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B-spline approximation of discontinuous functions
defined on a closed contour in the complex plane
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Abstract. In this paper we propose an efficient algorithm for approximating piece-
wise continuous functions, defined on a closed contour I' in the complex plane. The
function, defined numerically on a finite set of points of I', is approximated by a
linear combination of B-spline functions and Heaviside step functions, defined on I'.
Theoretical and practical aspects of the convergence of the algorithm are presented,
including the vicinity of the discontinuity points.
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1 Introduction and problem formulation

Let I' be a simple closed contour in the complex plane that includes inside it the
origin of coordinates and f : I' — C is a function defined at the points of this
contour. Let the function f € PC (I'), where PC (I') is the set of all continuous or
piecewise continuous functions on I'. If the function f € PC (T') is discontinuous on
I', we consider that it has finite jump discontinuities, being left continuous at the
discontinuity points.

In multiple practical situations the function f is not defined analytically, but
by its values on a finite set of points. In this paper we aim to develop an efficient
algorithm for approximating the function f € PC (T"), defined numerically on the
set {t;} of points belonging to the contour I'.

The proposed approximation algorithm is based on the concept of B-spline func-
tions, defined on the contour I'. The spline functions, defined on the Jordan curve
I' in the complex plane, have been introduced in the paper [1] and the B-spline
functions — in [2]. For B-spline functions, some properties analogous to those that
occur for B-splines defined on a segment of the real axis have been proved.

For two points t1,to € I' we use the notation t; < t9 if when traversing the
contour I" in counterclockwise direction we meet first the point ¢1, and then ty (see
Figure 1). Let t; <t2 < ... <t, (< t1) be a set of distinct points of the contour T'.
We denote by I'; := arc|tj,tj+1] the set of points of the contour I', located between
the points ¢; and ;1.

Let the positive integers m,n > 2. The spline function s (¢) of order m, defined
on the contour I'; satisfies the following properties:
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Figure 1: The type of contour and notations used

a) s € C™2(I);

b) the restriction of s on I'; for j = 1,...,n is a polynomial of degree m — 1.

The set of all spline functions of the order m forms the linear space Sy, . In [1]
it is shown that any continuous function on I' can be approximated uniformly on I'
with a linear (m = 2) or cubic (m = 4) spline function.

In [2] the B-spline functions of order m > 2 on the contour I' are defined, based
on the recursive formula

m t—1; t; —t
B, i (t) := J B _1.:(t gm0
i (1)1 2 (T B () + 22

Bm,LjJrl (t)) 5 j = 1, ey N
(1)

if t€arclt;,t; o
s t5+1) Also, it is shown that the set of

1
where By (t) = ¢ fi+17l )
’ 0 otherwise

B-splines {By. 1, ..., Bmn} forms a basis of the space Sy, ,, of spline functions on I'.
It follows that any continuous function on I' can be uniformly approximated on I' by
a linear combination of B-spline functions. Now we intend to study what happens
when the approximated function f has discontinuities on I'.

The case when the piecewise continuous function is defined on a closed interval
[a,b] of the real axis is examined in [3]. In this paper it is shown that at the
approximation of the discontinuous function f € PC ([a,b]) with spline functions
of order m > 2, we do not have uniform convergence, because in the vicinity of
the discontinuity points we have strong oscillations of the spline values around the
values of the function f. When amplifying the number of nodes on which the spline
is built, the amplitude of the oscillations does not tend to zero. When we move
away from the points of discontinuity, the approximation becomes uniform and the
error can be evaluated based on the relationships established at the approximation of
continuous functions. Also, in [3] it is shown that the oscillating effect in the vicinity
of discontinuity points can be annihilated if the approximation is constructed as a
linear combination of m-order B-spline functions. Moreover, in order to construct a
piecewise continuous approximation, which converges uniformly to the function f, a
linear combination of B-spline functions and Heaviside step functions is considered.

