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On Approximations by polynomial and
trigonometrical integro-differential splines

I. G. Burova, S. V. Poluyanov

Abstract—Here we construct continuously differentiable approxi-
mation using middle and left basis integro-differential splines of fifth
order. The goal of this work is the presentation of some new formulas
which are useful for the approximation of the functions with one and
two variables. Here we construct the basic one-dimensional polyno-
mial and trigonometrical integro-differential splines of the fifth order
approximation. For each interval we construct the approximation
separately. In order to construct the approximation in each interval
we need the values of the function, its first derivative in the points
of interpolation, and the value of the integral of the function over
the interval. If we don’t know the values of the first derivative of the
function in the points of interpolation and/or the value of the integral
of the function over the interval then we use the expressions which
were obtained for this instance and the error of the approximation
will be of the fifth order. The one-dimensional case can be extended
to multiple dimensions through the use of the tensor product spline
constructs. The examples of the approximations functions of two
variables are included. The spline approximation schemes discussed
in this paper allow us to control the effect of knot placement on the
accuracy of spline approximation. Numerical examples are presented.

Keywords—Integro-Differential Splines, Interpolation, Polyno-
mial splines, Trigonometrical splines.

I. INTRODUCTION

OWADAYS splines are widely used for solving vari-

ous mathematical problems. A great deal of research
has been devoted to the application of various splines with
different properties for approximation and estimation of data.
Special attention is given to methods of constructing images
[1]-[12]. When using splines to construct approximations for
each interval we are not constrained by the basic limitation
of single polynomial approximation — namely the Runge
phenomenon as it has previously been established [14]. This
method of approximation using polynomial splines is widely
used for the interpolation and approximation of discrete data.
As is well known, the one-dimensional case can be extended
to multiple dimensions through the use of the tensor product
spline constructs. [13]-[15].

Kireev V.I. (in 1993) became the first to use values of
one-variable integrals of a function over subintervals for the
construction of approximations. Recently, many researchers
have devoted much attention to construct integro splines [16]—
[24].

This paper takes as its topic the investigation of cases in
which both the values of the function and its first derivative
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are known at the ends of each subinterval. In addition, values
of the integrals over the subintervals are known. Polynomial
and nonpolynomial splines of one variable were constructed
by the authors of the paper in [26]-[28].

Suppose that n, m are natural numbers, while a, b, ¢, d are
real numbers, h = (b — a)/n, hy = (d — ¢)/m. We can build
the grid of interpolation nodes x; = a + jh, j = 0,1,...,n,
Y =c+khy, k=0,1,...,m.

Let us consider a rectangular domain §2, where

Q={(z,y)|a<z<bc<y<d}.

We introduce a mesh of lines on 2 which divides the domain
(1 into the rectangles €2; :

Qi ={(z,y)|z € [r;,7;41], ¥ € [k, Yrr1]}-

II. MIDDLE POLYNOMIAL SPLINES OF ONE VARIABLE

Let the function u(x) be such that u € C®([a, b]).
Suppose that we know u(z;), v'(z;), j = 0,1,...,n, and
[E¥ ut)dt, j=0,...,n— 1.

We denote by %(x) an approximation of the function u(z)
on the interval [z;,z;41] C [a, b]:
u(z) = u(zj)wjo(®) + u(@jr1)wjpro(x)+
W (@5)win (@) + 0 (@j41)wjr11 (@) +
Tjt1
+ /u(t)dtwf°>(x). (1)

The basic splines wjyo(.%'), wj+1,0(a'}), wj‘71($>, wj‘JrLl(.’l?),
wj<0>(x), we obtain from the system:

u(z) = u(x), uw(z)=2"1i=1,234,5. )

Suppose that suppwi. = [Tk—1,%Tk+1), @ = 0,1,
suppwi®” =[xy, zp41]. We have for z = z; +th, t € [0,1],
the next formulas:

wjo(zj+th)=— 181 +321° — 15t* + 1, (3)
wir10(z; +th)=—12¢* + 28> — 15¢4, 4)
wja(zj+th)=—(9/2)ht* + 6 ht® — (5/2) ht* +th, (5)
wjtr1(x; +th)=(3/2) ht* —4ht® + (5/2) ht*, (6)
w7 (x4 th)=(301* — 60> + 30t*) /h. (7)

Fig. 1, 2, 3 show the graphics of the basic functions wjﬁo(ac),
wjt1,0(2), wii(x), Wi (@), wj<0>(x), when h = 1. Fig. 3
(b) shows the error of approximation of the Runge function
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Fig. 1. Plots of the basic functions: (a) wj o(z); (b) wjt1,0(x)
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Fig. 2. Plots of the basic functions: (a) w; 1 (), when h = 1; (b) wjy1,1(x),
when h =1

u(x) = 1/(1 + 2522) with the polynomial splines, h = 0.1,
x € [-1,1].
From (1), (2), (3)—(7) we have
(5t +1)(1 — 3t)(t —
(Bt+1)(1—58)(1+
t ¢ [_17 1}7

1)%, te[0,1],

wjolxj + th)= )2, t € [-1,0],

—Lth(st — 2)(t —1)2, t € [0,1],
$th(2+5t)(1+1t)%, t € [-1,0],
0, t¢[-1,1],

Wj’l(l‘j + th):

