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A trigonometric spline based computational technique is suggested for the numerical solution of layer
behavior differential-difference equations with a fixed large delay. The continuity of the first order derivative
of the trigonometric spline at the interior mesh point is used to develop the system of difference equations.
With the help of singular perturbation theory, a fitting parameter is inserted into the difference scheme
to minimize the error in the solution. The method is examined for convergence. We Rave also discussed
the impact of shift or delay on the boundary layer. The maximum absolute errors imycomparison to other
approaches in the literature are tallied, and layer behavior is displayed in graphs, to“demonstrate the
feasibility of the suggested numerical method.
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Introduction

Delay differential equations (DDEs) are frequeéntly, eneountered in a wide range of application
disciplines and are also explained in technologigal components like control circuits. DDEs are widely
occurred in various branches of physiological contuolgystems [1], models of red blood cell system [2],
pupil light reflex behaviour [3], hybrid optically bistable devices with delayed feedback [4]| and the
navigational control of ships and aircraft_afdiin more general control problems [5]. Time delays are
virtually always present in systems withffeedback controls. These happen because detecting information
and responding to it both take time. I the"drgument for the delay does not appear in the highest order
term, the DDE is of the retarded{type. Delay differential equations of the retarded type are obtained
by restricting the class in whidh thesdighest order derivative term is multiplied by a small parameter.
Bender and Orszag [6], Oalley”[7], Doolan and Miller [8], Miller et al. [9], Roos et al. [10] have
written books detailing seyverahapproaches to addressing singularly perturbed problems (SPPs). Driver
[11], Bellman and¢ookey[12}] provided books that explained differential-difference equations. In [13],
the researchers elucidated analysis of a class of singularly perturbed differential-difference equations
[SPDDEs]|. In [14], problems with solutions having a layer structure at one or both of the boundaries are
addressed. The layer can alter its nature and possibly be destroyed when the shifts rise but stay small,
as demonstrated by the study of the layer equations using Laplace transforms. The same researchers
handle two situations in [15]. The first is concerned with the magnitude of the shifts that affect the
solution, while the second is concerned with the SPDE’s oscillatory solutions. Kadalbajoo and Sharma
[16], provided a numerical procedure for solving SPDE with larger or smaller delay argument. To handle
the delay term, a mesh is generated so that the delay term falls on nodal points. Kadalbajoo et al. [17],
utilize Shishkin mesh to derive the fitted mesh approach to solve singularly perturbed general DDEs.
Gabil and Erkan [18], devised a fitted difference scheme for convection-diffusion problems by employing
exponential basis functions, integral identities and interpolating quadrature procedures. The authors
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in [19], suggested adaptive grid methods for the solutions to problems with boundary or interior layers.
A grid with equidistributing arc-length monitor function is constructed to solve the problem. In [20], a
first-order uniform convergence fitted difference approach is built in the discrete maximum norm. Ravi
Kanth and Murali [21], devised a numerical scheme for solving nonlinear SPDE. The Quasilinearization
technique is implemented on the nonlinear SPDE to get a sequence of linear SPDEs. A fitted spline
method is implemented for the solution of these problems. In [22], it is established that the family of
periodic boundary value issues for the system of ordinary differential equations with delayed argument
and the periodic boundary value problem for the system of hyperbolic equations with delayed argument
are related. The construction and convergence of algorithms for solving the comparable problem are
demonstrated. The author of [23] investigated a boundary value problem with the Sturm-Liouville type
conditions using Green’s function method for a linear ordinary differential equation of fractional order
with delay. In [24], authors proposed a scheme for the solution of a differential equation with delay and
advanced parameters having an interior layer behaviour using a non-standard finite difference method.

1 Statement of problem
Consider the following SPDDE with a fixed delay
e"(0) +p(9) 2 (9) +q(9) 2 (9 — 1) = f (D)5 &0, 2] (1)

subject to the boundary constraints

2 (2) B0 (2)

where, 0 <e< 1 and p(¥) > a > 0, 0 < ¢(9) QLand f (V) are smooth functions on [0, 2], ¢ (9) is
smooth functions on [—1,0] and f is given €onstant. The solution of Eq. (1) with Eq. (2) reveals a
boundary layer at ¥ = 2 with the small valuestof e.

