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MULTIPOINT BOUNDARY VALUE PROBLEMS FOR IMPULSIVE
HYPERBOLIC EQUATIONS WITH PIECEWISE CONSTANT
ARGUMENTS

This paper investigates a multipoint boundary value problem for an impulsive
hyperbolic equation with a generalized piecewise constant argument. The proposed formulation
simultaneously incorporates impulsive effects, a generalized piecewise constant argument, and
multipoint boundary conditions, making the solvability analysis substantially more challenging
than that of previously studied models. The relevance of the study is motivated by the need
to develop adequate mathematical models for processes combining continuous dynamics with
discrete information updating and instantaneous control actions. To investigate the problem,
Dzhumabayev’s parameterization method is employed, reducing the original boundary value
problem to an equivalent family of parameterized Cauchy problems together with a system of
functional equations for the unknown functional parameters. Sufficient conditions for the existence
and uniqueness of the solution are established under the invertibility of the constructed parameter
matrix. Furthermore, a constructive iterative algorithm for the sequential construction of the
solution is developed, providing a theoretical basis for its subsequent numerical implementation.
The scientific novelty of the paper lies in extending the parameterization method to a new
class of multipoint boundary value problems for impulsive hyperbolic equations with generalized
piecewise constant arguments. The principal advantage of the proposed approach is its ability
to investigate, within a unified mathematical framework, problems involving impulsive effects,
generalized piecewise constant arguments, and multipoint boundary conditions simultaneously.
The obtained results can be applied to mathematical modeling of automatic control systems,
heat transfer processes, and technological systems involving discrete information updating and
impulsive control actions.

Keywords: hyperbolic equation, impulsive effect, piecewise constant argument, multipoint
boundary value problem, parameterization method.
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BeuaikTi-TypakThl apryMeHTTi UMITYJIBCTi TUIIEPOOJIAJIBbIK, TEHAEYJIep YIIIiH
KOMHYKTEJIK IeTTIiK ecenrTep

ZKympIcTa KaanblTaHrad OeTiKTI-TYPaKThl apryMeHTi 6ap MUMITYJIbCTIK TUIEPOOJTAIBIK TEHIEY
VIITiH KOWBIIFaH KOITHYKTEJI METTIK ecell KapacThIPbLIAIbI. EcernTe NMITyILCTIK 9cepiep i, 2KasIbl-
JIAHFaH OOJIKTI-TYPaKThI APTYMEHTTI YKOHE KOITHYKTEJ MEeTTIK MapTTap/Ibl 6ip Me3rijiae KAMTHIHI,
Oyl OYpBIH 3€pPTTEJITeH MOJE/bAEPMEH CaJIbICTBIPFAHJIA €CEITIH MEeNiMIUINH TaJIIayabpl eaoyip
KypAeneHaipe/i. 3epTTeyaiH ©3eKTiIir y3miKci3 fuHAMUKACH JUCKPETTI aKmapaTThiH, KaHAPTHI-
JIybIMEH 2K9HE JIe3/IK 0acKapy 9cepsepiMeH YINTACATHIH IPOIECTeP/IiH Oapadap MAaTEeMATHKAJDIK,
MOJIEJTBJIEPIH KYPYy KaKeTTimiriMmen aubikragapl. 3eprrey b6apsiceaga . C. I:xymabaeBThIH na-
paMeTpJiey 9ici KOJIaHbLIbII, OACTalKb! MMETTIK ecell mapaMeTpJsienren Ko ecentepinin, SKBU-
BAJIEHTTI KyiieciHe ykoHe (DYHKIIMOHAJIBIK [TapaMerpjepre KaTbICThl (DYHKIMOHAJIBIK, TEHIEYIeD
Kyitecine kKenTipingi. Kypblrran nmapaMerpiiep MaTpPUIACHIHBIH KAHTAPBIIBIMIBLIBIFGI HETi31HIe
mrermiMHig 6ap 60Iybl MeH OipMOHILIIrIHIH KeTKiTiKTI mapTTapsl ajabHasl. COHBIMEH KaTap Iie-
M Ke3eH-Ke3eHiMeH KypyFa MyMKIH/IK 6epeTiH KOHCTPYKTHBTI UTEPAIUSIIBIK AJITOPUTM YChI-
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HBLIBII, OHBIH KEHiHI1 CAHMBIK YKYy3€ere achIPbLIYbIHA TEOPHUSIBIK Heri3 KaJaH bl 2 YMBICTBIH, FbI-
JIBIMU KAHAJIBIFBI TTapaMeTpJsey OJIiCiH KaJIbLIAHFAH OOTIKTI-TYpPaKThbl apryMeHTi 6ap HUMITY/Ib-
CTIK TUIIEPOOJIAJIBIK TEHJIey/Iep YIIH KOWBbIIFaH KOIMHYKTEIl IEeTTIK eCcenTepiH KaHa KJ/IACbIHA,
KOJIJJTAHYBIMEH AHBIKTAJIA/IbI. ¥ CHIHBLIFAH TOCLIJIIH HETi3Ti apThIKIIBLIBIFBI UMITYJIbCTIK 9cepep-
i, YKAJIbLIAHTAH OOIKTI-TYPAKThl apryMEHTT] YKOHE KOIMHYKTEJ IMIeTTIK mapTTapabl OipbiHFail
MaTeMATHKAJBIK MOJIEIb AsChIHJA KAaTap 3epTTeyre MyMKIHIIK GepyiHze. AJIbIHFAH HOTHUKEJED
aBTOMATTHI 0ACKapY, 2KbLIY aJIMaCy KOHE TeXHOJOTUAJIBIK, IIPOIECTEP/IE Ke3/IECETiH MUCKPETT] aK-
IapaT *KaHAPTBIIATHIH 9Pl UMITY/ILCTIK 6acKapy *Ky3ere achIpbLIATHIH KYyHeaep/ii MaTeMATHKAJIBIK,
MOJIETbJIEY/IE KOJJIAHBLTY bl MYMKIH.

