value problem involving Caputo derivative and with a given
parameter. By using contraction principles, sufficient conditions are obtained to guarantee the uniqueness
of solution. Therefore, we obtain sufficient conditions for the stability of that class of nonlinear fractional
boundary value problems on the space of continuous functions. The presented results improve and extend
some previous research. Finally, we construct some examples to illustrate the theoretical results.
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1. Introduction

In the last decades, fractional calculus and fractional boundary value problems have been
getting increase attention. In part, this is the case due to the wide range of new applications
that they have in several different areas such as aerodynamics, biology, biophysics, blood
flow phenomena, chemistry, control theory, economics, physics, signal and image processing
(cf., e.g., [1-4]). In some cases, it turns to be clear that very particular properties are better
modelled by using fractional derivatives (e.g. when describing long-memory processes of many
materials). One important and interesting subarea of research within fractional differential
equations is their stability analysis (cf., e.g., [2; 5-11]).
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There are different types of stability. The notion of Ulam-Hyers stability was first
introduced by Ulam in 1940 within a problem focusing on the stability of functional equations
of group homomorphisms (cf. [12]). Ulam posed a question of the stability of functional
equations which was answered, one year later, by Hyers in the context of Banach spaces
(cf. [13]). In 1978, Rassias proved a considerable generalized result of Hyers (cf. [14]). It is
clear that when facing a system that is stable in the Ulam—Hyers and Ulam—Hyers—Rassias
sense, most of the times we do not need to reach exact solutions. This is quite useful in different
situations (and in the obvious case when the exact solution is not known). In this sense, those
stabilities are of high importance in several areas such as fluid dynamics, numerical analysis,
optimization, biology, economics and social sciences, etc. (cf., e.g., [2, 5, 15]).

A pioneer work on the Ulam stability and data dependence for fractional differential
equations with Caputo derivative was published in 2011 by Wang et al. (cf. [16]), where the
following fractional differential equation was considered:

C“@ngx(t) = f(tw%'(t))? te [a7 OO)

After that, new works have emerged with focus on the stability theory for fractional differential
equations. Among other works, we would like to highlight some of the results obtained in the
last years involving Caputo derivatives. For instance, in 2019, Ali et. al (cf. [17]) investigated
the existence and uniqueness of positive solution for the fractional boundary value problem:

CPg a(t) — f(t,z(t) =0, 1<a<2 tel01],
A1z (0) +v12(1) = g1(u),
A7 (0) + 192" (1) = g2(u),

where g, k = 1,2, are continuous functions, f : [0,1] x R — R is a nonlinear continuous
function and Ap,v; € R such that A\p + v # 0, K = 1,2. The authors presented necessary
and sufficient conditions for four types of Ulam’s stability (Ulam—Hyers, generalized Ulam—
Hyers, Ulam-Hyers—Rassias and generalized Ulam-Hyers—Rassias). In the same way, in 2020,
Ali et al. (cf. [18]), studied the existence and uniqueness of the solution of a three-point
boundary-value problem for a differential equation of fractional order:

{C@§+m(t) = f(t,2(t),°28,2(t)), 1<a<2,tel0,1],
z(0) =0, z(1) = dz(n), o,m € (0,1),

where f:[0,1] x R xR — R is continuous. Four types of Ulam’s stability were studied for the
considered problem. In another paper, Ali et al. (cf. [19]), using classical fixed point theory due
to Schauder and Banach, derived some results on the existence of solutions and established
four types of Ulam’s stability for the following class of fractional order differential equations
under anti-periodic boundary conditions:

{C@g‘+m(t) = [ (t2(t),z(M),C 2¢,a()), 2<a<2, tel0,T),
2(0) = —(T), “Zg,2(0) = ~“Fg, (1), “Zg,2(0) = =“Fg,2(T),

where 0 < A< 1,0<p<1,1<g<2and f:[0,7] x R® = R is a continuous function.
In 2020, Dai et. al (cf. [20]) considered the class of fractional differential equations with an
integral boundary condition:

{x’(t) +Og8.a(t) = f(t,x(t)), 0<a<1, tel01],
x(l) :I&rﬂ?(??), B >0, ne (0’1]’
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where z € C*([0,1]) and f : [0,1] x R — R is a continuous function. The authors proved
the existence and uniqueness of solutions of the problem and investigated Ulam—Hyeres and
Ulam-Hyers—Rassias stabilities by means of the Bielecki-type metric and the Banach fixed
point theorem. In 2020, Palaniappan (cf. [21]) proved the Ulam-Hyers—Rassias stability of a
nonlinear fractional differential equation with three point integrable boundary conditions:

Cg a(t) = f(t,z(t)), l<a<?2, telo1]
z(0) =0, z(1) = afx(s) ds, 0<v<l,
0

f:[0,1] xR — R is continuous and a € R is such that a # 5. In [22], based on some fixed
point techniques, El-hady et al. studied the Ulam-Hyers and Ulam-Hyers—Rassias of a class
of fractional differential equation of the type:

C9x(t) = f(t,z(t), 0<a<l,

where z : [a,b] — X is a continuous function and X a normed space.

Motivated by the papers [9, 11], we recall the uniqueness of solution, and investigate Ulam—
Hyers stability and Ulam—Hyers—Rassias stability for a class of Caputo fractional differential
equations with boundary conditions. More precisely, we consider a class of four-point fractional
boundary value problem (FBVP) of the form

(1)

{C_@&x(t) +Af(t2(t) =0,
2'(0) — Bx(§) =0, 2/(1) +~yxz(n) =0,

where 1 <o <2,0<E<n<1,0< 6,7 <1, \is a positive constant, f(t,z):[0,1] x RT —
R™ is continuous and increasing in x for each ¢t € [0,1] and C.@&_ is the Caputo fractional
derivative of order o. Moreover, we shall consider

A =31 +yn =78 +v < (a—1)(1-p8). (2)

To the best of our knowledge, there is no paper dealing with the Ulam-Hyers and Ulam—
Hyers—Rassias stability of solutions of Caputo fractional differential equation with those type
of initial value conditions.

2. Preliminary Notions and Uniqueness of Solutions

In this section, we will introduce some basic definitions, notations and lemmas that will
be used in the proofs of the main results. This includes some statements about the uniqueness
of solutions.

In what follows, we will denote by C(I,R) the Banach space of all continuous functions
from I to R with the finite norm

[ ]| = sup [ (t)].
tel

DEFINITION 2.1. The Riemann-Liouville fractional integral of order o € RT of a function
u(t) is defined by

I8 ult) = ﬁ /(t ) u(s) ds
0
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provided the right side is pointwise defined on (0,00), and where I' is the Euler Gamma
function defined by (o) = [;¥ ¢ te " dt, o > 0.

DEFINITION 2.2. The Caputo fractional derivative of order o > 0 of a continuous function
u(t) is given by
¢

(n
C u
o ult) n—a) / Ja— n+1 ds,
0

where n = [a] + 1 (with [a] denoting the integer part of the real number «), provided that
the right side is pointwise defined on (0, 00).

In the recent years, an increasing number of Gronwall’s inequality generalizations have
been obtained with the aim of overtaking some of the difficulties encountered in studying
differential equations. A classical form of this inequality is the following:

Lemma 2.1 |23, 24]. Let y(t) and h(t) be nonnegative and continuous functions on
0 < t < 7 for which the inequality

t
y(t) < k:—i—/h(s)y(s) ds, 0<t<m,
0

holds, where k is a nonnegative constant. Then

o) < ked "

The next theorem is an important classical result in fixed point theory and fundamental
in what follows to prove the stability of the problem under study.

