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Abstract. This paper proposes a method of constructing cubic spline functions of a local character with equal
distances between nodes. Previous studies have shown precise models for the digital processing of signals using interpolated
cubic splines, with accurate examples showing the high degree of accuracy of the approximation of interpolated functions.
In this study, the size of the calculations required to find the parameters to be determined during the construction of the
spline function does not depend on the number of node points. Local-based splines are used to build such spline functions.
Digital processing of the gastroenterological signal was performed on the basis of the spline-function model discussed in the
article.

Keywords. Gastroentrological signal, spline-function, interpolation cubic spline, interpolation, cubic spline
independent of node points.

Introduction

Today, spline-function models are widely used by researchers in the field of digital signal
processing [1, 2]. Because the accuracy of spline functions is higher than that of classical polynomials,
and the algorithms based on them require less computation. Existing classical interpolation models, their
application in signal recovery and digital processing algorithms are performed depending on the node
points. In this case, a large number of node points are required for these models to have a high degree of
convergence. In cases where the nodes are point-dependent, the order of the system of equations formed
in the construction of the model under consideration increases. And this complicates the process of
solving a system of equations and does not ensure a high level of accuracy of the model [3, 4, 14-20].

The process of digital processing of signals of the spline model discussed in this article was
carried out independently of the node points. In this case, the increase in the degree of convergence of
the model under consideration does not depend on the increase in the order of the system of equations.
Methods for determining nonlinear spline functions, their derivatives, and estimating errors are
performed in the same way as for simple interpolation splines [5, 9,10].
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2. Local base functions
Let us be given the following function [12].

3
G(x,t):(x—t)3: (x—1)°, x>t

0, x<t (1)
Assume that the {x } node points on the ox axis are defined in steps h as follows.
Xi g =X +h i=12,..,M 1 G(x,t) We enter the fourth-order divisor of the function separately for
i +1' X, o Node points on the variable i:
P () =G5 _2 Xj_1: X X 110X 4 2):
i=34,.,M-2
The fourth-order difference of the ¢(x) function is determined by the following formula:

the X _ o0 Xj 1 %) X

PG X X X1 X4 2) =

PG X X X ) T TG X X Xid)

X. —X.
i-2 "i+2
Inturn, x; _;,%.%,1.%,, and x; _5,x_4,%,%,, are also calculated sequentially as above.

After some simplification, the calculation formula for the fourth-order subtraction difference of
the G(x,t) function will look like this:

P () =CXj_p.Xj _1:%j:Xj 11X 12) =

1 3 3
7 Xy )3 40X )Y
4h
#6013 ~ 4% _p)F + (% _p) 3] )
Based on the features discussed above, the following forms the basis in the space of tertiary
splines

5 () = ¥  i=345..,M-2 3)

Let's look at the features.
This function forms the basis in the space of cubic splines and has the following features:
1) Smoothness
S. ()€ C2[x, xy ] 3Y

2) Locality

Si (x) >0, XE(Xi_Z,Xi+2)

Si() =0, xe(_p % o)

i=345..., M-=-2 (32)
Here we see as proof
i (x)=0 i xe(g_5.%,5)
Now let's calculate o; (x; _5), @i (X _1). i (). @i (X;, 1) and @j(X; , o)

1 3 3 3
(Di(xi _2) = 2 (Xi 9 —Xi +2)+ —4(Xi_2 _Xi+1)+ +6(xi_2 —xi)+
|
4ih;
3
—4(%_p - Xi—l)i + (X - Xi—z)ﬂ = {G(X,t) = (x-1)3 = {(Xo_t) - :tZ t} ~0
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ok )= (4h)3 —2(3n)2 + 6(2h)% — 4n° = 64n3 —108h° + 48n° —4n® — 0

?i(X;_5)=0
The rest according to (32) are also found as follows

1
i (Xi _1) =
24h

1
i (Xi)=—
6h

1
N P
7101) 24h
i (Xj ;. 2)=0
As above, we find
?j (Xi _2)v¢’i (Xi _1)v§0i (Xi ): (Xi +1):€0i (Xi +2)
based on the following nodes.