M(t

<0> . _ - 1)23 te [Ov 1]7
w; 0>(z; +th) = {07ht ¢ 0.1,

It is easy to see that wy, O,wk Lwp?” € CH(RY).
Let us take U(z), = € [a,b], such that U(z) =
[x;,7;41]. Let ||ul|jq5 = I[Iﬁ))]du( )l

u(x), x €

)

Theorem I Let function u(x) be such that u € C5([a,b)).
For approximation u(z), © € [xj,z;11] by (1), (2) — (7) we
have @ € C'(RY),

|ﬂ($) - U(I)‘[Jij,ljJrﬂ S K1h5Hu(5)H[11j,l‘j+1]? (8)
K, = 0.0138,

|'EL’($) - ul(x)|[1j,wj+1] S K2h4||u(5)||[:rj,a:j+1]7 (9)
Ky =0.125,

U(x)

Proof: Inequality (8) follows from Taylor’s theorem and the
inequalities:

|lwjo(@)] < L, [wjt1,0(2)] <1,

lwj1(z)] < 0.06779h, |wjt11(x)] < 0.06779h,

w07 (x)| < 1.875/h.
Inequality (10) follows from (8).

— u(2)|jay < K1h®[ul® gy, K1 =0.0138, (10)
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Fig. 3. Plots of the basic functions: (a) wj<0>(x), when h = 1, and (b) the
error of approximation of the Runge function with the polynomial splines,
h=0.1,z€[-1,1]

Inequality (9) follows from Taylor’s theorem and the inequal-
ities:
wjo(wj +th) = =12t(5t — 3)(t — 1) /h,
Wiy ol@j + th) = —12¢(5t* — 7t +2)/h,
w'j<0>(x] + th) = 60t(2t — 1)(t — 1)/h2,
Wiy (xj +th) = —(t — 1)(10¢* — 8t + 1),
Wiy g (x5 + th) = t(3 — 12t 4 10t2).

Let us take an irregular mesh of nodes. If = € [z}, zj41],
then x;41 = x; +th;, where h; = z; 11 —x;, t € [0,1]. Now
we can use the basic splines in the form:

wjo(zj+th) = —(1+5t)(—=1+3t)(t — 1),

wit1,0(zj +th) = —t3(=2 4 3t)(—6 + 5t),

(J.)j71(xj + th) = —(1/2)thj(5t — 2)(t — 1)2,

Wi (g + th) = (1/2)2hy (¢ — 1)(5¢ — 3),

w07 (x; + th) = (30£%)(t — 1)%/hy.

Fig. 3 (b) shows the error of the approximation of the Runge
function when = € [~1,1], zj41 = x; + hj, by = 0.1, j =
0,1,...,mn—1,n =20, here [|u —Ul||—11 =&, € =0.207-
1073, Our aim is to reduce n and receive the same or less
error of approximation.

We construct the approximation on every [z;,x;11] sepa-
rately. The spline approximation scheme allows us to control
the effect of knot placement on the accuracy of spline approx-
imation. So we can change the stepsize h; = x;11 — z;. To
improve the quality of the approximation we can choose the
nodes z; € [a,b] as the follows. Beginning with an initial
stepsize of hg = x1 — xp, we obtain ;.1 = x; + h;, where
h; we get from the relation:

Z]'+hj

V14 (w(2))?de = Iy, (11)

Tj

@1
where Iy = / V14 (v(z))?dz.
xo

Example 1a. Fig. 4 (a) shows the error of approximation of
the Runge function, « € [—1, 1], with the polynomial splines,
when h; we obtain from (11), n = 15, hg = 0.2, here |ju —
U||[ 1,1 = & € = 0.00018. Fig. 4 (b) shows the error of
appr0x1mat10n of the Runge function, when h; we obtain from
(11), n = 15, hg = 0.205, here ¢ = 0.000077.
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Fig. 4. Plots of the errors of approximation of the Runge function, h; we
obtain from (11), n = 15, when (a) hg = 0.2, (b) hg = 0.205

Example 1b. Fig. 5 show the error of the approximation of
the function sin(exp(3z)), z € [—1,1], when z,; 11 = x; + h,
h = 1/50 (fig. 5 (a)), and when h; we obtain from (11),

G =0,1,...,47, ho = 0.28 (fig. 5 (b)).
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Fig. 5. Plots of the errors approximation of the function sin(exp(3z)), when
(@) zj+1 = xj + h, h = 1/50, n = 100, and (b) when hg = 0.28, h; we
obtain from (11), n = 48

It is important to approximate the function well using a
spline with as few knots as possible. Fig. 3 (b) shows the
error of approximation of the Runge function, z € [—1,1],
when h; = 0.1, n = 20.