Theorem 2.1 (Banach Contraction Principle). Let (X,d) be a generalized complete
metric space, and consider a mapping T : X — X which is a strictly contractive operator,

that is
d(Tz,Ty) < Ld(z,y) (Vz,y € X)
for some constant 0 < L < 1. Then
(a) The mapping T has a unique fixed point x* = T'x*;
(b) The fixed point x* is globally attractive, namely, for any starting point x € X, the
following holds:
lim T"z = x*;
n—o0

(c) We have the following inequalities:
d(T"z,z*) < L"d(z,2"), n>0, z € X;

1
* +1 .
d(T"x,x)g—l_Ld(T"x,T" :U), n=0, z€X;

1
* <— .
d(m,x)\l_Ld(:U,Tx), reX

We turn now to what is known about the uniqueness of solutions.
Lemma 2.2 11, Lemma 2.4]. If f,(¢t) € C([0,1],R"), 1 < a < 2, then the unique solution

of the FBVP
{C.@&x(t) + falt) =0,
2'(0) — px(§) =0, 2/(1) +~x(n) =0,
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(t) = 18, a0 + 2= g gy + LA e g o)

1
+ W= e o = [ Gt )10 s,
0

where f,(s) = f(x,z(s)) and

Oy AT QPR BT s <6 s <,
B € | (B0t | 20BN e gy
t—s)*7t | (I=E+A(1=5)""2 | y(1-BE+Bt)(n—s)*"!
Gts)= (_1(51;%23t)(1+s§a—2 AFEY%Z—%;M::)Q_I AF()a) T e<s<ny, s<t,
Ala- 1) T AT(a) , E<s <, <,
S BEHUt s, s <,
(BERoN0_a= ) oy <

From Lemma 2.2, we conclude that z(t) is the solution of FBVP (1) if and only if

1
x(t) = )\/G(t,s)f(s,x(s))ds,
0

where G(t,s) is given as in Lemma 2.2.

Lemma 2.3 [11, Lemma 2.5|. If (o — 1)(1 — B§) > A, then the function G(t,s) satisfies
the following conditions:

(1) G € C([0,1] x [0,1)) and 0 < G(t,s) < M(1 —5)*"2, fort,s € (0,1),

(2) There exists a positive number p such that

min G(t,s) = pM(1 —5)*2, 0<s<1,
reted

where
Bl +n) + (a — (A = BE+ B) + (1 — B+ B)

M= AT (a) ' ®)

3. Ulam—Hyers—Rassias Stability Analysis

In this section, we discuss the Ulam-Hyers and Ulam-Hyers—Rassias stabilities for the
FBVP (1). Let € be a positive real number and ¢ : [0,1] — R be a continuous function. We
consider the following inequalities with boundary conditions:

{\C@g+y(t) FAL(Ly(1)] <e te0,1], W

y'(0) = By(€) =0, ¥'(1) +y(n) =0,

¥02ﬁmw+xﬂamwn<eﬂw,temﬁh )
y'(0) — By(§) =0, y'(1)+~y(n) =0.
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DEFINITION 3.1. The problem (1) is Ulam-Hyers stable if there exists a real constant
k > 0 such that, for every € > 0 and for every solution y € C([0,1],R™) of (4), there exists a
solution = € C([0,1],R™) of the problem (1) with

ly(t) — z(t)| < ke, t€]0,1].

DEFINITION 3.2. The problem (1) is generalized Ulam-Hyers stable if there is ¢ €
C(RT,R") and v(0) = 0 such that for every solution y € C([0,1],R") of (4) there exists
a solution z € C([0,1],R™) of problem (1) which satisfies the following inequality

ly(t) —x()] < (), te[0,1].

DEFINITION 3.3. The problem (1) is Ulam-Hyers—Rassias stable with respect to
¢ :[0,1] — R if there exists a real constant k, > 0 such that, for every ¢ > 0 and for every
solution y € C([0,1],R™) of (5), there exists a solution x € C([0,1],R") of the problem (1)
with

[y(t) —2()] < kpep(t), T e0,1].