2 Numerteal"method using a trigonometric spline

The domain of the integragion’ [0 2] is partitioned into L equal sub intervals with mesh length
h = %, so that ¥; = ih, 1 Sllgl, 2, ..., L are the nodes with 0 =3¢, 2 = ¥ . Let z(9) be the
exact solution and ¥J; be_ an“approximation to z(¥;) by the trigonometric spline S;(¢}) passing through
the points (9;, z;) afldN Vg zi+1). Here S;(¥) satisfies the conditions of interpolation at ¥; and ;41
and also the first oxdér derivative continuity at the common nodes (;, 2;) is satisfied. For each it

subinterval, the trigonemetric spline function S;(¢) has the form
Si (VW)= ai +b; (V — ;) +c¢sint (¥ — ;) +dicost (9 —9;),i=0,1,...,L —1. (3)

Here a;, b;, ¢; and d; are constants and 7 is a free parameter.

The trigonometric spline S;(9) of class C2[0, 2] interpolating z () at the points ¥;, i = 0, 1,..., L
depends on 7 and deduces to cubic spline in [0, 2] as 7 — 0. The following are defined to obtain an
expression for the coefficients of Eq. (3) in terms of z;, zj+1, ©¥; and ¥4

1

Si (03) = zi,  Si (Vig1) = zit1, S;/ (95) =i, S; (Vig1) = Yiga.

Using these conditions, the following expressions are obtained:

i by = Zi—zz‘+1+¢i+1—¢z‘,

ai:zi_‘_ﬁ’ - h 70
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 Yicost — i

L T25in6
where 0 = Th, for i = 0,1,..., L — 1. Using the continuity of the first order derivative at (¢;, z;), that
is S;+1 (9;) = S (9;), we get the following relation for i =1,2,..., L — 1.

(2

and d; = —%,
i

Zi—1 — 22; + zit1

g + 2% +a;_ = — 2 ) (4)
where 1 ) . 0
— cos
=2 gsing VP @ T Geing

ij:z (ﬁj),jziil,i.

At the mesh point ¥;, the suggested approach can be discretized by the convection-diffusion equation
(1) as

vy == (£ = p(9) 5 0) —a(9) 20— 1) for § i o)
using Eq. (5), Eq. (4) can be represented as \
g (f (Vit1) —p (Vi41) 2 (Pis1) —q (Vig1) % +

2

12z + zip1
h? ’

+a (f (9i-1) —p (192-1@’5\0) —q(¥i-1) 2 (¥i-1-1) hi i1 — 22 + Zip1) - (6)

W (A1 —4zi-3zi TR T |
@@( 2h )72(192)_< 2h I

/ Zi —421—321_
: wi_l):( o 1)'

Eq. (6) is reduced to

Zi—1 —421—3214.1

o (f(191+1) —p (Yis1) ( — ) —qwi+1)2(19z‘+1—1)) +

+25 (100 -p () () —a ) 2 00-)) +

zi+1—4zi—321 1

+a <f(191—1) —p (¥i-1) < o — ) —q (%i-1) 2(191._1_1)> _

&
=2 (zi—1—2zi42i41) ,
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e Ba o -2 2«
(ﬁ -t (ﬁ (i1 — 3p¢—1))> Zi—1 + ( w2 (pit1 — pi—l)) zit

+ (h2 + ﬁ;;l +57 oh (3pi+1 — Pi—l)) ziv1 = af (Y1) — aq(Pi—1)z(Pi—1—1)+
+2Bf(9;) — 28q(%:)z(9i—1) + of (Viy1) — aq (Vig1) z (Vip1—1) . (7)

To reduce the error value in the solution over the domain Q1= (0, 1), we insert a fitting parameter
o (p) in the above numerical scheme Eq. (7) for the equation

eo(p)z (0)+p@)2 () +q@)z(—1)=f(9).
h

The value of the fitting parameter is o (p) = p (o + ) coth (25%) , where p =2
The scheme Eq. (7) with a fitting factor can be written as

Fizi 1+ Fiz; + Gizi_1 — =0 fori=1,2,. (8)

where

oe  fBa;
E; = (h2 -5t <2h (Pi+1 — 3pi-1)

. (-205 Za K@

w2 n (Pit1 — Pi-1

G = (h2+5al+— &Q

and Q
H; =a(f(Wi1) — q(Wi—1) wi—1) +28( ) i) +a(f (Pig1) — q(Pig1) @ig1)

here
801—&—1—75( i+1 — )’ Vi = y Pi— 1—2(791 1_1) ln[(]l]
Now, to find the solution in Q= (1, 2 51der the finite difference scheme Eq. (7) with fitting
factor o (p) in the equation x
c0 (0) NP D W) 2 (D) +a(9) 2(9 = 1) = £ (9).