Next, we apply the approach proposed in [3] and study the convergence of the
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linear combination of B-splines on I" to the function f € PC (T'), and as a result we
present an algorithm for approximating the function f. The algorithm is efficient
in the sense that it achieves a uniform approximation of the function f on the
whole contour I', but also due to the fact that it consumes a limited amount of
computational resources.

2 Approximation of function by a linear combination of B-splines

Let a closed and piecewise smooth contour I' be the boundary of the simply con-
nected domain Q7 C C. Let the point z = 0 € Q7. Consider the Riemann function
z = 1 (w), that performs the conformal map of the domain D~ from the outside
of the circle I'y := {w € C: |w| =1} onto the domain Q~ from the outside of the
contour T, such that 1 (00) = oo, 9’ (00) > 0. The function 9 (w) transforms the
circle I'g onto the contour I'. Next, we consider that the points of the contour I' are
defined by means of the function 1 (w).

Let {t; };.“:31 be the set of distinct points of the contour I' where the values of the
function f € PC (I') are defined. We consider that the points t; are generated based
on the relation

ti =1 (w;), wj = ' 0;=2m(j—1)/np, j=1,...,np.
Thus, the variation of the parameter # ensures a uniform coverage of the interval

[0,27] and the points t; are distributed over the entire contour I'.
As a set of nodes on which the B-spline functions of order m (m <mnpg) are

. B np+m B
constructed (see formula (1)), we consider the set {tj} , where t7 = t;,
i=1
j=1,..np,and t§ . =tP 8 =47 5 . =tD.

We construct the approximation of the function f(¢) in the form
Ong (t) = D05, B (t), where the coefficients ay, € C, k= 1,...,np, are deter-
mined imposing the interpolation conditions

f (tjc) = Qng (tjc) , j=1,...,np. (2)

The set of nodes of the B-spline, arranged in a certain order, is considered as inter-
polation points tjc.

The system of equations (2) can be written as BZ = f, where
_ _ C = _ F_ Cc\\"B
B = {mj,k}?ﬁ:p Mk = Bk (tj ) » T= {O‘k}ZEw f= {f (tj )}j:1'
To approximate the function f(¢) we use the B-spline functions of order

m € {2,3,4}. Based on formula (1) one can deduce the following explicit repre-
sentations for the B-splines By, (t) (k=1,...,np):
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For m = 2:
2(t —t8 )
T )
Boy (t) = 2(t8 ., —t .
T iy e it
0 otherwise
For m = 3:
3(t—tB)? , .
(B —iF) (s~ ) (1, i) el ti)
3(ILi+ L) iftearc|th ,t8,,)
B3,k (t) = B 2
3 (tk+3 - t) if ¢ tB tB
By 10 (B ) (g 1By el tiss)
0 otherwise
where s
Il — (t - tk ) (tk+2 - t)
(s =) (e —tF) (the — th)
L (t—1f0) (Fey 1)
T (P —tD) (B — ) (P — 1)
For m = 4:

1 -p)°
(t£+4 o th) (th+3 - tf) (t£+2 - tf) (tfﬂ o th)
A(Is+ 1) ift € arc [t 18,
By (t) =< 4(I5+Is) if t € arc[t5, 4,8, 4
4(tg, , —t)

(t£+4 - th) (th+4 - tfﬂ) (t£+4 - th+2) (th+4 - th+3)
0 otherwise

ift € arc [tf,tEH)

oN—"—

if t € arc [tf+3,tf+4)

where
e 178 (131 . (1= 1f21) (tFis —1) )
. s bl
g — (P —t7) (s — 1) (e — t21)
o (t =) (th,r 1)
’ (t1§+3 - tf) (tE+2 - tl?) (t1§+2 - tl?—l—l)
I = (th+4 B t) (t B th+1)2
4=