Tyiiin ce3aep: runepboIaAIBbIK TEHIEY, UMITYIbCTIK 9cep, OOJIKTI-TYPaKThl apryMeHT, KOIMHYK-
TeJIK MIETTIK ecell, mapaMeTpJiey dici.
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MHuoroTrouedyHble KpaeBble 3a/1a4M JJI UMIYJIbCHBIX T'AIIEPOOIMYIECKUX
YPaBHEHUI C KyCOYHO-IIOCTOSSHHBIMU apryMeHTaMu

B pabore uccieyercss MHOroTOUeIHASI KpaeBasl 33jiada Jiisi UMIYIBCHOIO THIIEPOOIMIECKO-
r'0 ypaBHEHUsI C 0DOOIIEHHBIM YaCTUIHO-TIOCTOSTHHBIM apryMeHTOM. PaccMarpuBaeMast TIOCTAHOBKA
00beIMHSET UMITYJIbCHBIE BO3eCTBUsT, OOODIEHHBIN TaCTUIHO-ITOCTOSHHBI aPTYMEHT 1 MHOTOTO-
qeqHble KpaeBble YCJIOBUS, YTO CYIIECTBEHHO yCIOXKHAET aHaJIN3 Pa3PEIINMOCTA 3a/la4y 110 CpaB-
HEHUIO C paHee UCCJIeIOBAHHBIME MOJIEISAMI. AKTYaIbHOCTD UCCJIE0BAHNS 0OYCIOBIEHA HEOOXO /1~
MOCTBIO IIOCTPOEHU aJIeKBATHBIX MaTeMaTUIeCKUX MoJeJieil IIpOoIeccoB, B KOTOPBIX HellpepPbIBHAST
JIMHAMUKA COYETAETCsI C JIMCKPETHBIM OOHOBJIEHIEM HH(MOPMAIIMY U MTCHOBEHHBIMY Y ITPABJISTFOIIIMEI
BozzeiicTBusimu. st uccemoBanns ucrnosibdyercs meron napamerpusamuu . C. Jhxymabaesa,
IIO3BOJIAIONINIT CBECTH UCXOJHYIO KPAEBYIO 33/1a4y K 9KBUBAJEHTHOMY CeMelCTBY apaMeTPHU30BaH-
HbIx 33024 Komu u cucreme OyHKIMOHAIBHBIX yPABHEHUIT OTHOCUTEIHHO (DYHKIIMOHAJIBHBIX Iapa-
MeTpoB. IlosyeHbl JocTaTOYHbIE YCIOBHS CYIIECTBOBAHUS U €TUHCTBEHHOCTU PEIICHUsI, OCHOBAH-
Hble Ha 0OPATUMOCTHU IIOCTPOEHHON MAaTPHIlLI TapaMeTpoB. PazpaboraH uTepalnoHHbIi aJIrOPUTM
ITOCJIETIOBATEILHOTO TIOCTPOEHUST PEITEeHUsI, KOTOPhI 00J1agaeT KOHCTPYKTUBHBIM XapPaKTEPOM U
MOXKET CJIy?KUTb OCHOBOH IjIsf majbHeirneil dncieHHoi peasmsanuu. HaydHnas HOBH3HA PAOOTHI
3aKJII0YaeTCcd B PaclIpOCTPaHEHMH MeTo/a IapaMeTpHU3allid Ha KJIacC MHOTOTOYEYHBIX KPaeBbIX
3a/1a4 JIJIsl IMIIYJIbCHBIX T'UIIEPOOINYECKIX yPABHEHUN ¢ 0O0DIIEHHBIM YaCTUIHO-IIOCTOSHHBIM ap-
rymeHToM. OCHOBHBIM [TPEUMYIIIECTBOM IIPE/IJIOXKEHHOTO MTOIXOA SIBJISIETCS BO3MOYKHOCTD UCCJIEI0-
BaHUS B paMKaX €IMHOI MaTeMaTHUIeCKON CXeMBbl 334249, OJHOBPEMEHHO COIEPKAIUX UMILYIbCHBIE
BO37eiCcTBUsA, ODODIEHHBI YACTUIHO-TIOCTOSTHHBIA apTyMEHT W MHOTOTOYEJHBbIE KPAEBLIE YCJIO-
Bus. Iloydennbie pe3ysibTaTsl MOIYT OBITH UCIOJIB30BAHBI DU MATEMATHIECKOM MOJIEINPOBAHAN
IIPOIIECCOB C JIUCKPETHBIM 0OHOBJIEHNEM NH(MOPMAIIMHI U UMITYJILCHBIM yIIPABJIEHUEM B 33/1a9aX aB-
TOMATHUIECKOTO YIIPABJICHUs, TEIIOOOMEHA U TEXHOJOTMIECKHUX ITPOIECCOB.