Here the value of o (p) is o + ) coth (£8%) | where p = 2.

Then, the scheme Eq. (z ith a fitting factor can be written as

izi + Giziy1 — H; =0 fori=L, L+1,...,2L —1, (9)

where %

oe  Pa; «
E; = <ﬁ - + (ﬁ (Pit1 — 3101—1))) ;
—20e 2«
F; = (7 - (Pit1 —pi—1)> )

Baz 07 ' )
G, = <h2 + N 2h (3pit1 — pi—1)

Hi = a(f (0i1) = q(@i1) 2 (i1 — L)) + (f (Vir1) — q(Pig1) 2 (Jig1 — L)) +
+28(f (i) — a(¥s) 2 (¥; — L)).
To solve the system of equations Eq. (8) and Eq.(9), the condition z(L) is required. To get the

value of z(L), we utilize the reduced problem of Eq. (1) by setting ¢ = 0 and Runge-Kutta 4*" order
method is used to solve the reduced differential equation.

and
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3 Local error estimate

The local error estimate for the numerical scheme of Eq. (8) is

700 = 2o+ 26 - e + ((a= o) estt = (24 8) sl w008 (0

Hence, with a = % and a+ 8 = % , the truncation error is fourth order.

4 Convergence analysis

Considering the matrix version of Eq. (8) with the boundary conditions, we have

(A+P)Z+Q+T(h)=0, (11)
where ) *
—2e0 €0 0o 0 ..
eo —2e0 €0 ..
0

and )
where @
éb (—3api—1 — 2Bpi + api+1) + h*agi—1pi-1,
h 2
mi =5 (4api—1 — apiy1) + 2h°Baipi,
h ) .
ki = 5 (—api—1 +2Bp; + 3apir1) + hagiy1pir, for 1 <i<L -1
and
Q = [r1+ (0 + k1) 90, 72,73, oo TL—2, 711 + (60 + kr—1)7]"

where

q; = h? [aki+1 + 28k; + O(k‘i_l] , 1<i<L-—1,

T(h) =0 h)and Z = [Z1,Z2, ..., Zp1]" \ T (h) = [T1, Ta, ..., T-1]", O = [0,0,...,0]  are associated
vectors of Eq. (11).
Let n = [n1,ng, ..., nL_l]T = 7 satisfy the equation

(A+P)n+Q=0. (12)
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Let e; =n; — Z;, i =1,2..., L — 1 be the discretized error E = [eq, e, ...,eL_l]T =n—Z.
Using Eq. (12) and Eq. (11), we get the error equation as

(A+P)E =T(h). (13)

Let |p(s)| < Dy and | (s)| < Do, where Dy, Dy are positive constants. Let (i,5)" element of the
matrix (A + P) be (;; then

Giit1] < (e) + h(a+ B)Dy + h*(agit1pit1 + 2Bqipi), 1 <i < L—2,
< (€) + hla+ B)Dy + h*(agi1pi—1 + 2B¢iwi), 1 <i< L—1.

Hence, for small values of h, we have

|Giit1| <eo, 1<i<L—2

and
<1< L-1.

