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Abstract. This paper presents an analysis on the effects of floating-point arithmetic on the constructing bifurcation
diagram of the quadratic map. More precisely, we are interested in showing the dependence of initial conditions to obtain
some specific features of the diagram. With this study, it was possible to observe that when there is a restriction regarding
the initial condition, the results present aspects with significant differences of the ones found in the literature regarding
the behaviour of the map, consequently there is a considerable modification in its bifurcation diagram. We show that these
difference are related to floating-point arithmetic
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1. INTRODUCTION

Dynamic systems have been investigated since the time of Newton, but the interest for numerical experiments grew
considerably from the works realised by Lorenz (Lorenz, 1963) in 1960. These works were carried out with the purpose
of understanding the behaviour of nonlinear dynamic systems (Hammel et al., 1987). Among the dynamic systems, those
without an analytical solution are usually investigated by means of numerical computation, such as nonlinear systems
with chaotic behaviour. Thus, the numerical computation plays a fundamental role in the analysis of nonlinear dynamic
systems (Lozi, 2013; Nepomuceno, 2014)

One of the most important way to study dynamic systems are the discrete maps. These maps can also be seen as
recursive functions, which allow the description and solution to a vast set of problems (Feigenbaum, 1978). They are
the basis for the resolution of most nonlinear dynamic systems (Lozi, 2013). Using discrete maps it is possible to build
bifurcation diagrams, which although much studied, do not have a well-defined set of rules for its application. As it has
been already seen in (Paiva et al., 2015), the initial condition can be crucial in the constructing bifurcation diagram of
the logistic map. In this paper, we are interested in doing a similar investigation of (Paiva et al., 2015) for quadratic map
(Lorenz, 1963; Galias and Tucker, 2015), which has an important application in encryption of images based on chaos
(N. Ramadan and El-samie, 2016.; Kar et al., 2016).

2. PRELIMINARY CONCEPTS
2.1 Recursive Functions

Recursive functions that take the form x,,+; = f(x,,) describe a wide range of problems. Being I C R a metric space
with f : I — R recursive function can be described as (Nepomuceno, 2014):

Tn = f(xn—l)- (1)

2.2 Fixed Point

The fixed point * of a map is the point such that z,,,1 = z,, = x*. That is, starting from z*, remains in z* in the
next iteration. Therefore, z* satisfies the following relation * = f(x*), (Monteiro, 2002).
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2.3 Quadratic Map
The quadratic map (Lorenz, 1963) is described by the following function:
_ 2
Tyl =0a — T, 2)

where, n is the number of iterations and « is the bifurcation parameter.
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Figure 1. Result of the values of x,, forn=50 and a = 1, 9.

2.4 Bifurcation Diagram

The term bifurcation is generally used to refer to the qualitative transition from regular to chaotic behavior by changing
the control parameter (N. Ramadan and El-samie, 2016.), given any initial condition.The bifurcation diagram is used to
study the system in function of its control parameter, allowing to know regions of the system that converge to bifurcation
or even to chaos, depending on the parameter. (Monteiro, 2002).

Figure 2. Diagram of bifurcation for the quadratic map.



2.5 Floating-Point Arithmetic

Numerical computing is a critical part of dynamic systems analysis. Therefore, it is necessary to emphasize the IEEE
754-2008 standard (IEEE, 2008) for floating-point arithmetic, since a large majority of numerical computation makes use
of this norm. It establishes the rounding behavior, error handling and degree of accuracy of the calculations performed,
causing the results to approach the expected value. Even with satisfactory results, numerical computation is not yet able
to present results that are totally in agreement with reality, due to the fact that it has a finite representation of real numbers.
(Rodrigues Junior and Nepomuceno, 2015; IEEE, 2008).

3. METHODOLOGY

The behaviour of the quadratic map is determined by the variation of the bifurcation parameter a, where —2.5 < a <
2.5. Thus, given an initial condition belonging to the defined interval, the function will have its behaviour as shown in the
bifurcation diagram of Fig. (1a).

Given the equation 7,11 = a — 22 which describes the Quadratic Map, it is possible to obtain its fixed point z* doing
Tp41 = &, = =*. Thus the map equation takes the following form:

22 +x—a=0. (3)
From Eq.(3), it is possible to find a value for x depending on the parameter a which is a fixed point, shown by Eq. (4).

4da+1-1 14+ +vV4da—+1
v iy (VA 1Y )

= 2 ’ 2

The use of the inverse of the function eq03, presented in Eq. (5), allows to verify the existence of a set of points that
converge to the fixed point x*.

") = £Va — z*. 5)
From Eq. (5) the following result was obtained:

da+1-1
x:i\/<a_v‘”2). ©)

Eq. (6) is so used as the initial condition = to build the bifurcation diagram. Thereby, it was possible to show that

+ (a — 7“1“451_1) belongs to the set of points that converge to the fixed point z*.

)

2
= g =a || (o L) | < v,
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and z1 = 29 = ... = xy, then d(fP(z), z*) — 0 when p — occ.
4. RESULTS

The bifurcation diagrams are shown in Fig. (5) analysis of the behavior of the map given a value for a. When
a = 1,9 the map assumes an unstable fixed-point region, shown in Fig.(1). The effect of the application of zg =

(a — 7”1“;1_1) as initial condition can be observed by Fig. (3) where to a = 1,9, constraint to the initial condition,

it was possible to find a convergence for =*, showing a result that is considerably different from that found in Fig. (1),
where no restrictions were made for the initial condition and only 50 iterations were performed.
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Figure 3. Result of the values of x for n=200 and a = 1, 9.