Example 2. Fig. 6 (a) shows the error of approximation
of the Runge function with the polynomial splines, when
ho = 0.37, n = 10. Here h; we obtain using (11), j =
0, 1,2,778,9, and Tjy1 = T4 + h]‘, h,j = h2/2, ] = 3,4,5,6,
|lw — UH[—l,l] = ¢, ¢ = 0.000206. Fig. 6 (b) shows the error
of approximation of the Runge function with the polynomial
splines, when z;41 = x; + hj, h; = 0.2, n = 10. Here
e = 0.00248.
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Fig. 6. Plots of the errors of approximation of the Runge function, when

(a) n = 10, h; we obtain using (11), j = 0,1,2,7,8,9, 41 = z; + h;,
h]‘ = h2/2, ] = 3,4,5,6, and (b) n = 10, Tj+1 = Ty + hj, h,j = 0.2,

Fig. 7 (a) shows the error of approximation of the Runge
function with the polynomial splines, when hy = 0.344,
n = 9. Here h; we obtain using (11), j = 0,1,2,6,7,8, and
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Tjr1 =5+ hj, hj = 0.73hs, 7 =3,4,5, ||u — U”[fl,l] =g,
e = 0.000139. Fig. 7 (b) shows the error of approximation
of the Runge function with the polynomial splines, when
i1 =x; +h;, hj =2/9, n=9. Here ¢ = 0.00222.
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Fig. 7. Plots of the errors of approximation of the Runge function, n = 9,
when (a) h; we obtain using (11), j =0,1,2,5,6,7,8,9; 41 = x; + hj,
hj = 0.7h2, ] = 3,4, and (b) Tj4+1 = Ty +]‘Lj, h]' = 2/9, ] = 0,..‘,8

Example 3. Fig. 8 (a) shows the error of approximation of
the Runge function with the polynomial splines, when ¢ =
-1, z; = —0.4107, 9 = —0.123, x5 = 0.123, x4 = 0.4107,
x5 = 1, I, = 0.617, k = 0,1,2,3,4, |lu — U1 = &,
e = 0.00361.

Fig. 8 (b) shows the error of approximation of the Runge
function with the polynomial splines, when ¢y = —1, z; =
—0.361, x9 = —0.1105, x3 = 0.1105, x4 = 0.361, 5 = 1,
Iy = 1, = 0.683, I; = I3 =~ 0.593, I =~ 0.532. Here ¢ =
0.00219.
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Fig. 8. Plots of the errors of approximation of the Runge function with
the polynomial splines, (a) when I, ~ 0.617, and (b) when [}, ~ 0.683,
k=0,4; I, = 0.593, k =1,3; I> =~ 0.532

Example 4. Fig. 9 (a) shows the error of approximation of
the Runge function with the polynomial splines, when zg =
=1, 1 = —0.310428, x5 = 0, z3 = 0.310428, z4 = 1,
Iy = I3 == 0.7602, I} = I, = 0.7817, ||lu = Ul|[—11) =
e = 0.00388.

Fig. 9 (b) shows the error of approximation of the Runge
function with the polynomial splines, when xy = —1, 1 =
—0.30404, o2 = 0, x3 = 0.30404, x4 = 1, I, =~ 0.771,
k =0,1.2.3. Here ¢ = 0.00416.

™

)

On every line parallel to axis y, we can construct the
approximation in the form:

u(y) = w(yr)wi,o0(y) + v(Yr+1)wit1,0(y)+
' (Y )wr,1 (y) + U (Yrr1) w1, (y) +

Ye+1

+ /U(t)dt%f0>(y), Y € [Yk, Ykt1)-

Yk

12)
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Fig. 9. Plots of the errors of approximation of the Runge function with the

polynomial splines, when (a) I ~ 0.7602, k = 0,3; I, =~ 0.7817, k = 1,2
, and (b) when I, = 0.771, k =0,1,2,3

Now we have the next formulas for y = yy, +t1h, t; € [0, 1]:

Wro(yr +t1h) = =182 + 3213 — 15¢] + 1, (13)
Wrr10(yk +tih) = —1242 + 2843 —15¢1,  (14)

Wit (ya+t1R)=—(9/2) ht246 ht3—(5/2) hti+t1 h, (15)
Wit (yk +t1h) = (3/2) hit} —4ht? + (5/2) hti, (16)
w0 (yi + t1h) = (3063 — 6013 + 30t2) /h. (17)

If (z,y) € Q; then we get the next expression using the
tensor product:

1 1

= @i Ykt p) w0 ()W p0 () +

i=0 p=0

F Y (i Yk p) Wi 0 (€)Wt pa (¥)+
i=0 p=0

1 Ye1

w(zj 4, t)dtdyw; 4i.0(x)wi®” (y)

u(t, yri) diws O (2 )wppi,0(y)+

wy (b, Yh4i) w0 (@) wppi1 () +
Yk+1 Tj41

O () (@)

u(z,y)drdyw
Y X5
1

+ ) (@, Yrri) dtw; o (T)weri 0 (y)+
1=0

1

>l (@5, i) dtw; o (@)wiri (y) +
=0

Ye+1
+ / ul (2, t)dtw; 1 (2)wi 0 (y).

Yk

(18)
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A. Trigonometrical splines of one variable

We denote by 5(1’) an approximation of the function wu(x)
on the interval [z;,;41]:

u(r) = u(z;)wjo(x) + w(Tj11)@j41,0(2)+
' (x7)@;1 () + u' (241)@5 41,1 () +
+ /u(t)dt@f0>(x), T € [z, z41).