Hence (A + P) is irreducible [25]. * \

Let S; be the it row elements sum, of the matrix (A + P), then w

S; = —e + h(a+ B)pi + W2 (agis1pir1 + 25(1wa
Si = h (OZQZ 1Pi—1 + 2/6%§01 + a(IerlSOlJrl

S; = —¢— (a + B)p; + h? (aql 19— 101- for i=
Let Dy~ = |p(s)| and D} =|p(s)|, D2 = and \ Since 0 < ¢ < 1, and e x O (h)
it is Verlﬁed that for sufficiently small h. A —|— P no one [25 26]. Hence (A + P) exists and
(A4 P)™' > 0. Thus using Eq. (13), we have
HEH (4+D)7 |17 (14)
Let (A+ P); ! be the (i, k)" element + )_ and define
1y _ ~1 _
[+ P) = may o (A+ P and [T = max [T,
Since
(A+ P)- andz A-|-P . Sp=1 for1<i<L—1, (15)
we have @ ) )
(A+P)p < =1 1
+P)ik < max S; h2D2 ’ ’ (16)
1<i<L—1
(A+P);} < L 1 =L—1 (17)
z’,k\Si h2Dy’ L= )
Further
ZL_Q(A+P)‘1< L < ! for2<i<L—-2 (18)
—2 S max S;  h2Dy’ ST '
2<i<L—2
From Eq. (10), Eq. (14) and using of Egs. (15)—(18) we get
1Bl < O (n?).

Second-order convergence of the proposed scheme is thus observed in the first half of the interval.
Similarly, we can demonstrate that the scheme exhibits second-order convergence in the second half of
the interval by using Eq. (9).
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5 Numerical examples

Three examples are used to demonstrate the proposed scheme. The maximum absolute errors
(MAEs) in the solution are computed using the double mesh principle [4].
Utilizing the following formula

EL
RL — lOg ‘Fgf
log2
the numerical convergence for each case has been determined.
Ezample 1. ez (9) — 32 (9) 4+ 2(9 —1) =0, with 2 (¢) = 1; =1 <9 <0, 2(2) = 2.
Ezample 2. ez (9) — 22 (9) + 52 (9 —1) =0, with 2 (9) = 1; =1 <9 <0, 2(2) =

Ezample 3. 2" (9) — 52 (9) + 12(0-1) = { “LO0svsl with

11<q9<2’ \
z(0)=1;-1<9 < 6

6 Discussions and conclusi
To solve a SPDE with a fixed large delay, a trigonomet @ne—based numerical technique is
proposed. The strategy is designed by utilizing the conwl of the first order derivative of the

spline. The convergence of the method is investigated an eached second order convergence. Three
examples of the scheme with the right end boundar are provided. The maximum absolute errors
(MAEs) in the solutions are tabulated in Tables™, 2 and 3 in comparison to the method given in [27].
The rate of convergence in the solutions is aSo computed. The layer structure is depicted in Figures

1, 2 and 3. In the illustration, it can be se at the width of the right end layer similarly reduces as
the perturbation value does.

200 Bulletin of the Karaganda University



A Novel Numerical Scheme for ...

7 Tables and Figures

Table 1
MAEs in Example 1
€J, L — 27 28 29 210 211 212
suggested method

275 9.5547e-06  2.3939e-06  5.9883e-07  1.4975e-07  3.7573e-08 9.7531e-09
1.9968 1.9991 1.9996 1.9948 1.9458

276 1.9455e-05 4.9061e-06  1.2292e-06 3.0749e-07  7.6942e-08  1.9565e-08
1.9458 1.9875 1.9969 1.9987 1.9755

277 3.8180e-05 9.8729e-06 2.4898e-06 6.2383e-07 1.5608e-07  3.9153e-08
1.9513 1.9874 1.9968 1.9989 1.9951

28 6.8209e-05 1.9242e-05 4.9774e-06  1.2552¢-06  3.1452e-07  7.8749e-08
1.8257 1.9508 1.9875 1.9967 1.9978

279 9.7588e-05 3.4253e-05 9.6682e-06 2.5001e-06  6.3049e-0 1.5801e-07
1.5105 1.8249 1.9513 1.9874 * %

210 1.0755e-04  4.8915e-05 1.7177e-05  4.8460e-06 1& 3.1606e-07
1.1367 1.5098 1.8256 1.9512 3

o~ 1.0808e-04  5.3879e-05 2.4506e-05 8.6011e- 4264e-06  6.2744e-07
1.0043 1.1366 1.5105 1.8 & 1.9513

9-12 1.0808e-04  5.4147e-05 2.6966e-05 1.2 4.3037e-06 1.2141e-06
0.9971 1.0057 1.1366 . 1.8257