REMARK 3.1. A function y € C(]0,1],R") is a solution of (4) if and only if there exists a
function g € C([0,1],R"), which depends on y such that

e g(t) <e tel0,1], >0,

o “Tgy(t) + Mf(ty(t) = g(t), t €[0,1],

* y'(0) = By(§) = 0, y'(1) +yy(n) = 0.

REMARK 3.2. A function y € C(]0,1],R") is a solution of (5) if and only if there exists a
function h € C([0,1],R"), which depends on y such that

o |h(t)] < ep(t), t €]0,1], e >0,

o CTg.y(t) + Mf(t,y(t) = h(t), t € [0,1],

* y'(0) = By(§) = 0, y'(1) +yy(n) = 0.

Theorem 3.1. Suppose A < (a—1)(1—3¢) and let f:[0,1] x Rt — RT be a continuous
and non decreasing function such that:

() |f(t,y) — f(t,x)| < Lly — x|, for all t € [0,1], z,y € R and where L > 0;

(ii) supyepoqy f(t,2) = N, with 0 < N < o0.

Then the FBVP (1) is Ulam-Hyers stable and, consequently, generalized Ulam—Hyers,
provided that L < S5, with M as defined in (7).
< Recall that from Lemma 2.2, z(¢) is a solution of the FBVP (1) if and only if

1
x(t) = )\/G(t, s)f(s,z(s))ds.
0
Consider the operator T' defined on C(]0, 1]) by
1
(Tz)(t) = )\/G(t, s)f(s,xz(s))ds, A>0.
0

We transform problem (1) into a fixed point problem, x = Tz, observing that the eventual
fixed points of the operator T" are solutions of problem (1). Applying the Banach contraction
mapping principle, we shall show that 1" has a unique fixed point.
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Let sup;cjoq1) f(t,2) = N < oo and choose a positive constant r > wa]lV Let us show that
TB, C By, where B, = {x € C([0,1]) : ||z|| < r}. For any x € B, we have:

1

1
(T2)(1)] = |\ / Gt 5) (s, 2(s)) ds| < A / G(t, )] |f (s, 2(s))] ds
0

0

Thus, we conclude that T'B,, C B,.. By the continuity of the functions f(¢,z(t)) and G(t, s), we
have that Tx € C([0,1],R") for any z € C([0,1],R"), which proves that T maps C([0,1], R™)
into itself.

Let us prove that T is strictly contractive. For z,y € C([0,1],RT),

1

1
7y~ Tol = | [ Gt.5)(F (o) = Fls.o)ds| <A [ Gt 5)|[F(s,0) = £(s,)] ds
0

0
AML
)\L|y—x|/M O‘st——|y—x|
a—
where AM L < 1since L < S37 M Thus, the operator T is a contraction. By Theorem 2.1 it has

a unlque ﬁxed point, which is the unique solution of the problem (1).

Let y € C([0,1],R") be the solution of (4) and let z € C([0,1],R™) be the unique solution
of the FBVP (1).

Let us consider the notation f,(t) = f(t,2(t)) and f,(t) = f(t,y(t)). From Remark 3.1,
we have

C-@&-y(t) + Afy(t) —g(t) =0,

with ¢(t) € C([0,1],R), |g(t)] < e and Af,(t) — g(t) € C([0,1],R). From Lemma 2.2, we

conclude that
1 1 1
/G ) (Afy(s) / (t,s)fy(s) —/G(t, s)g(s)ds.
0 0 0

Thus, using condition (ii). and Lemma 2.3, we get

1

|z (t) / tsﬁ,(b—A/Gts@ <m+ja
0

0
1

1
/ tsﬁ,(m—A/Gts@ ! (t,s)g

0
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1

1
<A 0/ (Gt 8)] [£o(s) — fy(s)] ds + 0/ Gt 9)]]g(s)| ds
1

1
< )\ML/(l —5)"2x(s) — y(s)|ds + Me/(l —5)*2ds
0

0
1
= aj\{el + )\ML/(l —5)2|z(s) — y(s)| ds.
0
Applying Lemma 2.1, we obtain that
o) i < NPT M
a—1 a—1

and we conclude that the FBVP (1) is Ulam-Hyers stable. Moreover, if we set ¥(e) =
AML

