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ON NUMERICAL EVALUATION OF THE WINDING NUMBER
OF A PLANE VECTOR FIELD

I. FEDOTOV AND S. S. DRAGOMIR

ABSTRACT. In this paper we prove a new inequality of Griiss type for the
Riemann-Stieltjes line integral, which gives the possibility of numerically eval-
uating line integrals of continuous Lipschitzian functions.

1. INTRODUCTION

The Griiss inequality may be stated as [2]

b b b
(11) o [ s - 2 [ fade [ g(w)da
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where f and g are two integrable functions on [a, b] satisfying the condition ¢ <
f(z) < ®and vy < g(z) <T for all € [a,b]. This result provides us with a tool for
establishing a large number of new results in different domains of mathematics. In
particular, in applications of numerical quadrature methods theory, c.f., for example
[3].

The constant 1 in (1.1) is the best possible one and is achieved for

) = gta) = sqn (2= 57 )

2

In this paper we point out a Griiss type inequality for the Riemann-Stieltjes
integral and apply it to the numerical evaluation of the Poincaré integral

i/ So(may)dl/}(%y)—¢(3«"ay)d¢($ay)
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where ¢(z,y) and ¢ (x,y) are Lipschitz-continuous functions, AB is a smooth Jor-
dan curve on R?, and the integral (1.2) is taken as the Riemann-Stieltjes integral.
Consider on the plane a Lipschitz-continuous vector field

F(z,y) = {o(z,y), ¥(z,y)}.

Formula (1.2) allows us to evaluate the rotation of this field with respect to the
curve AB. Let us suppose that F has an isolated singularity point at the origin.
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2 I. FEDOTOV AND S. S. DRAGOMIR

This implies that ¢(0,0) = (0,0) = 0. Here, we can take as the curve AB, a circle
of sufficiently small radius. Without loss of generality it can be the circle of radius
1.

In this case the particularity of the problem is due to the fact that the Poincaré
integral is equal to an integer. Therefore the accuracy in the evaluation of integral
(1.2) is given by a number less than 1. The value of integral (1.2) over the unit
circle is called winding number or index of the singular point and the value of this
number represents the most important property of the vector field F. For example,
the knowledge of the index is crucial in the investigation of a non-linear dynamic
system of the form

{ & =¢(z,y)
Y= w(%y)

In general, the exact computation in the integral (1.2) is very complicated and
from this point of view, the Poincaré formula is only of theoretical interest [1].
The numerical integration can also be excessively complicated due to the following
reasons. In the case of even very simple fields, for example, for the linear fields

p(z,y)
©*(x,y) + % (2,y)
large value for the first derivative (of order 102 - 103), not to mention a derivative
of order 4. For these reasons, even application of the Simpson rule is impractical.

with the singularity of nodal type, the function can have a very

2. GRUSS INEQUALITIES FOR THE RIEMANN-STIELTJES LINE INTEGRAL

Let f,u: AB — R be Lipschitzian on the curve AB with the Lipschitz constants
Ly and L, respectively. That is,

(2.1) |f(A1) — f(A2)| < LyS(A1Az),

(2.2) |u(A1) — u(A2)| < L, S(A14,),

for all Aj(x1,y1) and Ay (z2,y2) € AB, where S(A;As) is the length of arc A As.
It is easy to see that if f is an Lg-Lipschitzian mapping and u is Riemann
integrable on AB, then

(2.3) / w(, y)df (x,y)| < Ly / fu(zr, y)ds.
AB

AB

Indeed, if
A, = {A = (xén),yén)) ,...,Agn) = (xgn),yl(n)) s (x%"),ygn)) = B}

is a sequence of partitions of AB, corresponding to the positive direction introduced
on AB with A(A,) = max AS§”> — 0 (for n — o0) , Mi(n) (§§n),n§n)) € Agn)Agﬁ)l
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and ASi(n) = length of arc Agn)Agf)l then

n

[t = | g 1&MW)M4%ﬂ42ﬂ

A(An)—0 —
AB i=
3 | | FAS) = FAPD ]« o
< lim Z ‘U(Mz )‘ 7 i— ASZ
a f,\(A,,L)Ho; (M) i fAB|( Y|

The following result of Griiss type holds:

Lemma 1. Let f,u: AB — R be such that f is Ly¢-Lipschitzian on AB and u is
Riemann integrable on the arc AB whose length is equal to S, and so that there
exist the real numbers m, M such that

(2.4) m < u(x,y) <M, forall (z,y) € AB.