KirouyeBbie cioBa: rumepboIMUecKoe ypaBHEHWE, WMITYJILCHOE BO3JEHCTBHE, KYCOYHO-
IIOCTOAHHBIN apryMeHT, MHOIOTOYeYHas KpaeBasd 3aJada, MeTO/ IlapaMeTPU3alliu.

1 Introduction

Many real-world processes in modern natural sciences, engineering, and economics possess
a complex dynamical structure. These processes evolve continuously in time and space
while simultaneously undergoing instantaneous (impulsive) changes and discrete information
updates. Such hybrid phenomena cannot be adequately described within the framework of
classical differential equations. In this regard, impulsive differential equations and equations
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with generalized piecewise constant arguments have become effective mathematical models
for describing systems with continuous and discrete dynamics [1], |2].

The qualitative theory of differential equations with generalized piecewise constant
arguments has been extensively developed in recent years. Important results on integral
manifolds and almost periodic solutions were obtained by Akhmet |[7,[8], while Green’s
functions for boundary value problems with piecewise constant arguments were constructed
by Nieto and Rodriguez-Lopez |9]. Some recent results concerning related classes of differential
equations and boundary value problems are presented in [17,[18]. The parameterization
method proposed by Dzhumabayev [4] provides an efficient approach for investigating
boundary value problems by reducing them to equivalent families of Cauchy problems and
systems of functional equations.

The parameterization method has been successfully applied to hyperbolic equations
with generalized piecewise constant arguments [5| and to impulsive hyperbolic equations
with discrete memory [3,6]. In addition, the asymptotic behavior of differential equations
with singular impulses has been investigated in [10]. However, multipoint boundary value
problems for impulsive hyperbolic equations with generalized piecewise constant arguments
have received considerably less attention. The simultaneous presence of impulsive effects,
generalized piecewise constant arguments, and multipoint boundary conditions significantly
complicates the analysis of solvability and requires the development of new analytical
approaches [11], [12], [16].

The purpose of this paper is to investigate a multipoint boundary value problem for an
impulsive hyperbolic equation with a generalized piecewise constant argument. By applying
Dzhumabayev’s parameterization method, the original boundary value problem is reduced to
an equivalent family of parameterized Cauchy problems and a system of functional equations
with respect to the unknown functional parameters. Sufficient conditions for the existence
and uniqueness of the solution are established, and a constructive iterative algorithm for its
successive approximation is developed. The obtained results extend the applicability of the
parameterization method to a new class of multipoint boundary value problems and provide
a theoretical basis for their numerical implementation.

2 Main results

Let Q = [0,7] x [0,w]. In the domain 2, we consider the following boundary value problem
for an impulsive hyperbolic equation with a generalized piecewise constant argument:

Pu Ou (t, ) Ou (t x) Ou (v (t),x)
5100 —A(t,x)T—f—B(t,x) e +C(t,z)u(t,z) +Ag (t,:p)T
—I—Bo(t,x)M+C’0(t,x)u(7(t),x)+f(t,x), t#6;, j=1,N-1, (1)

ot

Py () 208 3y 226 t) (o

ou (T, x)

o~ Y0 (), zel0,w] (2

s=1
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. Ou(t,x) . Ou(t,x) o
i o = dim o= o (z) ze€l0,w], p=1,N-1 (3)
u(t,0) =), tel0,T]. (4)
’}/(t) = CS if t € [9571,95> , 8§ = 1,N 0,1 < Cs < (95, s = 1,2,N7 0 =
b < 6, < ... < Oy < Oy = T, Where u(t,z) is the unknown

function: A(t,x), B(t,x),C(t,z), Ao(t,x), Bo(t,z),Cp (t,x) as well as the function f(t, z),
are continuous in the domain €, Fy(z), P,(z), Py (x) continuous in the domain €;
the functions ¢,(x), ¢o(z) are continuously differentiable on the interval [0,w], where
p =1, N — 1 and the function () is continuously differentiable on the interval [0, T’].

Let Ay(w) denote the partition of the domain €2 by the lines t = 0,. Qs = [05_1,05) X

0,w], s =1,N,Q = Uivzl Q, and PC (Q,{Hj}jy:_ll, ]R) we denote the space of piecewise
continuous functions wu(t,z) defined on the domain 2, which may have discontinuities
at the points ¢ = #;,7 = 1,N —1. The norm in this space is defined by |jul; =

Maxi<s< N SUP(; »eq, [u(t, )| A function u(t,z) € PC(Q,{0; }jv 11 R) is called a solution
of problem (1)—(4) provided that the following conditions hold:

(i) The function u(t, x) admits the partial derivatives % € PC(Q,{0; }jv e R) ) €
C( {0,150 R).