M 7€ -1, then we conclude that the FBVP (1) is generalized Ulam-Hyers stable. >

o—

Theorem 3.2. Assume A < (a — 1)(1 — ) and let f : [0,1] x R — R* be a non
decreasing and continuous function satisfying

a) |f(t,y) — f(t,x)] < Lly — z| for all t € [0,1], y,z € RT and where L > 0;

b) supycpoq) f(t,2) = N with 0 < N < oo.

Then the FBVP (1) is Ulam—Hyers—Rassias stable with respect to ¢ : [0,1] — R™ provided

that L < §57, with M as defined in (7).

< As in the proof of Theorem 3.1, we transform problem (1) into a fixed point problem,
x = Tx and, assuming the conditions of the theorem, we conclude that T has a unique fixed
point, which is the unique solution of the FBVP (1).

Let y € C([0,1],R") be any solution of (5). By Remark 3.2,

€

CTe () + My (1) = h(t) =0, |h(t)] < ep(t). (6)

From Lemma 2.2, we can write

1 1
y(t) = )\/G(t, s) fy(s) ds—/G(t, s)h(s)ds.
0 0

Fixing the notation

(e = PEFI0Z00 gy =

B — B+ Bt)
A )

(1 — BE + Bt)

M3(t) = A )

also according to Lemma 2.2, we have that

1
/ G(t,5) h(s) ds = |~ 1§, (h(s))(t) + Ma ()15, (h(s))(€)
0

+ Mo ()15 ((s))(1) + Ma ()15 (h(s)) ()],
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and thus,

ly(t) — Ty(t)] = |~I8, (h(s))(8) + Mi(D)IG, (h(5))(€)
+ Ma(O)I§ (h(s)) (1) +Ma(D) I, (h(s) ()]

Since, for ¢ € [0,1], there exists positive real numbers k1, k2, k3 such that

IMi(t)] < ki, [Ma(t)| < ko, |[Ms(t)] < ks, (7)
we have
1 § 1 n
() = TyOl < o) | 5 "M e TR TRt D)

Thus, it follows that
ly(t) = Ty(t)] < Kep(t),

where K = F(a1+1) + Kk F(a§+1) + k‘Qﬁ + kzgﬁ. Finally, applying Banach contraction

principle (Theorem 2.1), we obtain that

1 AMK
_ < o
9(0) — 2(0)] < 1 Keplt) < 130 eet)

and we conclude that the FBVP (1) is Ulam-Hyers—Rassias stable. >

4. Examples

In this section, we present two examples to illustrate the previous theory.

ExaMPLE 1. Consider the fractional boundary value problem
3
CP¢ x(t) + rf(t z(t) =0, ®)
2/ (0) — %x (Hy=o0, 2/(1)+ éx (3)=o.

It follows that o = %, B=v= é, &= i, n = % and A = /7 when considering the previous
notation. Thus,

A= B(1+ v —~€) + 7= 0,41 < (a— 1)(1 — B€) = 0,475.

Let f(t,x(t)) : [0,1] x RT — R be defined by

1
Ft,2(t)) = o5 tle(®)], te[01],
which is continuous and increasing in z for each ¢t € [0,1]. Moreover, we have that
supejo) f (¢, 2(t) = 2—10supt€[071} |z(t)] < oo since supycpg 1) |z(t)| < oo. Consider now the
continuous function

1 19 1
y(t) = {515241- 20 231 'S ?