Then the following inequality holds

I R L E

AB AB

Lf(M - m)S

DN | =

and the constant % is sharp, in the sense that it cannot be replaced by a smaller
one.

1
Proof. Let us denote S / u(z,y)ds = u and consider the difference
AB

[ttt - 15(5) - fa)

AB

Since /ﬂdf(x,y) = [f(B) — f(A)] @, then by (2.3)

AB

/ﬁmmmaw—mm—ﬂmm - /mmmfm#wm
AB AB
L Hu(xvy) - ﬂ”l )

IN

%
where -], = [/AB |-|ldt} el 00).

In addition, as for finite AB we have |-||; < VS |||, We can write

IN

(2.6) / w(z,y)df (z,y) — [f(B) — f(A)]u Lllu(z,y) -l

AB

IN

LVS ||[u(zx,y) —al|,
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and we have to evaluate the norm ||u(z,y) — u||, . We have

1 _ 1 _ 1 _
en gl —uli =g [ )~ ds = g ul} -
AB

S
By the inequality (2.4), we obtain
0 < (M—u(z,y)(u(z,y) —m)
= Mu(z,y) — Mm —u*(z,y) + mu(z,y).
After integration and division by S we obtain
M — Mm + ma > % lull?,
which implies that
%HUHQ — 7 < Mu— Mm+mu - = (M —7a)(a —m).
Using the elementary inequality
(M =)@ —m) < Z[(M =) + @ = m)]* = 3 (M —m)?

which holds for w,m, M € R, we arrive at
1
S
Combining (2.6), (2.7) and (2.8), we obtain the desired inequality (2.5).

The proof of sharpness of the constant 3 is similar to the one in [3] after parametriza-
tion of AB and we omit the details. i

f(B) = f(4)
S

as shown in the following Lemma 3. To do this, we use the next simpler result.

(2.8) Jul* 7 < (M )@~ m) < (M —m)”

The term / u(z,y)ds in (2.5) can be replaced by a simpler one,

Lemma 2. Let u : AB — R be L,-Lipschitzian on AB. Then the following in-
equality holds

L

(2.9) /u(m,y)ds —Su(&,n)| < I“SQ,

AB
where the point (£,n) bisects the arc AB.

Proof. Let us introduce on AB the parametrization with the arc length s as a
parameter (0 < s < S). Let

p(s)=s—0"(s—0)S
be a function defined on AB. Consider the integral [ = /p(s)du(s).
AB

Integrating by parts, using
p'(s)=1-S6(s— o),

we obtain
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which implies by (2.3) that

/ u(s)ds — Su(o)

AB
L. / |p<s>|ds=Lu[
AB

L
= —tg?
4 ?

IA

o> (0-5)°
(2 * 2>

O'_éS]

Lemma 3. Let f,u: AB — R be such that f is Ly-Lipschitzian on AB and v is
L, -Lipschitzian on AB. Then the following inequality holds

and the lemma is proved. i

3L¢L
@10) | [ ey - FEB) - W] u )| < s,
AB

where (€,n) is the point dividing the arc AB in two.
Proof. Let us denote by m, M the real numbers such that
(2.11) m < u(z,y) < M, for all (x,y) € AB,
with the assumption that M = u(Aps) and m = u(A,,).

It is clear that
(2.12) M —m=u(Apn) —u(An) < L,S(ApyAnm) < L,S.

Using the triangle inequality, Lemmas 1, 2 and (2.12), we obtain

/ w(ey)df (2, 9) — [F(B) — F(A) ulE,n)

AB

— | [ wte i)

AB

~11B) - £ | g [ ulpds + (wam—}; / u(x,wds)]

AB AB

[t - B [t yyas

AB AB

+M Su(€) — /u(x,y)ds

IN

AB
L
< %(M—m)S-i—

Hence the lemma is proved. I

LyLu o _ 3LsLy

2
1 45.
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3. APPLICATION OF THE GRUSS INEQUALITIES TO ADAPTIVE QQUADRATURE
METHODS.