(tl?+4 - tE) (tf+4 - tl?—f—l) (tl?+3 - tf+1) (tf+2 - tf+1) 7
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(tRes —1)° (t = 1)

I5 =
(th+4 - tf) (tf+3 - th) (th+3 - th+1) (tf+3 - tf+2) ’
fy oo tEea =t <I61 . (t = ths) (tPrs— 1) )
o=t \ 7 (R — ) (s — tFe) (s — 1))
(t B tfﬂ) (t£+3 B t)
I =

) B B B B B B\’
(s = ti) (s — t01) (s — 1)
It can be seen that the B-spline functions B,, j (t) have the support on the curve

np
arc [tf, t£+m)' This leads to a sparse matrix B = {Bmk (tjc) }j - in the system

of equations (2). On the one hand, it can be considered as an advantage because
small computational resources can be involved when calculating the solution to the
system (2). On the other hand, it is possible that the determinant of the matrix B
to be equal to zero.

The location of the interpolation points tjc on the contour I' has a direct influence
on the conditioning of the matrix B = {mj,k}?ﬁ:l in the system (2). In order to
ensure the good conditioning of the matrix B, it is proposed the interpolation points

t]C to be selected as follows.

For m = 2 we consider tjc = tfﬂ, 7 =1,...,np, and in this case the matrix B

has a diagonal structure with non-zero elements on the main diagonal, that means
most often in practice that it is a well-conditioned matrix.

For m = 3 and m = 4 we consider t]C = tf+2, j=1,...,np, and in this case, for
m = 3, the matrix B has a bidiagonal structure, and for m = 4 it has a tridiagonal
structure. Matrix B has non-zero diagonal and codiagonal elements and, as a rule,
it is well conditioned.

After determining the solution aj € C, kK = 1,...,np to the system (2), we
construct the approximation @y, (t) == > 32, apBpk (t) of the function f (t) and
calculate its values at points ¢ € I'. In the presented approximation algorithm there
are two problems:

1. The graph of the function ¢y, (t) passes through the origin of coordinates,
even if f(t) # 0, Vt € T'. To overcome this problem, we proceed as fol-
lows. If f(tg) # 0, where ty = ¥ (ewo), fp = 0, then from the table with
generated values of the approximation ¢, , (t) (calculated for the parameter
9 € [0,2), starting with 6§y = 0), we eliminate the first values ¢y, () for which
|<Pn3 &) —f (t0)| > €1, where 1 is a small value, for example, €1 = 0.01.

2. The approximation curve ¢, , (t) is continuous, being generated as a linear
combination of continuous B-spline functions. Therefore, at the points of dis-
continuity of the function f (), we have no "breaks” of the graph of the func-
tion ¢, (t), but continuous connections of its values. Thus, often the graph
of the function ¢, (t) has a distorted aspect compared to the graph of the
approximated function f(t). Next, we present an algorithm that allows to
overcome the mentioned difficulty.
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3 Approximation of function through a linear combination of B-
spline and Heaviside functions

We admit that the values of the function f are known at the discontinuity points
td, r =1,...,npd, on the contour I'. For the function f, defined numerically, in [4]
and [5] several algorithms have been proposed for establishing the locations of the
discontinuity points on T'.

We construct the approximation ¢, in the form

npd

Pl (1) = 3 kB (0 + 30 B (1= 1) @
k=1 r=1

where H is the Heaviside function on the contour I', defined as follows

H(t—td> |0 ift€F1U...UF3_1Uarc[tSB,tf)
") L iftearc [t tB ) Ul U Uy,

I's=arc [tSB,tSB+1] , tf els.

We determine the coefficients o, k=1,...,npg, and 8., r =1,...,npd, from the
interpolation conditions

FE) =l (t5), §=1,...,n,

where n := np + npd, and the interpolation points tjc, j =1,...,n, are chosen as
follows:

e the first np points tjc, j =1,...,np, are identical to those used to determine
the solution to the system (2);

e the remaining npd points are considered as discontinuity points of the function

f.