From these results, it is necessary to obtain a new bifurcation diagram from the initial condition x¢y = (a — 7“1";H) .

This diagram is shown in Fig.(4). The diagrams shown in Figs.(4) and (2) were obtained in conventional manner in the
literature using Matlab and double precision floating point arithmetic.

"
Figure 4. Bifurcation Diagram for Initial Condition zy = (a — 7“1";1_1)

The result shown in Fig.(4) is largely incorrect, although, due to its similarity with Fig.(2), could be easily understood
as correct. With initial condition given by Eq.(6), the correct answer is shown in Fig. (5), which the transient is not
discharged, and on the contrary, the bifurcation diagram has been built using only the first result of the iteration process,
that is, using only x;. Similar results were found by (Paiva et al., 2015), for the logistic map.
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Figure 5. Bifurcation diagram for initial condition xg = (a — 7“1“;1_1)

5. CONCLUSIONS

After all the analyses, it is concluded that for the construction of the bifurcation diagram of the quadratic map the
value of the initial condition has a fundamental role. The diagrams shown in Figs. (2), (4) and (5) show different results.
For Fig. (2), the diagram was obtained following the methodology proposed in the literature for an equal initial condition
zo = 0.2. While in the simulations of the diagrams shown in Figs. (4) and (5), a constraint associated with the parameter
a has been applied. In Fig. (4 the numerical simulation did not present the expected results because using the proposed
initial condition, for any value of a, convergence occurs at the first iteration. However, it was observed that after a number
of iterations, the result diverges. This divergence can be understood as the result of a numerical error due to the finite-
precision of the floating-point arithmetic. Therefore, it is necessary more care on the constructing bifurcation diagram of
the quadratic map.

6. ACKNOWLEDGEMENTS
We thank CAPES, Fapemig and UFS]J for the support.

7. REFERENCES

Feigenbaum, M.J., 1978. “Quantitative Universality for a Class of Non-linear Transformations”. journal Of Statistical
Physics, Vol. 19, No. 1, pp. 25-52.

Galias, Z. and Tucker, W., 2015. “Is the hénon attractor chaotic?” Chaos: An Interdisciplinary Journal of Nonlinear
Science, Vol. 25, No. 3, p. 033102. doi:10.1063/1.4913945. URL http://dx.doi.org/10.1063/1.4913945.

Hammel, S., Yorke, J. and Grebogi, C., 1987. “Do numerical orbits of chaotic dynamical processes represent true orbits?”’
Journal of Complexity, Vol. 3, No. 2, pp. 136-145.

IEEE, 2008. “Ieee standard for floating-point arithmetic”. IEEE Std 754-2008, pp. 1-70. doi:
10.1109/IEEESTD.2008.4610935.

Kar, M., Mandal, M.K., Nandi, D., Kumar, A. and Banik, S., 2016. “Bit-plane encrypted image cryptosys-
tem using chaotic, quadratic, and cubic maps”. [ETE Technical Review, Vol. 33, No. 6, pp. 651-661. doi:
10.1080/02564602.2015.1136245. URL http://dx.doi.org/10.1080/02564602.2015.1136245.

Lorenz, E.N., 1963. “Deterministic nonperiodic flow”. Journal of the Atmospheric Sciences, pp. 283-293.

Lozi, R., 2013. “Can we trust in numerical computations of chaotic solutions of dynamical systems?” In Topology and
Dynamics of Chaos: In Celebration of Robert Gilmore’s 70th Birthday. Edited by Letellier Christophe. Published by
World Scientific Publishing Co. Pte. Ltd., 2013. pp. 63-98. Vol. 1.

Monteiro, L.H.A., 2002. Sistemas Dindmicos. Sdo Paulo: Editora Livraria da Fisica.

N. Ramadan, H. E. Ahmed, S.E.E. and El-samie, FE.A., 2016. “Chaos-based image encryption using an improved
quadratic chaotic map”.

Nepomuceno, E.G., 2014. “Convergence of recursive functions on computers”. The Journal of Engineering, pp. 1—-3.
URL http://digital-library.theiet.org/content/journals/10.1049/joe.2014.0228.

Paiva, B.P.O., Nepomuceno, E.G. and Amaral, G.E.V., 2015. “Consideracdes sobre a condi¢do inicial na construcao do



T.E. Nazare, E.G. Nepomuceno and B.P.O Paiva
On the Constructing Bifurcation Diagram of the Quadratic Map With Floating-Point Arithmetic

diagrama de bifurcacdo para o mapa logistico”. pp. 1-7. A ser publicado em Outubro/2015.

Rodrigues Junior, H.M. and Nepomuceno, E.G., 2015. “Uso da computagdo por intervalos para cdlculo de ponto fixo de
um mapa discreto”. In Anais do DINCON 2015 - Conferéncia Brasileira de Dindmica, Controle e Aplicacdes. pp.
1-7. A ser publicado em Outubro/2015.

8. RESPONSIBILITY NOTICE

The authors are the only responsible for the printed material included in this paper.