Consider the Riemann-Stieltjes line integral

(3.1) I(u, f) = / w(z, y)df (z,9),
AB

where u(z,y) and f(z,y) are Lipschitz-continuous on the smooth Jordan curve
AB. Let the set of points {4 = Ag, 41, ..., Ap_1, A, = B} belonging to AB represent
a subdivision of arc AB. Also, let (x;,y;) be coordinates of the point A;. We con-
sider the following approximation of I(u, f) with the functional

n

Lo(u, f) =Y [f @iy 9i) = f(@ima, yim)] (& my)-

i=1
Therefore,

n

/ u(z,y)df (z,y) = Z (@i, y3) — flzimt, yim1)] u(&iemy),
AB =1
where (&;,7;) is the midpoint of the arc (4;_14;).
By analogy with the case of Riemann integrals, we call (3.1) a composite quad-
rature formula for Riemann-Stieltjes integral.

Theorem 1. Let AB be a smooth Jordan curve on the plane R? and let f,u
AB — R be Lipschitzian. Then

(3.2) [I(u, f) = In(u, f)| < LfL 252

Proof. Replacing the integral I by
/(mydfﬂcy Z / u(z, y)df (z,y)
=147 4

we have

= 12| [ i) - () - fse))un)

(]

u(z,y)df (z,y) — (f (@i, yi) — f(@im1,yi-1)) w(&ism)| -
=1 Ai—1A;

Evaluating every term of the sum using Lemma 3, we have

(3.3) / u(z,y)df (x,y) — (f(ziyi) — f(@im1,yi-1)) (&G m;)
A 1A
< 3LyL,

- 4

2
Si7
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and then

)~ I, f)] < 2252 582,

or

- 3L¢L, —
/ u(z, y)df (z,y) Z (@i yi) = [(@io1,yi-1)]w(€,m;) | < %ng
AB i=1 i=1

Hence the theorem is proved. i

Remark 1. The constant in (3.2) can be decreased if we use Lemma 2 instead of
Lemma 3. In this case, we have

(3-4) [ (u, ) = In(u, f)]

[ st astey) — 3o HEM LI ey
AB i=1 ! A1 A,

LiL, &
—g LS

IN

IN

Remark 2. Since the fields with the larger values of L, where u = w2, y)

P2 (2, y) +9* (2, y)
frequently dealt with, it is helpful to replace in (3.2), L, by the one that is consid-
erably less then L,. Sometimes it is possible (it is clear from the end of the proof
of Lemma 3) if we write the right hand side of (2.10) as

Ly LfL

——(M —m)S +

2
5 S

4. APPLICATION TO THE INDEX PROBLEM

Consider the integral (1.2), taking AB as the unit circle C

xr = cost
y=sint ,
0<t<2mw

1 o(x,y)di(z,y) — P(x,y)dp(z,y)
(4.1) I= o ?{ .

0% (2,y) + ¥*(z,y)

z24y2=1

Integral (4.1) defines the winding number (index) of the vector field
F(z,y) = [z, y), 9 (x,y)],

Since the winding number is an integer, we can evaluate integral (4.1) with an
accuracy less than %
Consider this integral as the sum of two integrals:

IZIl+I27

are
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where

_ ¢z, y)
") Gy Y

and

ST e R

If we compute each of these integrals with an accuracy less than 0.25, the resulting
precision will be less than 0.5.

Let us subdivide the circle C' by n equal parts. We denote the points of such sub-
division by t; (k= 0,1,2,...,n). The midpoint of the interval [t;_1, tx] corresponds
to the value of parameter 75, = @ Thus we have

21k
t, = -
n
2w (k —1
tk_l = % and
T (2k — 1)
TR = ———=.
n

The length of the arc S is equal to %’T so that

" " /2n\? 4n?
2 _ I TR
E:Si__iz(:n) n
i=1 i=1
Thus, the error evaluation (3.4) can be written as follows:
3L;L,m?

(42) 1, f) = In(u, )] < =2,

The assumptions about the accuracy 0.25 of computation allow us to evaluate a
number of terms in the quadrature formula (4.2). The number n can be obtained
from the inequality

?)LfLu7r2 1
— <

n 4

Taking into account the presence of the factor % in the Poincaré formula, we can
decrease 12L; L, 7 to the value 6L L, , but in this case, we use formula (4.2) and
set (for example in integral I7)

implies n > 12LfLu7r2.

e(z,y)
p2(z,y) +9°(2,y)
The number n must satisfy the condition

u(z,y) = , Y(x,y) =Y(z,y).

n > 6LfLu7T.
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