Nonlinear systems and iterated function systems

Ljubisa Koci¢, Sonja Gegovska-Zajkova and Elena Babace

Abstract. Nonlinear systems, defined by a system of ODE’s, usually con-
tain nonlinear terms. Under some circumstances these terms can be locally
approximated by linear factors and by discretization can be transformed
in the sequence of (hyperbolic) Iterated Function Systems (IFS). Then,
this IFS generate a unique attractor that uses as a kind of characteristic
set that reflects the dynamics in the vicinity of of the approximated point
of the nonlinear system.
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1 Introduction

According to Taylor’s theorem, a function z = f(z, y) defined on D C R?, having
k continuous partial derivatives, can be approximated in the neighbourhood of the
point (zg,y0) € D by the polynomial series

i} B 81%
(L) fa) =~ flann) + 3 g @+ - | )
i=1

In this note only linear approximation at the point (zg,yo) will be used

af(l"o,yo)

o ) + 6f(x0,y0) (y

(1.2) f(z,y) = f(zo,y0) + dy

( — 20 —%0)-

2 Linearization of System of Differential Equations

Let the functions f and g map D C R? into R. The following system of differential
equations is considered

d

= =1 y),
(2.1)

d

dit/ =g(z, y),

DirFERENTIAL GEOMETRY - DYNAMICAL SYSTEMS, Vol.10, 2008, pp. 197-205.
© Balkan Society of Geometers, Geometry Balkan Press 2008.



198 Ljubisa Koci¢, Sonja Gegovska-Zajkova and Elena Babace

having general solution x = (¢, C1), y = ¢¥(t,Cs), t € [a,b],C1,C5 € R.

Let a € [a,b] and let C; and Cs be specified so that zg = ¢(a,Cy) and yg =
¥(a, Cs). Obviously, (xg,yo) € D.

Suppose that

(2.2) T:{a:to,tl,...,bZtN}

is an equidistant mesh on [a, b] with a step h (h > 0).
Applying Taylor expansion (1.1) and linearization (1.2) on both f and g at the
same point (zg, yo) € D, we obtain

dx 6f(x0a IUO) af(x()a yO)
dt f(an yO) + ox (Z‘ - 1'0) + 8y (y - y0)7
(2.3)
dy 9g(zo; o) dg(o, Yo)
g~ 9o, yo) + =5 (@ — @) + Dy (¥ = vo)-
If we discretize the last system, we have:
Tn41 — Tn ~ af(‘rﬂa yO) . af(l’o, yO) o
tn+1 —t, ~ f(an yO) + ox (mn 'IO) + ay (yn yO)v
(2.4)
Yntl — Yn _ 9g(xo, yo) , 9g(@o, yo) ,
et — o 9(zo, yo) + oz (Tn — 20) + y (Yn — ¥0),
or

Tpy1 R Tp 4+ Aln f(20, yo) + fo(zo, Yo)Aln (2, — x0) +
+ £ (20, Y0) At (Yn — Yo),

Un+s1 R Yo+ Alng(xo, Yo) + 95 (0, Yo) Al (zn — o) +
+g;(l‘0, yO)Atn(yn - yO)'

Since the mesh 7 given by (2.2) is equidistant (At, = h,n € {0,1,2,..., N —1}), one
gets

Tnpr = [+ fi(zo, yo)h] xn + fy (20, Yo)hyn +
+h [f(z0, yo) — fulxo, yo)zo — f,(zo, Yo)yo] »

Yni1 = gu(xo, yo)han + [1+ g, (z0, yo)h] yn +
+h [g(x0, o) — g4 (o, yo)zo — gy (2o, Yo)Yo) -
The system given above can be written in the form

Tn4+1 = Agxy + Boyn + Eq
Ynt+1 = Cap + Doyn + Fo,
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where

Ao = 14 filzo, yo)h,  Ba = fy(xo, yo)h,

Eo = h[f(zo, yo) — fo(wo, yo)zo — fy (w0, yo)yo] .
(2.6)