(ii) The mixed partial derivative 57*

2, with the exception of the points (#s_1, ), s=1,N, x € [0,w], where the
corresponding one-sided mixed partial derivatives are assumed to exist.

Pu ¢ pC (Q {0; }] L ) , exists at every point (¢, ) €

(iii) The hyperbolic equation (1) is satisfied by w(¢,x) throughout each subdomain
(0s-1,05) x [0,w], s = 1, N and remains valid at the points (6, 1, ), s =
1, N, x € [0,w], when the second-order mixed partial derivative is interpreted in
the right-sided sense.

(iv) The boundary condition (2) and the initial condition (4) are satisfied by the function
u(t, z); specifically, condition (2) holds at ¢t = 0 and ¢ = T, while condition (4) is
satisfied at x = 0;

(v) The impulsive conditions (3) are satisfied at t = 6, p = 1, N, x € [0, w]. At each impulse
point ¢ = 0, the partial derivative with respect to z is defined by its right-hand limit,

ou(@,,z) . Ou(t,)
or tibﬂo ox

)

while the corresponding left-hand limit exists. Thus, condition (3) determines the jump
of 8u(t ) at t — 0
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Introduction of Auxiliary Functions and the Framework of Dzhumabayev’s
Parameterization Method.

First, we introduce the new functions v (t,z) = aug;,x)’ w(t,r) = 8“(%’%) Then the
boundary value problem (1)—(4) is reduced to a family of boundary value problems for
impulsive differential equations with piecewise constant arguments.

a“gt’ ?) _ At,z)v(t,x)+Ag (tx)v (v (1), 2)+B (t,z)w (t,2)+Bo (t,x)w (v (), z) +

Ct,x)u(t,z)+Co(t,x)u(y(t),x)+ f(t,x), t#06;, j=1,N—1, (5)
Po(@)0(0,2) + 3 Py (2) 0 (Go) + Py ()0 (T,2) = o (), € [0, (6)
t_l}iergrov(t,:v)—tiiegl_ov(t,x): op(z),z€[0,w],p= 1,N —1, (7)

u(t,x) :1/1(t)+/0xv(t,§)d§, w (t, ) :1/}(t)+/0x 8v§)t£§)d£7(t7x) €Q,, s=1,N. (8)

A triple of functions wv(t,x),u(t,z),w(t,x) is regarded as a solution of problem
(5)—(8) associated with the family of impulsive differential equations with piecewise
constant arguments whenever the following requirements are fulfilled: the functions

satisfy o(t,z) € PC(Q,{@}E,R), oulta) ¢ PC(Q,{ej}j.V:;l,R), ult,z) €

ot
PC <Q, {Qj};.\;l, R) ,w(t,z) € PC (Q,{Qj}j.\;l, R) ;  for every subdomain [fs_q,6,) X

[0,w], s = 1, N the functions satisfy the differential system (5). Moreover, the one-sided
partial derivative of v(t,z) with respect to t is assumed to exist at every point (6s_1,x),
where z € [0,w]; the boundary condition (6) is fulfilled along the boundary lines ¢ = 0 and

t = T; the functionsu(t, ) and w(t, z) are linked with v(¢, ) through the integral relations
Ov(t,x)
ot

For each s = 1,N, let wv(t,x) denote the restriction of wv(t,z) to the subdomain
Q, ie., or equivalently v,(t,z) = v(t,z), (t,z) € Q,. Let C(Q, Ay(w),RY) denote the
space of vector-valued functions v([t], z) = (vi(t, z), v2(t, @), ..., un(t, z)), where v, : Oy — R

and each component vy(t,z) possesses the left-hand limitt liemovs(t,x). The norm in this
—0s—

space is defined by vl = max ; _ 1 supep, 0, [vs(t, 2)||. Assume that [v([t],z) =
(vl(t,x),vg(t,x), e ,vN(t,x)) in C(Q,AN(w),RN). The components vy(t,z), s = 1,N,
are required to satisfy the following system of differential equations:

(8), where the time derivative is involved.

ov,
ot

=A(t,z)vs (t,x) + Ao (t,x) vs(Y(t), 2) + B (t,x)w (t,z) + By (t, ) w(y(t), z)+
Ct,x)u(t,z)+Cot,x)ul(y(t),2) + f(t,z), (t,x)€Q,, s=1,N (9)
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and the following conditions are satisfied:

N-1

Py (@)vo (0,2) + Y P (@) vs (G, 2) + Py (x) lim vy (t,2) = o (2), @ €[0,w], (10)
s=1