Note that the function y satisfies the conditions:

ly(t)] < 1,05, 4'(0) — %y G) =0, 1)+ ly <1> =0.
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For t < %, we have

3
o2 vrt (119 21 /7
22, y(t tyt)| =|%— (=t +—= || < 0, 047.
Fovtt)+ VT o) = | 5 (304 59 )| < e <
Fort>%,we have
3 ™ 21 231 189/
C%y(mﬁf(t,y(t))':'——g (—@t2+ﬁt>‘< 40({ < 0,084.

Thus, we conclude that, for ¢ € [0, 1]

C@§+y(t) - \/Ef(t,y(t))' < 0,084.

Moreover, one recognize that
1 1
|f(ty1(8) — f(ty2())] = %tlh(t) — 5atya(t)

- 351000 = 0] < 55l (0) = (0.

~ 120

Thus, L = %. Since M = %, we verify that L < a)\—i/} = 1—10. Thereby, from Theorem 3.1,
there exists a unique solution z(t) € C([0,1],R") of the FBVP (8) such that

ly(t) — ()] < Z5e?,

and we conclude that the problem (8) has the stability in the Ulam—Hyers sense.
Additionally, we can also observe that

CaE y(t) + VTt ()| < == (15t + 3)

500 (t), te[0,1]

~ 2007

(see Fig. 1).

0.097
0.081
0.071
0.061
0.051
0.04
0.03 1
0.02+
0.01

0 02 04 06 08 1
t

3
Fig. 1. |22, y(t) + V7 f(t,y(t)| and si50(t) = 555 (15t + 3), t € [0, 1].

Thus, we conclude that |z(t) — y(t)] < %cp(t) for some k, > 0, which means that the
FBVP (8) has the stability in the Ulam-Hyers-Rassias sense with respect to ¢(t) = 15¢ + 3.
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ExaMPLE 2. Consider the fractional boundary value problem

{C_@(%x(t) + 5/t z(t) =0, 9)
#'(0) =t (3) =0, /(1) + ¢z () =0.

It follows that o = %, 8= %, v = %, &= %, n= % and A = % In this case, we have that
A=B+am—8) +7= 55 < (a~1)(1 - ) = 5
N RTINS e

Let f(t,x(t)) : [0,1] x RT — R™ defined by

Flta(t) = t+ % e, te01]

This function is continuous and increasing in x for each t € [0,1]. Moreover, we have that
supeioq) f(t2(t) = 1+ * supyeo,1] [2(t)| < oo. Consider the continuous function

y(t) = cos(mt).
The function y satisfies the conditions:
1 /1 1 /1
< 1 / _ = - — / 1 - - =0.
vl <1 y'(0) -y <2> 0, y(1)+yy <2> 0

We have that

3 1
c@g+y(t) + §f(t,y(t))‘ <4,616, te]0,1].

Moreover,
[f(tyi() = f(tp2(0))] = 'tityl(t) —t- —tyz(t)' < 1—10!2»/1@) — ya(t)]-

Thus, L = 1—10. Since M = %, then L < Oj\—ﬁ = %
From Theorem 3.1, we conclude that there exists a unique solution z(t) € C([0, 1], R") of
the FBVP (8) such that

which means that the problem (8) has the stability in the Ulam—Hyers sense.

I

0 02 04 06 08 1
t

Fig. 2. C.@iy(t) + 2 f(t,y(®)| and 3(t) = 2(2t +9), t € [0,1].
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Additionally, we can also observe that

(21 +9) = golt), te0,1]

DN | =

T ou(t) + 31 (y(0)| <

(see Fig. 2) and thus, we conclude that |z(t) — y(¢)| < %“’go(t), for some k, > 0, which
means that the FBVP (8) has the stability in the Ulam—Hyers—Rassias sense with respect to
o(t) =2t +9.