213 1.0808e-04 5.4147e-05  2.7100e-05 90e-05 6.1354e-06  2.1526e-06
0.9971 0.9986 1.006 \ 11367 1.5111

Results in [27]

275 3.8774(-5)  9.6108(-6 5.9904(-7)  1.4972(-7)  3.7294(-8)

276 8.2126(-5)  1.9910(-5 1.2310(-6)  3.0757(-7)  7.6825(-8)

277 1.8429(-4)  4.1727(-5 2.5044(-6)  6.2472(-7)  1.5606(-7)

278 4.5000(-4)  9.2878( 5.0038(-6)  1.2626(-6)  3.1493(-7)

279 1.0778(-3) 2.25% 1.0566(-5)  2.5585(-6)  6.3417(-7)

2710 2.3688(-3)  5.4402(" 2.3389(-5)  5.2961(-6)  1.2825(-6)

21! 4.9529(-3) @ -3) 5.6715(-5)  1.1712(-5)  2.6518(-6)

2712 1.0121(-2) & -3) 1.3565(-4)  2.8385(-5)  5.8601(-6)

2713 2.0458% 05(-3) 2.9814(-4)  6.7859(-5)  1.4200(-5)
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Table 2
MAEs in Example 2
el L— o7 98 29 910 9l1 912
suggested method

27° 3.5024e-04  8.7651e-05 2.1918e-05 5.4801e-06  1.3706e-06  3.4554e-07
1.9985 1.9997 1.9998 1.9994 1.9880

276 7.2423e-04  1.8177e-04  4.5489e-05 1.1375e-05 2.8445e-06  7.1278e-07
1.9943 1.9944 1.9986 1.9996 1.9996

277 1.4561e-03  3.6979¢-04  9.2808¢-05  2.3225¢-05 5.8078e-06  1.4533¢-06
1.9773 1.9944 1.9986 1.9996 1.9987

278 2.7805e-03  7.3682e-04  1.8705e-04  4.6948e-05  1.1749¢-05  2.9382e-06
1.9160 1.9778 1.9943 1.9985 1.9995

279 4.6105e-03  1.3988e-03  3.7082e-04  9.4139e-05  2.3626e-05  5.9127¢-06
1.7207 1.9154 1.9779 1.9944 1.9985

2~ 10 5.8590e-03  2.3143e-03  7.0214e-04 1.8607e-04  4.7237¢-05)  1.1855¢-05
1.3401 1.7207 1.9159 19779 o %

g1 6.0756e-03  2.9352e-03  1.1594e-03  3.5176e-04 9%7 2.36604e-05
1.0496 1.3401 1.7207 1.9160 9

2712 6.0797¢-03  3.0438¢-03  1.4691e-03  5.8029e- 06e-04  4.6657e-05
0.9981 1.0509 1.3401 1.7 & 1.9159

2713 6.05797¢-03  3.0458¢-03  1.5234e-03  7.3489¢-04 ¥ 2.9031e-04  8.8084e-05
0.9920 0.9953 1.0517 . «'@ 1.7206

Results in [27] L 4

270 1.4101(-3)  3.5121(-4)  8.7724(- \ 6(-5) 5.4809(-6)  1.3713(-6)

276 2.9715(-3)  7.3183(-4) 1,82 5523(-5)  1.1378(-5)  2.8438(-6)

277 6.3962(-3)  1.5166(-3) 3. 9.3055(-5)  2.3241(-5)  5.8086(-6)

278 1.4877(-2)  3.2366(-3)4, 7.6748( 1.8901(-4)  4.7072(-5)  1.1757(-5)

279 3.6799(-2)  7.4974(-3) 6281(-3)  3.8622(-4)  9.5120(-5)  2.3688(-5)

2~ 10 8.4871(-2)  1.8472() 3.7635(-3) 8.1727(-4)  1.9379(-4)  4.7729(-5)

g1 1.8184(-1) 4.26% 9.2539(-3)  1.8854(-3)  4.0944(-4)  9.7084(-5)

2712 3.7579(-1) 9 2 2.1343(-2)  4.6315(-3)  9.4363(-4)  2.0493(-4)

2713 7.6369(-1) 8863(-1)  4.5728(-2)  1.0682(-2)  2.3169(-3)  4.7207(-4)