Co = gy(20, yo)h, Do = 1+ gy (x0, yo)h,

Fo = h[g(zo, y0) — gz (0, yo)zo — 9y (o, Yo)vo]

are real constants for fixed (xo, yo), i.e. for fixed a.
We introduce a matrix M, and a vector n, such that

(2.7) Ma:[éz Dﬂ, na:[ z]

Theorem 2.1. If h > 0 is such that the matriz M, defined by (2.7), satisfies the
inequality

(28) 1Mallsp < 1
(where || - ||sp denotes spectral norm ) then
(2.9) [+ gy + (fagy = Fygb)h)* > (f = 9,)* + (fy + 92)*.

Moreover, if (2.9) and
(2.10) L=2(fl+g)h— (f2+ [P+ 92 +g7)h* >0,
then (2.8) holds.

Proof. According to the definition of the spectral norm, inequality (2.8) is equivalent
with

1
2

A2+ B2+ C2+ D%+ /(A2 + B2 +C2+D2)2 —4(B,C, — AQDQ)2]
V2

<1,

or

A2 + B2 + C%2 4+ D2 <1+ (BoCo — AuDy)>.
Hence, using (2.6), we obtain
2
(L+ fLh)? + f2R> + g2h> + (1 + g,h)?> < 1+ [flgoh® — (1 + fLh)(1+ g, h)]
The last inequality can be written in the form

(f2+ 2+ g2+ h® < [(fL+g,)h)” + (fids — fig))?h* —
—2(f1 9% — f2gy) [L+ (f12 + g;)R] h?,
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which is equivalent with
2
[+ gy + (Fagy = fuge)h]” > (f2 = 9,)% + (fy + 92)%.

The last inequality is (2.9).
For the second part of the theorem, let first note that (2.10) is equivalent with

2— (A2 + B2 +C2+D2) >0,

because of (2.6).
Let (2.9) holds. It can be written in the following form:

[fo+ gy + (fogy — Fog)h]? = (fr— g,)* = (f; + g5)* > 0.
According to (2.6) we have

{Aa—l D, —1 (Aa—lDa—l Ba(]a) ]2
+ h| —

h + h h h h h

(Aa—1 D, —1\* Ba  Ca 2>0
h h h ' h ’

A2 + B2+ C2+ D2 <1+ (BoCo — AaDa)?.

or simplified,

We do some transformations to the previous inequality to obtain
(A2 + B2 +C2 + D2)? — 4(BoCo — AaDy)? < [2— (A2 + B2+ C2 + D2)]’.

After taking the square root, we get

1
3 A%2 + B2+ C%+ D2 + \/(Ag 4+ B2+ C2 + D2)? — 4(BaCo — AaDo)?| < 1.

The last inequality is equivalent with
[Mol]2, <1 ie. [|[Malsp <1.

O
The following consequence of Theorem 1 is obvious.

Corollary 2.1. If the functions system (2.1) for some h satisfies (2.9) and (2.10),
then the mapping wq : R* — R? given by wa(x) = Max+ng, M, and n, are defined
in (2.7), is a contraction.

Let {a, 8, 7, ...} be a finite set of real numbers from the interval [ty, tx]. Then,
using the same procedure described above, we can obtain a corresponding set of affine
mappings {(Ma, n.), (Ms, ng), (M, n,), ...}. If all mappings from the last set are
contractions, then they define a hyperbolic IFS. According to Banach’s theorem, there
exists a unique attractor of this IFS.

Also, if there are two or more (finite number) systems of differential equations,
and corresponding contractions to each of the system, then again hyperbolic IFS can
be obtained.
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3 Numerical Experiments

In order to test this approach we made some experiments. Numerical calculations in
all examples were performed by MATHEMATICA 6.0 package.

Example 1. Let us consider the system

= —0.72% — 0.6y°
y = 0.5 arcsin 2z — 0.8y.