Tj

19)

The basic splines w; o(x), Wjt1,0(x), @Wj1(x), Wjt1,1(x),
@07 (x), we obtain from the system:

u(z) = u(z), w(z) = 1,sin(kz), cos(kz), k=1,2. (20)

We have for © = z; + th, t € [0, 1], the next formulas:

wjo(xj+th) = (6 sin(t h+h)—8 cos(t h) h+12 h cos(t h+
h) —4h cos(—=3h + th) + 15 sin(h) — 6 sin(2h + th) +
6 sin(—2h +th) + 3 sin(3h) — 12 sin(2h) + 3 sin(—3 h +
2th)+2h cos(—3h+2th)+6h cos(—h+2th)+3 sin(h+
2th) — 6 sin(—h + 2th) — 8h cos(2th) — 6 sin(—3h +
th))/(30 sin(h) — 24 sin(2h) — 16h + 18h cos(h) —
2h cos(3h)+ 6 sin(3 h)),

C:}j+1’0($j + th) = (3 sin(h + ch) —6 sin(—h + ch) +
8h cos(th —h) —6h cos(—h+2th) —2h cos(h+2th) +
6 sin(th + h) + 12sin(2h) — 3 sin(3h) — 15 sin(h) +
8h cos(2th — 2h) — 6sin(—3h + th) + 3sin(—3h +
2th)—12h cos(—2h+th)+4h cos(2h+th)—6 sin(2h+
th)+6 sin(—2h+th))/(—30 sin(h) + 24 sin(2h) + 16 h —
18 h cos(h) + 2 h cos(3h) — 6 sin(3 h)),

wji(xz; + th) = (10 4+ 6 cos(2h) — 2 cos(2th) —
4h sin(2th)—15 cos(h) —8 cos(th) +5 cos(=3h+2th)+
6h sin(—h +2th) — 2h sin(—3h + 2th) — 8h sin(th) +
6 cos(—2h +th) +2cos(2h +th) —4 cos(—3h +th) +
4 cos(th — h) + 12 cos(—h + 2th) — cos(h + 2th) —
14 cos(2t h—2 h)+6 h sin(t h+h)—cos(3 h)+2 h sin(—3 h+
th))/(30 sin(h) — 24 sin(2h) — 16h + 18h cos(h) —
2h cos(3h) + 6 sin(3h)),

Wit11(x; +th) = (1046 cos(2h) +2 cos(—3h+th) —
15 cos(h) — cos(3h) — 2h sin(2h + th) — 6 h sin(—2h +
th) + 12 cos(—h + 2th) + 5 cos(h + 2th) — cos(—3h +
2th)+2h sin(h+2th)—6h sin(—h+2th)—2 cos(2th—
2h)—14 cos(2th) —4 cos(2h+th)+4h sin(2th—2h)+
8hsin(th — h) + 4 cos(th) — 8 cos(th — h) + 6 cos(th +
h))/(=30 sin(h) + 24sin(2h) + 16h — 18h cos(h) +
2h cos(3h) — 6 sin(3 h)),

@9 (x5 + th) = (8 + 6 cos(—h + 2th) + cos(h +
2th) — 9 cos(h) + cos(3h) — 4 cos(2th) — 2 cos(—3h +
th) —4 cos(2th —2h) + cos(—3h +2th) + 6 cos(—2h +
th) —2cos(2h +th) —4 cos(th —h) + 6 cos(th + h) —
4 cos(th))/(—15 sin(h) + 12 sin(2h) + 8h — 9h cos(h) +
h cos(3h) — 3 sin(3 h)).

It can be shown that the next formulas are valid:
@jo(zj+th) = (1+ 32t — 1812 — 15t%) + O(h?),
Qjr10(x; +th) = (2813 — 1212 — 15t%) + O(h?),
@j1(zj4+th)=(6t3—(9/2)t2—(5/2)t* + t)h+O(h3),
Qj1,1(zj+th)=(—4t3+(3/2)t2+(5/2)t*)h+O(h?),
@07 () 4 th) = (=60> 4 30t* + 30t*)h ! + O(h).
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Theorem 2 The error of the approximation by the splines
(19) is as follows:

i) — u(@)] < KR®|l4u’ + 50" + 0" ) 0r0s @D

where = € [z;,2;41], K > 0.

Proof: The function w(z) on [z, z;41] can be written
in the form (see [26]): u(z) = %f; (4u'(1)+ 5u"' (1) +
uY (7)) sin*(z/2 — 7/2)dT + ¢1 + cosin(x) + czcos(z) +
¢y 8in(2x) +c5 cos(2x), where ¢;, i = 1, 2, 3, 4, 5 are arbitrary
constants. Using the method from [26] we obtain (21).

Fig. 10 (a) shows the error of approximation of the function
7cos(2x) + 5sin(x) when zj41 =z, +h;, hj =2/9,n =19,
with the polynomial splines, here € = 0.00000896. Fig. 10 (b)
shows the error of approximation of the function 7 cos(2z) +
5sin(x) when zj11 = x; + hj, h; = 2/9, n = 9, with the
trigonometrical splines, Digits = 25.