-
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Table 3
MAEs in Example 3
5~L L — 27 28 29 210 211 212
suggested method

275 4.7341e-05 1.3845¢-06 3.7561e-06  9.7905¢-07  2.5003e-07  6.3369¢-08
1.7737 1.8821 1.9398 1.9693 1.9803

276 7.1268e-05  2.3726e-05 6.9366e-06 1.8816e-06 4.9045e-07  1.2535e-07
1.5868 1.7742 1.8823 1.9398 1.9681

277 8.9077e-05 3.5691e-05 1.1878e-05 3.4721e-06  9.4179e-07  2.4552e-07
1.3195 1.5873 1.7744 1.8823 1.9396

278 0.4225¢-05 4.4593e-05  2.2312e-05  5.9429¢-06 1.7371e-06  4.7118e-07
1.0793 0.9990 1.9086 1.7745 1.8823

279 9.4324e-05  4.7161e-05  2.3593e-05  8.9346e-06  2.9725e-06  8.6884e-07
1.0000 0.9992 1.4009 1.5877 1.7745

2710 9.4287e-05  4.7190e-05  2.3593e-05  1.1160e-05  4.4684¢-06) 1.4866¢-06
0.9986 0.9996 1.0800 1.3205 ¢ 13887

21t 9.4287¢-05 4.7172¢-05  2.3602¢-05  1.1799¢-05 5! 2.2345¢-06
0.9991 0.9996 1.0002 1.0801 6

2712 9.4287e-05  4.7172e-05  2.3593e-05  1.1803e; 04e-06  2.7908e-06
0.9991 0.9996 0.9992 1.0 3& 1.0801

2718 9.4287e-05  4.7172e-05  2.3593e-05 1.1 5.9019¢-06  2.9504e-06
0.9991 0.9996 0.9998 . 1.0003

Results in [27]

27° 1.9126(-4) 3(-6)  1.0987(-6)  2.7510(-7)

276 2.2400(-4) 6781( 6) 2.2223(-6)  5.5895(-7)

277 2.2703(-4) 1.6049(-5)  4.3824(-6)  1.1219(-6)

278 2.2705(-4) 2.4657(-5)  8.0719(-6)  2.2029(-6)

279 2.2705(-4) 2.8790(-5)  1.2377(-5)  4.0479(-6)

2710 2.2705(-4) 2.9180(-5)  1.4423(-5)  6.2006(-6)

2~ 2.2705(-4) 2.9182(-5)  1.4618(-5)  7.2188(-6)

2712 2.2705(-4) 2.9182(-5)  1.4620(-5)  7.3164(-6)

2718 2.2705(-4) 2.9182(-5)  1.4620(-5)  7.3171(-6)

203

Mathematics series. No.1(113)/2024



E. Srinivas, K. Phaneendra

> F 5
1ok =202 i
o1
1.8 o e=2029 g
1.7 B
1.6 B
N 15 | 1
1.4 B
1.3 B
1.2 B
1.1 F B
0.2 0.4 0.6 o.8 1 1.2 1.4 1.6 1.8 2

9

Figure 1. Layer profile in the solution Example 1 with ¢ = 275,2710,2-20
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re 3. Layer profile in the solution Example 3 with £ = 275,2710, 2720,
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BekiTisiren kel Kelriryi 6ap CUHIYJISIPJIbl aybITKbIFAH
anddepeHnaMbIK AN BIPLIMABIK, TEHJIEYJIEP KJIACBIHBIH >KaHa
CaHJBIK CXeMaChl