Up+1(0p,$) - t_l)ieHl_OUp (t,l’) = ¥p (x) S [O,UJ] P = 17 N — 17 (11)

u(t,x):w(t)Jr/Oxvs(t,f)dg, w(t,x):¢(t)+/0 avsa(i Die (t.2) € Q. s =TN, (12)

in equation (9), we have taken into account that v(¢) = (5, t € [0,.1 ,0s5), s = 1,N.
Next, we introduce the following functional parameters: us(x) = vs((s, ), =1,N and
z € [0,w].
By making the following substitution, v, (t,z) = 0, (t,2) +ps (x), (t,z) €Q,, s=1,N,
we obtain a boundary value problem for a family of parameterized differential equations of
the following form:

%% =A(t,x) (s (t,z) + ps () + Ao (t, ) us () + B (t, ) w (t,x) + By (t,2) w (s, x) +
C(t,z)u(t,x)+Co(t,x)u(l,z)+ ft,x), (t,z)€ Qs s=1,N, (13)
?}/s(Csax) =0, s= L_N, x € [O,w]. (14)

boundary condition

PO( )(vl(O X +,Uq +ZP Us CS? _'_Ms( ))

+PN( ) lim (On(t,2) + pn(z)) = @o(z),z € [0,w]. (15)

t—T—-0

impulsive condition

Upt1 (0ps @) + pps1 () — t_l)iem 05]3 (t,x) —pp(z) = ¢, (), z€0,w],p= 1,N—1, (16)

P

utts) = v(e)+ [ @t +©) devutn) = o)+ [ T de (1) € s =T

(17)

A quadruple {v([t],z), p(z), u(t,z), w(t,z)}, is called a solution of the parameterized
problem (13)—(17) if the following conditions are satisfied: v,(t, z) € C'(Q, Ay(w),R), s =
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1,N, and % € C(Q,AN(w),R), s = 1,N. The functional parameters satisfy
ps(x) € C([0,w],R), s = 1,N. The functions u(t,z), w(t,z) € C(Q,Ay(w),R). The
quadruple (0([t], ), pu(z), u(t, ), w(t,z)) satisfies equations (13)—(17).

Moreover, these elements satisfy the system of differential equations (13), the initial
conditions (14), the boundary condition (15), and the impulsive conditions (16) for all

(t,x) € Qs, s=1,N, (t,z) € Qy, s =1,N on the interval [0,w]. The functions
Ovs(t,z)

ot
through the integral equations (17) involving the functional parameters ps(z), s = 1, N.

Under these assumptions, problem (13)—(17) is reduced to a family of Cauchy problems for
differential equations. For fixed functions ps(x), u(t,z), and w(t, =), the family of Cauchy
problems (13)—(14) admits a unique solution, which can be represented in the following form:

u(t, ) and w(t, x) are related to vs(t, z) and its partial derivative with respect to time,

t
U (t,3) = et / e W) [A (7,2) + Ag (r,2)] drp, ()
CS

t
+ es(t:) / g s (t:) B (1,x) w(r,z) + C (1, 2) u(r, )] dr

Cs
t
+ () / e~ By (1, 2) w(Cs, ) + Co (1, 2) u(Cs, )] dr

Cs

t
+ e%(t’x)/ e~ f(r a)dr, (t,z) € Q,, s=1,N. (18)
Cs
Where o (t,2) = f A(r,z)dr, (t,x)€ Qs s=1,N.

We introduce the followmg notation:
D, (t,x) = e [! ¢=otn®) [A (v, ) + Ay (r, )] dr,

H, (t,z,w,u) = % () fct et B (1, 2)w(r, ) + C (1, 2)u(r,z)] dr  +
eos(to) [1 e=asto) [By (7, 2) w(Ca, x) + Co (7,) u(Gs, 7)) dT,

F,(t,z) = et fi e~ f (1 x)dr, (t,x) €Q,, s=1,N.

Then, the representation of expression (18) can be written in the following form:

Us (t,x) = D (t,x) us () + Hg (t, z,w,u) + Fs (t,x), (t,x) € Qs, s=1,N. (19)

It follows from equation (19) that 51(0,x),tliqrpO’EN(t,m),'ﬁpH(Qp,x) hemovp(t x),p =
—i= P

1, N — 1. Substituting the obtained expressions into relations (15) and (16), we obtain the
following expressions:

P2 [14-D1 0. )+ 30 2 0 0) P ) [+ Dy () )= (20)
— Py (v) [F1 (0,2) + Hy (O,m,w,u)] — Py (z )til%n,o [Hy (&, 2, w,u) + Fi (t,2)] + o (2).
(14 Dyis (0 )] iy (&) = (D (B, ) + 1]y () = (21)

op (2) + Fypy1 (0, 2) — F, (0, 2) + Hy (0, v, w,u) — Hyq (0p, z,w,u) ,p=1,N — 1.
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Using the coefficients of the unknown functions ps (), s =1, N appearing on the left-
hand side of the system of equations (20)—(21), we construct the NxN matrix Q(z) in the
following form:

Q(z) x) = Fi () + H, (z,w,u) (22)
Q(z)
Py (z) [1 + Dy (0, l’)] + P () Py_s(x) Pn_1(z) + Pn(z) [1 + Dy (T, JZ)]
—[1+ Dy (01, 2)] : 0 0
0 0 —[1+Dy_1(On_1,2) 1+ Dy (O _1,7)