(a) (b)

i el
§ § —8e067
Fig. 10. Plots of the errors of approximation of the function 7 cos(2x) +

5sin(z) with the polynomial splines (a), and with the trigonometrical splines

(b)

Fig. 11 shows the error of approximation of the func-
tion 15 cos(2x) sin(exp(x)) with the polynomial splines, here
€ = 0.000677 (a) and with the trigonometrical splines, here
e = 0.000579 (b), when z;11 = z; +h, h =2/9,n =9,
Digits=25.
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Fig. 11. Plots of the errors of approximation of the function
15 cos(2z) sin(exp(z)) with the polynomial splines (a), and with the trigono-
metrical splines (b)

We denote by 5(y) an approximation of the function u(y) on
the interval [yy, yx+1]- The basic splines Wy o(y), Wk+1,0(Y)s

W1 (), Drr1,1(y), @5° (y), we obtain from the system:

u(y) = u(y), uly) = 1,sin(ky), cos(ky), k=1,2
If (z,y) € Q1 then we use the expression (18), where
we take trigonometrical @, ;(2), @s.i(y), @507 (2), @5 (y)
instead of polynomial functions ws ;(x), wsi(y), wy % (x),
w0 (y).
ISSN: 1998-0140
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Let us take U(x), x € [a,b], such that U(z) = u(z), = €
[, 2541]- i

Table 1 shows the error of the approximations a(x,y) —
u(x,y) with the tensor product of the trigonometric splines
obtained from (20), (22) and the error of the approximations
t(z,y) — u(z,y) with the tensor product of the polynomial
splines of the functions

cos(x) cos(y)

Gy = A om s () (1 1 255m2))
U2(m7y) = il )
((1+ 2522)(1 + 25y2))
where [a,b] = [-1,1], [¢,d] = [-1,1], h = 0.1, y = 0.05.
Here R = max |U —u|, R"' = max |U —ul.
z€[—1,1] z€[—1,1]

Calculations were done in Maple, Digits=25.

Table 1 The error of the approximations with the tensor
product
u(z,y) | RT RT
up(z,y) | 0.70998¢ — 5 | 0.70395¢ — 5
us(z,y) | 0.48035e¢ — 6 | 0.47316e — 6

III. METHOD 2
A. Left polynomial splines of one variable
Here we denote by u(x) an approximation of the function
u(z) in the interval [x;, z;41]:
u(z) = u(w;)wjo(r) + w(wjt)wjtr,o(@)+

u'(zj)wia (@) + o' (25 01)wjp11 () +

T

+ /u(t)dt wj<71>(1;).

zj—l

(23)

The basic splines wj70(l‘), wj'+170(l‘), w]',l(l‘), Wj+1,1(33),

wj<_1> (), we obtain from the system:

(r) = u(r), uwlx)=2"1i=1,23,45  (24)

We have for z = x; + th, t € [0, 1], the following formulas:

wjo(zj+th)=(32/31)t* — (78/31)t*+(15/31)t*+1, (25)
wjt1,0(m; 4+ th)=(48/31)t+(28/31)t3—(45/31)t*, (26)
wji(zj +th) = (h/62)(85t* — 39t* — 108* + 62t), (27)

wji1,1(w; +th) = (h/62)(35t* — 27¢2 — 8¢t3), (28)
w1 (@ 4+ th) = (1/31) (3082 — 60> + 30t*) /h, (29)

Fig. 12, 13, 14 (a) show the plots of the basic functions
wj0(2), wjt1,0(2), w1 (2), wj+1,1(2), Wi 17 (2), when h =
1. Fig. 14 (b) shows the error of approximation of the Runge
function u(z) = 1/(1 + 2522%) with the polynomial splines,
h=0.1,z¢e[-1,1], |[u—U| =&, € = 0.00141.

To improve the quality of the approximation we can chose
the nodes z; € [a,b] as the follows:
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(@) (b)
1 1
08 0.8
06 0.6
0.4 0.4
0.2 0.2
0°"""02 04,06 08 1 077" "02 04 06 08 1
Fig. 12. Plots of the basic functions: w; o(x) (a), wj41,0(x) (b)
(@) (b)
02 04 06 08 1
0.2 ot |
-0.02
0.15
-0.04
0.1 —006
005 -0.08
-01
07702 04 . 06 08 1 -012
Fig. 13.  Plots of the basic functions: wj; 1(x), when h = 1(a), wjy1,1(x),

when h =1 (b)

h_1=x9—2_1, 41 = x; + h;, where h; we obtain from
the relation:

ajj+hj o

/ V1t (W(2))? de = / V14 (W/(z))? dx. (30)
T xo—h_1

Example 4. Fig. 15 (a) shows the error of approximation
of the Runge function with the polynomial splines, when
h_1 = 0.25, h; we obtain from (30), j =0,1,3,4,12,13, 14,
and h; = 0.8hy, j = 5,6,7,8,9,10,11, here ||u — U|| = &,
e = 0.00019. Fig. 15 (b) shows the error of approximation
of the Runge function with the polynomial splines, when
h_1 = 0.151, h; we obtain from (30), j = 0,1,...,19, here
€ = 0.000203.