We introduce an equidistant mesh on the segment [0, 15] with a step h = 0.05. Using
procedure described above, we construct two mappings:
wa(x) = Myx + ng,, defined by the point (0.3,0.2), where

M. — 0.9790 —0.012 o — 0.00435
¢ 0.0625 0960 |’ ¢ | —0.00266247 |’

and wg(x) = Mgx + ng, defined by the point (0.3,0.3), where

ML — | 09790 —0.018 . 0.00585
A= 100625 0.960 | 7T | —0.00266247 |-

In the Figure 1 numerical solutions of the system in two chosen points are presented.

0.30F
0.25}
0.20

0.15]

0.10}

0.10 0.15> 020 025 0.30 " 0.10 0.15 020 025 0.30
Figure 1.

For the spectral norms of the matrices we obtain
|[Mq|lsp = 0.997193 and ||Mg||s, = 0.994528.

Since the values of the norms are less than 1, the mappings are contractions and they
define a hyperbolic IFS. The attractor of this IFS is shown in Figure 2.
Example 2. Let us consider the system

& =—04r —y?+1
Y = bx? — 2y.
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Figure 2.

We introduce the same equidistant mesh on the segment [0, 15] with a step h =
0.05, and construct the mappings wq (x) = Myx+n, and wg(x) = Mgx+ng defined
by the points (0,0.3) and (0, —0.3) respectively, where

M. _ | 098 —0.03 [ 0.0545
“= 1000 09 | "~ 0.0000 |’

ML _ | 0-98 0.03 W _ | 0.0545
= 1000 090 [ 77| —0.0000 |°

-0.2
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Figure 3.

The numerical solutions of the system in these two points are presented in Figure
3. Since the spectral norms of the matrices |[Mg||sp = 0.98284 and ||[Mg||sp, = 0.98284
are less than 1, the mappings are contractions and they define a hyperbolic IFS, whose
attractor is shown in Figure 4.

Example 3. Finally, we consider the system

& = —0.2sin(2x + 3y)
§=02(x+1)3 — 0.1y — 0.2.
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Figure 4.

Using the same procedure as in the previous examples, we construct two mappings:
wa(x) = MyX + ng,, defined by the point (0,0.2), where

[ 0.983493 —0.0247601 } [ —0.000694411 }
MO{ = ’ a = )

0.030000  0.9950000 0

and wg(x) = Mgx + ng, defined by the point (0,0.1), where

0.980893 —0.0286601 ] e — { —0.0000891926 }
9 ﬂ - O .

Ms = { 0.030000  0.9950000

0.08 |
0.06
0.04 |

0.02}

S o e

5-0:04-0.03-0.02-0.01 [ 0.00
—0.02F

The spectral norms of the matrices are |My|sp = 0.995947 and ||Mg|lsp =
0.995467. It is obvious that the norms are less than 1 which implies that the map-
pings are contractions and they define a hyperbolic IFS. The numerical solutions of
the system in chosen two points are presented in Figure 5 while the attractor of this
IFS is shown in Figure 6. It is interesting here to note that the shape of the attractor
is similar to the solutions of the system.

H‘m‘\‘H\H‘\H‘\H(m” .
—0.160-0:08-0.06-0.04-0.02 ﬁ -0.0

Figure 5.
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Figure 6.

4  Conclusion

As the best of our knowledge, this paper seems to be the first attempt to make
a connection between the system of differential equations that describe particular
dynamical system with some simple IFS. Dynamical system may be consider as a
system of nonlinear mappings. By approximation used above we obtain a system of
linear mappings that allow us to perceive the system behavior.

An opposite approach is also possible: for given IFS and given attractor, it is
possible to construct a system of differential equations if the functions f and g belong
to a certain class of functions.

Analytical approach for solving systems of differential equations is possible only
for some classes of functions f and g. Instead of this, for solving systems of differential
equations we use a numerical approach.

The examples presented in the paper consider systems of two differential equations.
Note that generalization can be done on a system of n-differential equations. In this
case n- affine mappings in n-dimensional space will be consider.

Acknowledgements All examples are made by using MATHEMATICA 6.0 pack-
age and original software written by authors. All programs are available upon request.
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