We introduce the vectors F (z), H, (z,w ,u) in the following form:

—Py(x)F1(0,2) — Pn(x)Fn(T, z) + @o(x)
—Fy (01, 2) + F1 (01,2) + ¢, (2)

P (@) = , ,
—Fy (ON-1,7) + FN—.l (On-1,2) +on_q (z)

—Py (z) H; (0, z,w,u) — Py(Hp (t, 2, w,u)
H, (2.w0.) = Hy (01, z,w,u) — (Hy (61,2, w,u)

Hy (ON—1,z,w,u) — (Hy_1 (ON—1,2,w,u)

3 Results and Discussion. Algorithm of the Parameterization Method

If the functions w(t, =) and u(t, z) are known for all (¢,z) € Qg, s = 1, N, then the function p(z) is
determined from the system of functional equations (22), whose components are us(z) € C([0,w], R),
s=1,N.

Next, by means of the integral representation (19) and the differential equations (13), we
determine the function vs(¢, ) and its partial derivative with respect to ¢, 865;7 for all (t,x) € Qs,
s=1,N.

Using the obtained function vs(¢, x), its derivative and the functional parameters p(x), we then
determine the functions w(t, z) and u(¢, ). To obtain a solution of the family of problems (13)—(17),
we employ an iterative method.

We define the quadruple {v*(t,z), p*(x),u*(¢t,z), w*(t,z)}, as the limit of the sequence of
quadruples {v(k) ([t],2), ™ (), u® (t,2), 0" (t, m)} .

Step 0. For all x € [0,w], we assume that there is an inverse matrix Q(x) of size (N x N). Taking
w(t,z) = (t), w (t,z) = 1(t) on the right-hand side of system (22), the initial approximation of the

functional parameter ;0 (z) = ( go) (z), Méo) (x),..., ug\?) (z)) is found from the system of functional

equations:

Q@) () = P (@) + H, (w,0,1).
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p (@) = [Q2)] " Fulw) + [Q(a)] T Halt, 2,9,4)),  z € [0,0].
components here  us(z) € C([0,w],R), s=1, 1, N Taking the right-hand side of the differential
equations (13) as u (x) = (t),w (t,z) = ¢ (t), ( ) = s (2) s=1,N and from the
Cauchy theorem (13)-(14) we find v 7 (t,z).
50 (t,2) = D, (t,2) il (2) + H, (t,2,0,9) + F (t,2).
And we define its derivative as follows:

oo (t, z)

5~ At) 0 (t,2) + (At 2) + Ao () il (x) + B (t,2) (1)

+ By (t7x)¢(Cs)+C(t7$)w(t)+CO (t>$)¢(ﬁs) +f(t>$)v(t7x) € Qsa s = 1,N-

Then, from the integral equation (17), we define the functions u(©) (¢, z).

u (t,m) = (1) + /m @01, €) + ) (©))de, (t,x) € Q, s =T1,N.
0

e
w® (¢, 2) = ¥(t) —i—/o Uaié)df, (t,z) € Qs, s=1,N,

Step 1. (22) put u(t,z) = vO(t,z), w (t,z) = wko)(t ) on the right side of the system, u™)(z) =
(ugl)(x), ug )( )y Sv (z)) of functional parameter we define the first approximation from the
equation

Q (x) p(x) = Fy () + H, (x, w(O),u(O)) , = € [0,w]

1V (2) = Q (2) " (F. (2) +H. (m,w(o),u(o))), z€ [0, w)].

Putting the right-hand side of the differential equations (13) as u (t,z) = w0 (t,z),w (t,z) =
w O (t,x), ps (z) = ,ug )( ), s = 1,N we find the function '17§1)(t, z) from the Cauchy problem
(13)—(14).

175(1) (t,z) = Ds (t,x) ,ugl) (x) + Hy (t x, w® ) (0)) Fs(t,z).

~(1)
ag; = A(t,2) oW (t,2) + (A (t,2) + Ag (t, 2)) V) (2) + B (t,2) w® (¢, z) +

+ Bo (t,ﬂﬁ)w (CS) + C(t,.%’) u( ) (t7m) + Co (ta x)Qﬁ (CS) +f (ta l’) > (tvx) € Qs,

We find the derivative. From the integral equation (17), we determine the following functions.

z z a~(1)
W (r) =6 O [ @ (09 + 6 ©dgw (10) = wi+ [ g e 5T,

We continue in the same way to the k-step. We put u(t,z) = u* =V (t,z), w(t,z) = w*D(t, z)
on the right side of the system, and determine, p(¥)(z) = (u(k) (z), ug ) (z ),...,,ug\lﬁ) (x)) from the

following equation.

Q(z)p(x) =Fy(z)+ H, (x,w(k—l)’u(k—l)) 7
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1 () = Q(z) N(F. (z) +H. (g;,w%*l),u(k*l))), € [0,w].