If among the points tjc, j = 1,...,np, there are points of discontinuity

t‘; = (eieg ) of the function f on I', then instead of them we consider the points

t~‘; =1 (ei(%’i*@)), where €5 > 0 is a small value, for example, e2 = 0.01. Since the
function is left continuous, for a sufficiently small 9, it can be considered that the
value of the function f at point tN? coincides with its value at point t?.

The term >~ 2; By, i, (t) in relation (3) defines a continuous function on I, that
approximates the aspect of the pieces of the graph of the function f corresponding
to the arcs of the contour I" between the points of discontinuity. The coefficients
Or, 7 =1,...,npd, define the "jumps” of the pieces of the graph at the discontinuity
points tZ, so that each term 8, H (t — tf) determines the displacement of the piece
of the graph Y /', ay By, i (t), corresponding to the points of ', which are located
after the discontinuity point t¢ when traversing the contour I' in a positive direction.
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4 Numerical example

Consider the Riemann function z = 1 (w) that performs the conformal transforma-
tion of the set {w € C: |w| > 1} on the domain Q™ from the outside of the contour
I as ¢ (w) = w+ 1/ (3w?). Thus, ¢ (w) transforms the unit circle Ty onto the
astroid T" (see Figure 2).

051

Im(z)
o

-05¢

Re(z)

Figure 2: The contour and discontinuity points

For testing purposes, we consider the function of a complex variable f given
analytically on I':
t3if 6 € (0, 1]
—cos (t) if 6 € ({1, ()
ft)y=q e if 0€ (¢, G ;
t?Re (2t) if 0 € (¢3, (4]
t?Re (2t) if 0 =0

where (; = /4, (o = 3n/4, (3 ="Trw/4, {4 = 27. The function f has npd = 4 jump
discontinuity points on the contour I' corresponding to the points t? = (eigﬂ'),
j=1,...,4 (see Figure 2 and Figure 3).
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Figure 3: Graph of the function Figure 4: Combination of B-splines
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The approximation algorithm takes as initial data the values f; of the function
f at the points

t; =1 (eiej) €l, 0;=2r(j—1) /np, np €N, k=1,...,np.

Let the number of points where the values of the function f on I' are given be
np = 320. Considering the approximation by linear combination of the form (3),
where B-spline functions of order m = 4 are involved, we determine the solution
to the system of equations BT = g, where T = (al,...,anB,ﬁl,...,ﬁnpd)T, g =

(f (ti) )y f (t%))T’ n=npg-+ npd, and

Bui () Bung () H(5—t) o H(tg—1,,)

Bui (t&) -+ Bumng (t9) H(t5—tf) - H(lf%—tﬁpd)

The coefficients aj, ..., an, specify the linear combination of B-splines (see the
graph in Figure 4), and the coefficients

By = —0.7744 + 0.0439i, o = 1.1119 — 0.01264,
B3 = 0.2962 + 0.2465i, By = —2.2529 — 0.0033i,

n
establish approximations of displacements of the pieces of the graph ZB ar B,k (1),
k=1
corresponding to the arcs between the discontinuity points (compare the data in
Figure 2 and Figure 3).
For values np = 160 and np = 320 in Figure 5 and Figure 6 the error obtained
at the approximation of the function f by gonHB is presented. It can be seen that the
maximum error decreases significantly for np = 320.

0.25 0.035
0.03-
0.2
- . 0.025F
= 015 = oo02f
oF =
- = 0.015-
g 2
0.01
0.05
0.005
0 l 0
0 500 1000 1500 2000 0 500 1000 1500 2000
Number of the point t Number of the point t

Figure 5: The approximation error for  Figure 6: The approximation error for
nB=160 nB=320

This work is an outcome of research activity performed as a part of the project
20.80009.5007.13 ”Deterministic and stochastic methods for solving optimization
and control problems”.
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