Theorem 3 Let function u(x) be such that u € C®([a, b]).
For the approximation u(x), z € [z, z;41] by (23) — (29) we
have

|ﬂ‘(‘r) - u(x)‘[xj,xj+1] g K3h5||u(5)||[ﬁb‘j71,l'j+1]7 (31)
K3 = 0.0135,
|€L/(I) - u/(a:)|[$]-,wj+1] S K4h4||u(5)||[wj71,wj+1]a (32)

K, = 0.064,

U () — u(@)|jap < Kah®[[u®]{ay, K3 =0.0135, (33)

Proof: Inequality (31) follows from Taylor’s theorem and
|lwjo(@)| < L, [wjt1,0(2)] <1,

|w]',1(l’)| S 0223h, Wj+171(£17)| § 01223h,

w17 ()] < 0.0605/.

Inequality (33) follows from (31).

Inequality (32) follows from Taylor’s theorem and

|’ o(z)| < 1.51/h, W)y o(x)] < 1.58/h,

Wl @) <1, Wy ()] < 1,
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(a) (b)
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005 0.001
004 0.000,
0.03 4 _9'5 05 1
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0.02
001 —0.0005:

| i i i i . —0.001

0 02 04 .06 08 1

Fig. 14. Plots of the basic functions: wv<71>(:1:), when h =1 (a), and the
error of approximation of the Runge function with the polynomial splines,
h=0.1, z € [-1,1] (b)

(a) (b)

Eg.oooz
0.00015

-0.0001

%e—OS
0.4 06 08

F-5e-05
F—0.0001

Fig. 15. Plots of the error of approximation of the Runge function
with the polynomial splines: (a) h—1 = 0.25, h; we obtain from (30),
j = 0,1,3,4,12,13,14; h; = 0.8h4, 7 = 5,6,7,8,9,10,11, and (b)
h_1 = 0.151, h; we obtain from (30), j =0,...,19

w71 ()] < 1.187/R2.

J

If (z,y) € Q; then we put the approximation in the form
of the tensor product:

1 1
W, y) =3 > (i, Yrap)wjtio()wrpo(y)+

i=0 p=0

1 1
F 0 (@i Yk p) w40 (€)W p1 (¥) +
i=0 p=0

Yk

)

-1

w( i, t)dtdyw; yi0()wg 1 (y)
1Y
+Z / u(ty Yreyi)dtw s ™ (2)wks,0(y)+
i=0
i—1

1Y
+y / y (b, Yo ) w7 (@) wis1 (y)+
=0
j—1

Y Ty

| [ ety s> @)

Yk—1 Tj—1
1
3wl (g, Yhgi)dtw; o (2)wni o0 () +
=0
1

+ > ully (@, yera)diw; o (@)wri 1 (y)+
=0
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Yk

+ / u;(xj,t)dtwjyl(x)w,f_b(y), (34)
Ye—1
where
78 . 32 15
wio(ys+t1h)=— ﬁt% + ﬁt? + 371#11 +1, (35)
48 ., 28 . 45
wr+1,0(Yk + tlh):g—lt%ﬁti’—g—l L (36)
39 54 85

wi (Yet+tih)=— @htf—ﬁht%@htﬂtlh, (37)

27 4 35
W11 (Y +tih)=— o hit? — 1 ht} + © hti, (38)

1

w7 (e + t1h)=7 (30 26013 +30tY)/h. (39

B. Trigonometrical splines of one variable

We denote by 5(3:) an approximation of the function wu(z)
on the interval [z;,z;41]:

u(x) = u(z)@j0(x) + wl@js)Dj4,0(@)+

u' (25)@51 () + ' (2541)05 11,1 () +

zj

+ /u(t)dtfuf_b(x), xTr € [Ij,l‘j+1].

Tj—1

(40)

The basic Splil’lCS ojj,o(ﬂf), &j+170(x), Gj71(x), L~Uj+171(l‘),
&fb(:c), we obtain from the system:

5(3:) = u(x), u(x) = 1,sin(kz), cos(kz), k=1,2. (41)

We get from (41) and « = jh+th, t € [0, 1], the following
formulas:

Wjo(z; + th) = (4sin(2h) — sin(h) — 6 sin(3h) +
4 sin(4h) —sin(5h) —8 sin(3h+th) + 2 sin(—3h+th) —
2 sin(2t h+h)—sin(2t h—h)—sin(3h+2th)+4 sin(—3 h+
2th) —2sin(th+ h) +8sin(th — h) + 2 sin(dh + th) —
6 sin(—2h +th) + 6sin(2h + th) — 2sin(—4h + th) +
4sin(2th+2h)—4sin(2¢h—2h)+2h cos(—3h+2th)+
6h cos(2th — h) + 12h cos(th + h) — 4h cos(=3h +
th) — 8h cos(th) — 8h cos(2th))/(—16h + 24 sin(2h) —
12 sin(h) — 21sin(3h) + 8sin(4h) + 18h cos(h) —
2h cos(3h) —sin(5h)),