5. Conclusions

Fractional differential equations using boundary conditions are extensively used in the
modeling of a wide variety of real problems e.g. in chemistry, physics, economics. Knowledge
about different types of stabilities of such problems is a key information for having additional
information about the possible exact and approximate solutions of such problems. In this way,
Ulam—Hyers and Ulam—Hyers—Rassias stabilities provide a strong information in that sense.
Inspired in [9, 11], in this paper, we studied a general class of fractional differential equation
using Caputo derivative and considering four-point boundary conditions. By means of Banach
contraction mapping principle and other techniques, we exhibited sufficient conditions to
have a unique solution of the considered problem. After that, we established, in the form
of sufficient conditions, the Ulam—Hyers, the generalized Ulam—Hyers and the Ulam—Hyers—
Rassias stabilities. At the end, two concrete examples were given to illustrate the obtained
results.
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YCTONYNBOCTD IO YJIAMY — XAUEPCY
YETBIPEXTOYEYHOII KPAEBOU 3AJJAYN 1715 JUPDOEPEHIINAJJIBHBIX
YPABHEHIN JPOBHOTO ITOPSAIKA KAIIYTO C IIAPAMETPOM

Kacrpo JI. T1.!, Cumbpa A. C.!

! Vuupepcurer Aseiipy, IlenTp uccienoBanmii u pa3spaboToK
B 00JIaCTH MaTEeMATHKH U IIPUJIOKEHHIA,
ITopryramus, 3810-193, Aseiipy
E-mail: castro@ua.pt, anabela.silva@ua.pt

Annoranus. /{poGHoe ncuncienne siBysieTcst MOIIHBIM HHCTPYMEHTOM OIMCAHUS CJIOYKHBIX CUCTEM C I~
POKHM JIMAIla30HOM IIPUMEHMMOCTH BO MHOIMX O0JIacTsIX HayKy M TexHuku. [loBejenme MHOrmx cmcrem
MOKHO OIIHCATH C MOMOIIBIO T DEPEHITHATBHBIX YPABHEHUN JPOOHOTO MOPSIKA C TPAHUIHBIME yCJIOBH-
saMu. B sToM cMmbIciie 60JIbIIoe 3HAYEHHE UMEET MCCIIeJ0BAHIE yCTONIMBOCTH JIPOOHBIX KPAeBbIX 3a/1ad.
OcHoBHas 11eJIb JJAHHOM pabOThl — KMCCIIeIOBAHNE YCTOWYNBOCTH IO YiiaMy — Xaiiepcy U yCTOMUIMBOCTH 110
VYanamy — Xaitepcy — Paccuacy kmacca ApOOHBIX Y€TBIPEXTOYEIHBIX KPAEBBIX 33/1a9, COMEPIKAIIUX ITPOU3-
Bopuyo KamyTo u ¢ 3ajaHHbIM apaMerpoM. VICrnosp3yst HIPUHIUI CKUMAIOIINX OTOOPaXKeHUHl, oIy da-
IOTCsl JIOCTATOYHbBIE YCJIOBUS, FapAHTUPYIOIIUE eIMHCTBEHHOCTD perteHns. Takum o6pa3oM, MbI IOy IaeM
JOCTATOYHBIE YCJIOBUAS YCTONYIUBOCTH ITOTO KJIACCA HEJTMHENHBIX TPOOHBIX KPAEBBIX 33/1a4 B IPOCTPAHCTBE
HelpepbIBHBIX MyHKIW. IIpecraBieHHbie pe3ysibTaThl yIydIialoT ¥ PACHIMPAIOT HEKOTOPbIE IIPEbLLY e
nccrenoBanusi. HakoHer|, Mbl IIOCTPONM HECKOJIBKO IIPUMEPOB, WJIIOCTPUPYIOIINX IOy Y€HHBIE TEOPETHU-
9eCKHe Pe3yJIbTATHI.

KuroueBrble cioBa: gapobHas KpaeBas 3ajada, npom3BogHas KamyTo, ycroitunBocts Yiam — Xaitepc,
ycroitunBocTh Yinam — Xaitepc — Paccuac.
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