From here

50 (t2) = Dy (t,0) 1) (2) + H (t0,007D,00) 4 F (t,0)

k)

o = A2 T (62)+ (Al )+ Ao ()l () + B (t2) wD (t,2)+ Bo (t,2) () +

C(t,x)u* "V (t,2) + Co (t,2) ¥ (C) + f (t,x), (t,z)eQ,, s=1,N,

= 95t (¢, €)

W (2) =00+ [ @0+ @), 0 (1) = uity+ [T

s =1, N is found. Here k—1,2,. ..

The method allows you to find unknown functions in three stages: From the system of functional
equations (22), we define the functional parameters ps (z),s = 1, N for all x € [0,w]. From the
family of Cauchy problems (13), (14), we find the functions vs(¢,z) for all (t,z) € Q5, s =1,N
and its derivative %forall (t,z) € Qs, s=1,N. 3. From the integral equations (17) we define
the functions w (¢,z) andw (t,z) for all (t,x) € Qs, s = 1, N. When the conditions set forth in
the initial problem are satisfied, each auxiliary problem has a unique solution. To implement the
algorithm, it is necessary to establish the convergence of the approximate solutions of the problem
with parameters (13)—(17) to the exact solution. The following theorem determines the convergence
conditions of the proposed algorithm and the conditions for the existence of a unique solution of the
problem with parameters (13)—(17).

d€, (t,z) € Qs,

Theorem 1 Assume that the functions

1. A(t,z), B(t,z), C(t,z), Ao(t,z), Bo(t,z), Co(t,x), f(t,x) belong to C(Q,R),
the functions Py(z), P;(z), Pn(z) belong to space C([0,w],R), ¢p(x), @olz) €

CY0,w],R), p=1,N—1, (t) e C(0,T],R);

2. if the N x N matriz Q(x) is invertible for all v € [0,w]. Then the parameterized problem (13)-
(17) has a unique solution and that solution is found using the algorithm presented above.

From the equivalent problems (1)—(4) and (13)—(17), we obtain the following.

Theorem 2 Suppose that the assumptions imposed on the coefficients of the equation and on
the functions appearing in the boundary and impulsive conditions are satisfied. If the N x N matrix
Q(z) is invertible for every x € [0,w], then the boundary value problem (1)—(4) for the impulsive
hyperbolic equation with a generalized piecewise constant argument has a unique solution.

The proof scheme of Theorems 1 and 2 is implemented according to the proof scheme of the
theorems of the article [5], which is shown below.

Example and Conclusion.
To illustrate the developed theory, let us consider an example that naturally leads to a

hyperbolic equation with a generalized piecewise constant argument and impulsive effects. Consider
an automatic temperature control system for an industrial furnace. In a metallurgical plant, a
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long furnace is used to heat metal billets. The temperature of the metal varies continuously
along the length of the furnace; however, the information from the sensors is received only at
predetermined time instants. Consequently, the current heating regime depends on the previously
measured temperature. In addition, at prescribed moments, the heating elements are switched on
for a short period of time, causing impulsive changes in the heating process. The mathematical
model of this process is described by equation (1), where the coefficients have the following physical
interpretation: A = 0.5 characterizes the heat propagation rate; B = 0.3 represents the intensity
of convective heat transfer; C' = —0.2 denotes the heat loss coefficient; Ay = 0.4 accounts for the
influence of the previously measured temperature. At time ¢ = 4, an auxiliary heating element is
activated, producing an instantaneous change in the heating regime.

The unknown function u(t, z) represents the temperature of the metal billet at the spatial point x
and time t.

This problem is considered as an example of the practical application of hyperbolic equations with
part-constant arguments and momentum terms. As an illustration of the obtained results, let us
consider the following problem.

9% ou (t, x) Ou (t x) ou (v (t),x) ‘
=0. . = —0.2u (¢ A——40. t - t#4; (2
oo = 055 0.3 —0.2u (1, 2)+0 5y T0-5u(y(t),2)+5e™z,  t#4; (23)
ou (0, ) Oou(2,z) Ou(6,z)
o +2 e o 0.5z 4+ 15,2 € [0, 10], (24)
t t
im Ou ,a:)_ lim Ou (t,2) = 20e %1% 2 € [0,10], (25)
t—44+0  Ox t—=4-0  Ox
w(t,0) =100. te|0,8] (26)
First, we introduce new functions v(t,z) = au{gi’z), w(t,x) = Lgt’x). Problem is transformed

into a boundary value problem for a family of impulsive differential equations with a constant partial
argument. The function v([t], x) lies in the space C(Q, Az(w), R?), and its elements vs(t, z), s = 1,2;
satisfy the following system of differential equations:
vy (t, )
ot

(t,z) € = [0,4) x [0,10]

= 0.5v1 (t,x) + 0.3w (t, ) — 0.2u (t,z) + 0.4v1 (2,2) + 0.5u (2, 2) + 5e ',

vy (t, )
ot

(t,x) € Q1 =1[4,8) x [0,10] ;