Wit1,0(z; + th) = (4sin(4h) — 8h cos(th — h) +
20 sin(2h) +2 sin(2th+ h) +sin(2th —h) — 4 sin(2th +
2h)+4 sin(2th—2h)+12h cos(—2h+th)—4h cos(2h+
th) —8h cos(2th —2h) +sin(3h +2th) — 4 sin(—3h +
2th)—15 sin(3 h)—11 sin(h)+8 sin(3 h+t h)—2 sin(—3 h+
th)+6h cos(2th—h)+2h cos(2¢h+h)—2 sin(4dh+th)+
2 sin(—4 h+th)+2 sin(th+h)—8 sin(th—h)—6 sin(2 h+
th)+6 sin(—2h+th))/(—16 h + 24 sin(2 h) — 12 sin(h) —
21 sin(3h) + 8sin(4h) + 18h cos(h) — 2h cos(3h) —
sin(5h)),

wWj1(xj+th) = (16 —2 cos(2h) — 17 cos(h) — cos(5h) +
2 cos(3h) + 6 cos(—3h + 2th) + 13 cos(2th — h) +
12 cos(th + h) — 8 cos(th) — 8 cos(2th) — 6 cos(th —
h) + 6 cos(—2h +th) + 2 cos(2h + th) — 10 cos(2th —
2h)—2cos(2th+h)+2 cos(dh+th)—cos(3h+2th)—
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7Tcos(3h+th)+4cos(2th+2h) —2cos(—4h+2th) +
cos(—bh+th)—2 cos(—4 h+th)+2 cos(4h)—6h sin(t h+
h)—2hsin(—3h+th)+8hsin(th) —6h sin(2th — h) +
2hsin(—3h+2th) +4hsin(2th))/(16 h — 24 sin(2h) +
12 sin(h) + 21sin(3h) — 8sin(dh) — 18h cos(h) +
2h cos(3h) +sin(5h)),

Wjt1,1(z; +th) = (14 cos(2h) — 7 cos(h) — 9 cos(3 h) +
2 cos(=3h + 2th) + 3 cos(2th — h) — 10 cos(th + h) +
2 cos(—3h + th) + 6 cos(th) — 6 cos(2th) + 4 cos(th —
h) —4 cos(—2h +th) —4 cos(2th —2h) + 10 cos(2th +
h) — cos(4h + th) + cos(3h + 2th) + 4 cos(3h +
th) — 6 cos(2th + 2h) — cos(—4h + th) + 2 cos(4h) +
6hsin(2th — h) + 2hsin(2h + th) + 6hsin(—2h +
th)—4hsin(2th—2h) —8hsin(th—h) —2h sin(2th +
M) /(—16h + 24sin(2h) — 12sin(h) — 21 sin(3h) +
8 sin(4 h) + 18 h cos(h) — 2 h cos(3 h) — sin(5 h)),

W (x; + th) = (—16 — 2cos(—3h + 2th) —
2 cos(2th+h)—12 cos(2t h—h) —2 cos(3 h)+8 cos(t h) +
18 cos(h)+4 cos(—3h+th)—12 cos(t h+h)+8 cos(t h —
h) + 8cos(2th — 2h) + 8cos(2th) — 12 cos(—2h +
th)+4cos(2h+th))/(—16h + 24 sin(2h) — 12 sin(h) —
21 sin(3h) + 8sin(4h) + 18h cos(h) — 2h cos(3h) —
sin(5h)).

It can be shown that the next relations are valid:

Wjo(z;+th) = (1+(32/31)t3 — (78/31)t? + (15/31)t*) +
k%),

Wit1,0(zj+th) = ((28/31)t3 + (48/31)t% — (45/31)t*) +
o(h?),

Wj1(zj+th) = (t—(54/31)t3—(39/62)t? +(85/62)t* ) h+
o),

Wit1,1(zj+th) = ((—4/31)t3—(27/62)t> +(35/62)t*) h+
("),
Op (@ + th) =
(30/31)tH)R=1 + O(h).

Fig. 16 shows the error of approximation of the function
7cos(2z) + 5sin(x): (a) with the polynomial splines, here
e = 0.00176, and (b) with the trigonometrical splines, when
Tjiy1 =x;+h, h=2/9, n=9, Digits = 25.

(a) (b)

(—(60/31)t3 + (30/31)t2 +

6e-16
4e-16 4

B Sy
05 1 161
24616 1
'_6e-16 1
—8e-16 1

Fig. 16. Plots of the errors of approximation of the function 7 cos(2z) +
5sin(x): (a) with the polynomial splines, and (b) with the trigonometrical
splines

Fig. 17 shows the error of approximation of the function
15 cos(2x) sin(exp(x)): (a) with the polynomial splines, here
e = 0.00519, and (b) with the trigonometrical splines, here
g = 000425, when Tjtr1 =Ty + hj, hj = 2/9, n=29.

Fig. 18 shows the approximation of the function ((sin(z —
y) cos(x—y)) and the error of its approximation, where we use
the middle polynomial splines, h = 0.2, Q = [-1,1] x [-1, 1].
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~0.001 -0.001 1

Fig. 17. Plots of the errors of approximation of the function
15 cos(2z) sin(exp(z)): (a) with the polynomial splines, and (b) with the
trigonometrical splines

0473
-0.4 05

Fig. 18. Plots of the approximation of the function ((sin(z —y) cos(z —y))
with the middle polynomial splines (left), the error of its approximation with
the polynomial splines (right), here h = 0.2, Q = [-1,1] x [—1,1]

Fig. 19 shows the approximation of the function
x exp(—2% — y?) with the middle polynomial splines and the
error of the approximation, where h = 0.2, Q = [-1,1] x
L7171L
(@) (b)
04
0.2
0
-0.2
-04
05
0 65 0 05 1
Fig. 19. Plots of the approximation of the function = exp(—xz2 — y?) by

the polynomial splines (a), the error of its approximation with the middle
polynomial splines (b), here h = 0.2, Q = [—1,1] x [—1, 1]

Fig. 20 shows the approximation with the middle polyno-
mial splines of the function uz(z,y) = 1/((1 + 2522%)(1 +
25y?)) and the error of the approximation, where h = 0.2,
Q=[-1,1] x [-1,1].