That is:
Qi) Xy, 1312, i1 i
@i () =3, i-2, i-1 i, i+l
i () i-2, i-1 0, i+1i+2
@ 100 -1 0, i+l i+2,i+3
@i ()0, i+l i+2, i+3, i+4
— _ 1 3 3
i () =GO X g XX X)) = T I — Ak )L
41h
3 3 3,1 o, .3 .1, 3.2,
+6(x—xi_2)+—4(x—xi_3)++(x—xi_4)+]—4lh4[C4(x X.)T =C,(x=x. )7 +C (x=x._
3, 3 4. 3, At +j,
C4(x xi_3)++C4(x xi_4)+]——4_2 (-1 C4 (x Xi+j)
+
X=X
We perform the x <x<x oot L replacement as follows, which will
| I + h
x =ht-j).
1+ ]
In that case

(4)
()
(6)

(7)
(8)

3
2)+

be
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1 0 avj . arj[ XN TR X4y | 3
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0 4+ 4+ ]
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0o cntetp a4 (22 2 4 (333 ¢
oan 4 4 4 4

(—1)4cj[t S0P 8 4+ 1)3 160t +2)% — 4+ 3)3 + (4 4% =
24h

3 2

1
S _12t— 4+ 6t + 3612 + 72t + 48 — 4t° — 36t2 —108t

24h

-12t

3 2

1
+ 48t + 64] =—[(1—4+6—4+1)t3 +(—12+36—36+12)t2 +(-12+72-108 + 48)t +
24h

-108+t~ +12t

+(—4+48-108+64)]=0
Pi_o (x)=0

]i celp-x PP

1.0
gai+2(x):G(x,x.,x. ):_[04[X_Xi+ 4 i+3++

VX, JXo X
i+l 1i+2 i+3 1i+4 24h 4

3 3
+2]+ +C4[X_Xi

3 4
+1]+ +C4[X_Xi

1
Cz[x—x_ ]3]=—(X—X-)3
4 i +17+ 24h i
X — X
Now letsdoa t = !

switch at x e[x;, x4 1, it will be x—xj j =h(t-j).
h
In that case
1 X=X 1 X—X.
g () =—(—m3=—nd3—1)3
24h  h 24h h

1 3
Piy2 (X)) =—
24h

based on the above, we also substitute the ¢; ; (x),¢j (x),¢;,1(x) for the variable t to form the
following

P;_p(x)=0 9)
1
o1 () =—@1-1)3 (10)
24h
o (x):i(3t3—6t2+4) (11)
24h
¢i+l(x):i(1+3t+3t2—3t3) (12)
24h
1
Pii0 () =—t3 (13)
24h

We create based on the following functions (3) that form the basis in the field of tertiary splines.
We construct the basic functions based on (4) - (8) and (9) - (13).
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Si H()=—=2—-0 (14)
2o _o)
1 3
— (-1
. (X 1
Si_1(¥) = i-1 _ 24h :—(1—t)3 (15)
2105 — 4
6h
0. () i(3t3—6t2+4)
$i (x) = i _ 24h - _
6h
1 a2 g
4
. (X
i1 00 = — =
(x. )
(pi+1 i+1
1
—(1+3t+3t2—3t3) L (17)
_-24h _C@+3t+3t2 —3td)
1 4
6h
1 3
o 0 ot
Si,0(X) = i+2 _ 242 _=3 (18)
(pi+2(xi+2) — 4

6h
The values of the f(x) function at the f,=f(x;),i=3M-2 node points are given

X4 =X _3=b

Consider .the following function.

M -2
S(xX)= X fiSi(x), XE(X4,XM _3)
i=3
From this function

Si(X)>O, XE(Xi_Z,Xi+2)

Si () =0, x&(Xj_2.Xjy12)
the local condition is required.

In that case, the values at the node point of the s; (x) function based on the localization condition
are as follows.

i+1
S(x)= X ijj(xi), i=4,M-3

j=i-1
For simplicity

1

S(XI) Zfi+psi+p(xl)
p=—

That is
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SO4) =i _1S;_106)+ £;S; (%) +
+fi4Si106),  i=4M-3
The s; (x) function at values p= 0.1 is as follows
Siypi)=Si_p(§)=S8;(xj p)=

=Si(xi_p):ap

has properties

really

in this

4 - 1 azap p=0
P 1025 azap p=1

Thatis,atp=0
Si(xi):Si(xi):Si(xi):Si(xi):l
(pi (x)
Si(X): ’
?; (%)
@, (%)
Si(Xi): =1,
@i (XI)
The case p =1 is similar.
As a result
S(xi)=0,25fi_l+lfi +0'25fi+1 =

=f+0.25(f; +f;, 1), i=4M-3

We now express the f, ., f;, , throughthe f;, for which we spread them to the Taylor series
f = +hfi'+ﬁ i
2
fig=f —hfi'+ﬁ i
2

By adding these expressions we get the following

he o n
2
fi g+ fi 4 =2f+0(h?)
2
0.25(f; 4+ f;,1)=05f; +0O(h?)
In that case
1 1 2
4 2
From this
3 2
S(x;)==f; +O(h*)
2

We will haveS(xi):E f; +0(h?).
2

The smoother the f(x) function, the closer itisto f, in (f, _;+f. ;

y/2 calculations.