= 0.5vs (t,2) + 0.3w (t,z) — 0.2u (¢, z) + 0.4vy (2,x) + 0.5u (2, 2) + e~ 'z,

v1 (0, ) + 201 (2,2) — v2 (6,2) = 0.5z + 15,2 € [0, 10],
. RT — —0.1z
lim v (¢, ) t_l}g() v (t,z) = 20e ,x € 10,10],

t—44-0
Ovg (t’ f)

W00 =100, u(tr) =100+ [ de it = [0S
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01 < (¢ < Og,8 = 1,2;¢1 = 2;¢o = 6. We introduce functional parameters as follows:
pir = v1(C1, ), pe(x) = ve(C2,x). By making the following substitution: wvg (t,z) = 05 (t,x) +
ws (), (t,x) € Qs, s=1,2, we obtain a problem for a family of parametric differential equations
of the following form:

W = 0.5 (01 (t,z) + p1 (x)) + 0.3w (t,2) — 0.2u (¢, z) + 0.4 (01 (2, 2) + p1 (2))
+0.5u (2,7) +5e 'z, (t,x) € Q1 =[0,4) x [0,10] ;
87}26(’;’ 2 _ 0.5 (02 (t, ) + p2 (x)) + 0.3w (t,x2) — 0.2u (t,z) + 0.4 (03 (¢, x) + pe (z)) +

0.5u (2,z) + 5etx,  (t,x) € Qy = [4,8) x [0,10] ;
51 (0,2) + p1 () + 2(v, (2,2) + 1 (x) — (v2 (6,7) + pia (x)) = 0.52 + 15,2 € [0, 10]

: o — —0.1z
i (o (1,2) + g ()~ Jim (o (6,2) + pr () = 20004, € [0,10],
u (£,0) = 100.

us (t,x) = 100+/ vs (¢,€)dE,  ws (t,x) = / 37}565? f)dfﬂs_l <(s<bs, s=1,2; (1 =2; (o=6.
0 0

¢ t ¢ t
ay (t, ) :/2 0.5dr = 5—1, (t,z) € Q; g (t,x) :/6 0.5dr = 5—3, (t,z) € Qo.

For fixed ps(x), u(t, z), w(t, ) the solution of the family of Cauchy problems (13)—(14) is unique and
has the following form:

t ¢
vy (t,x) = ez / e~ GV (—0.9) drp (z) + ez / e~ (7Y (—0,2 % 100 + 0.5 % 100) dr
2 2

t
—i—e;_l/ e~ G V5e adr,
2

t t
Uy (t,x) = 65_3/ e~ (373 (=0.9) drps (z) + 63_3/ e~ (273 (=0,2 % 100 4 0.5 * 100) d7
6 6

t
+€§_3/ e~ G350 T xdr.
6

t t
Dy (t,x) = ez ! / e GD(=0.9)drpy (z), Dsy(t,z) = 65_3/ e (27 (—0.9) drps (2)
2 6

t
Hy (t,z,w,u) = ez ! / e~ (7Y (0,2 % 100 + 0.5 % 100) dr
2

¢
Hs (t,x,w,u) = 65_3/ e (373 (0,2 % 100 + 0.5 % 100) dr
6

¢ ¢
Fi(t,x) = eél/ e~ V5e Tadr, Fy(t,x) = eé?’/ e~ (2 75e T xdr.
2 6
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Substituting the found expressions into relations (20) and (21), we find the following limits and
values:

1+ Dy(0,2) +2 -1
x prd

—(1+Di(4,2)) 1+ Dsy(4,2)]’ det Q(x) # 0.

It is clear that the determinant of the matrix @ (z) is nonzero. Therefore, the matrix @ (z) has an
inverse and, according to the theorem given above, the problem under consideration has a solution,
which can be expressed uniquely in the following form.

t_

up (t,x) = —0.2xe%?’t+3+82.86—0-1x+(0.07x2 + 4.7z — 82.8) €21 +0.062 —35.42+136.8—36.8¢ 17,

ug (t, ) = —0.04ze 2 T94154.1¢ 017 — (3.62% + 138.3z + 154.1) €2 ' +1.622+28.12+168.5—68.5¢ 17,

4 Conclusion

In conclusion, the presented results extend the applicability of Dzhumabayev’s parameterization
method to a new class of multipoint boundary value problems for impulsive hyperbolic equations
with generalized piecewise constant arguments.

The advantages of the parameterization method demonstrated by our findings include: there is
no need to construct the Green’s function; the multipoint boundary conditions are taken into account
directly; the impulsive conditions are incorporated without modifying the general framework of the
method; the resulting algorithm admits straightforward software implementation.

Furthermore, these results demonstrate the constructive nature of the proposed algorithm and
its applicability to the numerical investigation of applied problems. Following the numerical schemes
developed for related evolution equations (see, e.g., |13]- [15]), all computations for the proposed
algorithm can be efficiently implemented in MATLAB, Maple, or Python.

Future work will focus on extending the proposed method to more general classes of equations.
Additionally, the convergence, stability, and error analysis of the proposed numerical algorithm will
be investigated, alongside its application to practical mathematical models.

This study was supported by the Science Committee of the Ministry of Science and Higher
Education of the Republic of Kazakhstan under Grant No. AP26194447.
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