IV. DISCRETE VERSION OF POLYNOMIAL
INTEGRO-DIFFERENTIAL SPLINES

Consider the solution to the problem of finding some
approximating function that describes an experimental law of
a distribution using the proposed polynomial splines.

We use the quadrature formula for the approximate calcu-
lation of the integrals in (23) and in (1):

Thi1
3 2 3
u(z)dr = ghu(xk) + ghu(mk+1) + %hQ’u/(l‘k)
T
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Fig. 20. Plots of the approximation of the function ug = 1/((1+25z2)(1+
2542)) (a), and the error of approximation of the function uz (b), here h =
0.2, Q=[-1,1] x [-1,1]

h? h3

— st (1) + g (@) + O()

T
3h 2h
/ u(x)dx = ?u(xk,l) + ?u(xk)—f—
Tk—1

3h2 / h2 / h3 " 5
S0 (xk—l)—%u (fﬂk)+@u (rx—1)+O(Rh%),

and use formulas for numerical differentiation if & =
2,3,...,n—2,

u’(xy) = (—2u(zp—_2)+

24h2
32u(xp_1) — 60u(zy) + 32u(zrr1) — 2u(zry2)) + O(R®);
1
12h
8u(tk11) — u(tri2)) + O(h°).
For k£ =0,1

u'(z) = —— (w(zp—2) — Bu(zp_1)+

1
u"(xk)zm(70u(xk)—208u(xk+1)

+228u(zp42) — 112u(zgt3) + 22u(Tg44)) + O(R®),

u'(xy) = (—25u(xy) + 48u(zky1)

12h
—36u(zpy2) + 16u(ry3) — 3u(rrra)) + O(R°);

fork=n—1,n

1
o' () = m(?Ou(l’k) — 208u(xp—_1)+

228u(xy_o) — 112u(wg_3) + 22u(xs_4q)) + O(R%),

V= it

36u(zy_o) — 16u(zg_3) + 3u(zr_4)) + O(h°).

Table 2 shows the actual errors of the approximation function
and their first derivatives with the left integro-differential
splines. Here ﬁL is the actual error of the approximation
function and R¥ is the actual error of the approximation’s
first derivative in a case in which we only have the values of
the function u(xg), k=0,...,n, x € Lfl, 1], h =0.1.

Table 3 shows the theoretical errors RTL of the approxima-
tion function and its first derivative R7* with the left integro-
differential splines.
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Table 2 The actual errors of the approximation function and
its first derivative, h = 0.1

No u(z) | RE RE
1 | sin(3z) cos(5z) | 0.22-1072 | 0.73- 1072
2 tg(x) | 0.32-10~1 | 0.10- 1072
3 cos(2z) | 0.49-107% | 0.16-107*
1
4 0.12-1072 | 0.45-1071
(14 2522)

Table 3 The theoretical errors of the approximation
functions, h = 0.1

No u(z) | RTL RTL
1 | sin(3z)cos(5z) | 0.36-1072 | 0.10
2 tg(x) | 0.76 1073 | 0.22- 10~
3 cos(2z) | 0.70-107° | 0.20- 1073
1
4 0.69-107% | 1.98
(14 2522)

In [30] noted that “in practice, the use of a probabilistic
approach to the evaluation of errors of measurement results
primarily assumes the knowledge of the analytical model of
the distribution law of the considered error. Occurring in
metrology distributions diverse enough”. A large part of these
distributions are bimodal.

Fig. 21 (a) shows the histogram, the density distribution
and the approximation with the left polynomial splines of the
density of bimodal distribution f = (f1 + f2)/2, where

f = 1
! V2mo;
1=1,2, 01 =0.5,00 = 0.8, a1 = —0.8, a3 = 1, by the left
polynomial splines of the interval [—2, 3]. Fig. 21 (b) shows
the error of the approximation of the density of distributions

() (b)

e~ (@=00)?/(207)

Fig. 21.
the density distribution (a); the errors of the approximation of the density
distributions (b)

The histogram, the density distribution and the approximation of

Fig. 22 (a) shows the histogram, the density distribution and
the approximation of the density distribution

1 6(7(2;201)2)
2wo

fo=

, where 0 =0.5,aa=0

of the interval [—2, 2].
Fig. 22 (b) shows the error of the approximation of the
density of distributions
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() (b)

0.8¢13

-2 -1

Fig. 22. The histogram, the density distribution and the approximation of the
density distribution fo (a), and the error of the approximation of the density
of distributions (b)

V. CONCLUSION

We can take as an approximation of the functions of two
variables in the form of the tensor product of polynomial
splines in one direction and trigonometric splines in other
direction if it is necessary to improve the properties of the
approximation.
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