And the s, (x)spline function is close to the k% f(x) at the node points then we find the next

approximate function
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S*(xi)=§S(xi)=§[§ f, +O(h?)]

s"(x;) = f, +O(h?)
in which case it can be obtained

S (x) =

wlnN

M -2
X §50
i=3
* 2 2
S (X):Esi—l(x)fi—lJrgSi(x)fi +
2 2
+§Si+1(x)fi+1+§Si+2(x)fi+2

We enter the following notation, where t = - Lox=x +th

MO=25 1005 v, 0 =250

Va0 =25;,1 00 v, 0=25;, 509
In that case
ST =y OF_+uyOF; +
BEATE R AOLI
It is not difficult to calculate v, (t) .

We will see one of them count

MmO-25_;09-210-9° =23

the rest are calculated similarly.

1.3 o2
t)==(3t° -6t +4
o (t) 6( )

y/3(t):%(l+3t+3tz+3t3)

1
vy0=2t3
As a result, we write the general view of a tertiary spline function that is independent of node

points as follows

* 4
s' 0= 3

1 Vi oy

Here

nO-2 -1

wz(t):%(3t3 —6t2 +4)

t//s(t):%(1+3t+3t2+3t3)

1
‘//4(t):€t3

3. Digital processing of gastroenterological signals based on developed algorithms.
The construction of cubic spline models was performed on the basis of the gastroenterological
signal given in Table 1 as the initial data [3, 6, 7]. Based on the above sequence, a cubic spline
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construction program in the MATLAB software environment of the gastroenterological signal given in
Table 1 was developed and used in the processing of the gastroenterological signal [8, 11, 13]. The
algorithm of this program is shown in Figure2.

Table 1.
Values of gastroenterological signal.
Ne X Y Ne X Y
1. 1 -5617 11. 11 1969
2. 2 -5726 12. 12 3099
3. 3 -5504 13. 13 4038
4. 4 -4968 14, 14 4734
5. 5 -4153 15. 15 5151
6. 6 -3112 16. 16 5268
7. 7 -1905 17. 17 5082
8. 8 -606 18. 18 4607
9. 9 710 19. 19 3873
10. 10 -5617 20. 20 2925
x10°
B Spline -
Signal
a4k |
2 -
Z gl i
=
-2 4
Ak -
B+ _
1 1 1 1 1 1 1 1 1 1
0 200 400 &00 ao0 1000 1200 1400 1600 1800 2000
¥, values
Fig. 1. Results of gastroenterological signal recovery.
Table 2.
Error results in the process of digital processing of the gastroenterological signal.
Ne Model types Absolute error
1. Lagrange classical interpolation model 1.0493
5 ,:\o(i:rl:;lc spline model that does not depend on node 0.1025
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Beginning

Xl) "'rxn 1 y].! ---,yn

y<

i=1, 10n-9

J=2,n-2

xvi=xvj+0.1

i=1, 10n-9

Xj =<XVi<=Xj+1

End

Computation S(i)

Fig. 2. Algorithm of cubic spline construction program.

4. Conclusion

This paper proposes a method of constructing a tertiary spline model that is not dependent on
node points in equally distributed networks using precise spline functions of a local character. And was
used in the digital processing of the gastroenterological signal. The process of gastroenterological signal
recovery was performed using the proposed method. The result showed that the method of tertiary spline
functions independent of node points showed high accuracy in digital processing of signals (Figure 1).

The proposed cubic spline model has the following features compared to classical interpolation

models:

-good proximity to the object when interpolating gastroentrological signals;

-the construction of the model is independent of node points and is much simpler than the

classical polynomials;
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-that the algorithm for determining the parameters of the spline is simple and convenient.
Hence, the use of cubic spline models built independently of the node points according to Table
2 gives good results in the digital processing of gastroenterological signals.
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