9. Hlpunusac, K. @aneenipa
Vhusepcumemmin, eviavim Koaredsrci, Ocmarus yrusepcumemsi, Xatidapabad, Yrndicman

TpuroHoMeTpUsIIBbIK, CIJIAfiHFa HEri3/esIreH ecenTey oici OekiTiireH Kem Kerriryi 6ap KabaTTbiH dpeKeTi
yinig auddepeHnnanabK-aibIPbIMIBIK, TeHIEYIepAl CAHBIK, eIy YIIH YChIHBUIFaH. ANRBIPBIMIBIK TEH-
Jeyaep Kyi#eciH Kypy VIIMH TOPJBIH iMKi HYKTECIHJIETi TPUTOHOMETPHUSIBIK, CILUIARHHBIH OipiHmm perTi
TYBIHBICBIHBIH, y3iiccizairi Kosanbuiaabl. CUHTYIISIPIIbI Ay BITKBIFAH TEOPUSICHIH KOJIJIAHA OTBIPBIIL, IIIe-
miMeri KaTeHi asaiiTy VINiH afbIPBIMIBIK, CXEMaChIHA COWKECTEHIIPeTiH mapaMeTp eHrisijemi. Ojic Ku-
HaKTBUIBIKKA Tekcepinred. COHBIMEH KaTap IMeKapaJiblK KabaTKa BIFBICY HEMeCe KeIlry dcepi KapacTbhi-
pBLIABL. OaebuerTepae KeATipiaren 6acka ToCiaIepMeH CabICTBIPFAaHIa MaKCUMAJIAbl abCOIIOTTI KaTeaep
ecernTesie i >KoHe YChIHBLIFaH CaHJIBIK, 9/IICTIH, OPBIHABIIBIFBIH KOPCETY VIIiH KabaTTapablH e3repyi rpaduk-
TepJie KOPCEeTLI .

Kiam cosdep: CHHTYISPIIBI aybITKBIFAH 1 dEPEHINAIIBIK-AMBIPBIMIBIK, TEHJEY, KEIIiry, TPUTOHOMETPHSI-
JIBIK, CIJIAiH, COMKECTEH/IIPEeTiH napaMeTp.
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HoBast unciieHHas cxeMa JJisi KJacca CUHTYJISPHO BO3MYIIIEHHBIX
anddepeHImaIbHO-PA3HOCTHBIX YPaBHEeHN ¢ (PUKCUPOBAHHBIM
OoJBIIM 3ama3/IbIBAHNEM

9. Hlpunusac, K. @aneenipa
Vhusepcumemcexuti xKoaredorc nayku; Ynusepcumem Ocmaruu, Xatidapabad, Hnous

IIpenmozkeH BBIMUCIUTETBHBIN METOM, HA OCHOBE TPUTOHOMETPHUYECKOTrO CILIANHA IS IUCJACHHOTO pelre-
HusA nuddepeHnnaabHO-PA3HOCTHBIX YPABHEHUI ITIOBEJIEHUS CJI0s1 ¢ (DUKCHPOBAHHOIN OOIBIION 3a0ePKKOI.
st mocTpoeHns CUCTEMbI PA3HOCTHBIX YPAaBHEHUM HMCHOJIB3YETCs HEIPEPBIBHOCTH MPOU3BOJIHON IIEPBOIO
MOPSIZIKA TPUTOHOMETPUIECKOTO CILIAifHAa BO BHYyTpPeHHeH Touke ceTKH. C IMOMOIIBIO TEOPUU CHHTYJISPHBIX
BO3MYIIEHUN B Pa3HOCTHYIO CXeMY BBOJUTCS IIOJIOHOYHBIN ITapaMeTp, ITO3BOJISAIONINNH MUHUMHU3UPOBATH
ombKy B perneHun. MeToji MpoBepeH Ha CXOAUMOCTb. MBI TakKe pacCMOTPENH BJIMSTHUE CIABUTA WJIH 3a-
JEePKKH Ha MOorpaHnYHbli c1oil. [loncuanTansl MakcuMa bHbIE aDCOTIOTHBIE TOTPEITHOCTH IO CPABHEHUIO C
JPYTUMH IIOJIXO/JaMHU, OIMCAHHBIMU B JINTEPATYPE, & IOBEJEHNE CJIOEB OTOOPaXKeHO Ha Bpadukax, IToObI
IIPOJIEMOHCTPUPOBATH OCYIIECTBUMOCTD IPEII0KEHHOIO YUCJIEHHOTO METO/Ia.

Karoueswie cao6a: CHHTYJISIDHO BO3MyIieHHOE nuddepeHnuaabno-pa3HoCTHOSay DABHENNE, 3alla3/IbIBAHNE,
TPUTrOHOMETPUYECKUN CIIAH, IIOJIOHOYHBIN ITapaMeTp.
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