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Abstract. This study examined the dynamics of a three-dimensional discrete-time quadratic sys-
tem that may lack equilibrium points, depending on the parameter values. Two discretization
methods were considered: the standard forward Euler method and a nonstandard finite-difference
scheme following Mickens’ approach. We investigated how the control parameter and step size af-
fect stability and transition to chaos. Analytical derivations, together with numerical experiments
including phase portraits, bifurcation diagrams, and Lyapunov exponent calculations, reveal di-
verse dynamic behaviors. Both discretizations capture chaotic motion, but the nonstandard finite-
difference scheme preserves structural stability more effectively across parameter ranges. These
results enrich the study of discrete chaotic systems and highlight the advantages of nonstandard
discretization.
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1. Introduction

Dynamic systems, whether continuous or discrete, are used in many fields such as
physics and engineering [1-4], chemistry and environmental science [5], biology and epi-
demiology [6-9], and economics and finance [10-12]. Analyzing these systems is challeng-
ing because chaotic behavior may arise even in low-dimensional models with only three
differential equations [13].

A notable example is a three-dimensional dynamical system that may lack equilibria
[14]. Such systems, characterized by the absence of fixed points, can be studied using
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both standard and non-standard difference schemes. These approaches provide insights
into their complex behavior and help bridge mathematical analyses with potential real-
world applications [15, 16].

Among the many chaotic systems, an especially intriguing class is those without equi-
libria. Jafari [14] conducted a comprehensive investigation of various instances of three-
dimensional continuous-time systems without equilibria, each exhibiting quadratic nonlin-
earities in a relatively simple form. A total of 17 such systems were identified and labeled
NE1 through NE17, where ”NE” denotes ”"no equilibria.” In this study, we consider model
NE11 in [14] for further discrete-time dynamic analysis, which is given by the following
dynamical system

=y
y=—x+2 (1)
2=2z—2zy—18zz —a,

where (zo,Y0,20) = (0,1.6,3). Jafari [14] showed that model (1) with a = 1 exhibits
chaotic behavior.

Beyond its theoretical interest, the study of such systems is motivated by practical
applications. Three-dimensional systems without equilibrium points, such as NE11, also
have broad potential in modern technology applications. For example, Gong et al. [17]
developed a chaos system with hidden attractors, which was applied to random-number
generator-based image encryption, thereby proving its direct relevance to digital security.
In the field of applied physics, Djorwe et al. [18] explored hidden attractors in optome-
chanical systems, whereas Kuznetsov et al. [19] presented a theoretical and experimental
approach for hidden attractors in Chua’s circuits. Furthermore, Yang and Lai [20] designed
a discrete memristor-based hyperchaotic map and demonstrated its potential in electronic
and neuromorphic designs. From a methodological perspective, Maaita and Prousalis [21]
compared four chaos indicators in systems with hidden attractors, which are useful for the
numerical validation of discrete models. Most recently, a study on multi-scroll hidden at-
tractors [22] showed great potential in cryptography and information security. Thus, it is
interesting to explore the NE11 model in a discrete context, not only from a mathematical
point of view but also from a real-world application perspective.

A key feature that links both theoretical analysis and technological applications is
the notion of hidden attractors that are not linked to equilibrium [23]. These attractors
highlight the richness of dynamics that can emerge without fixed points. Pham [2] also
examined hidden attractors in discrete-time systems and showed that complex behavior
may appear even when stable equilibria exist [24]. This phenomenon has been documented
across various dimensions, ranging from three-dimensional systems [24] to more complex
higher-dimensional hyperchaotic systems [25].

To capture such phenomena in discrete-time, appropriate discretization schemes are
needed. In this study, two distinct methodologies are employed to transform the continuous-
time model (1) into a discrete-time model. The first methodology is the standard difference
scheme, commonly known as the Euler scheme. The second methodology is a nonstandard
difference scheme, which preserves the same equilibria as the Euler method but modifies
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the discretization to improve stability.

Nonstandard difference schemes are pivotal in the numerical analysis of dynamic sys-
tems. Recent research has focused on the development of efficient non-standard finite-
difference schemes tailored to various classes of dynamic systems. For instance, Nonlao-
pon et al. [26] proposed an NSFD approach for predator—prey models, whereas Din et al.
[27] applied this method to both classical and fractional-order SEIVR epidemic models.
Kaur and Singh [28] introduced a hybrid scheme combining NSFD with a compact finite
difference method to solve the one-dimensional Burgers’ equation. Khan et al. [29] inves-
tigated COVID-19 transmission dynamics using a nonstandard discretization framework.
In a related study, Giimiis and Tiirk [30] analyzed the behavior of a hepatitis B epidemic
model and developed an NSFD scheme to capture its dynamics. These schemes facilitate
high-resolution numerical solutions by meticulously designing the discretization process,
thereby enhancing the capture of chaotic behavior and obtaining solutions that preserve
the essential characteristics of the original equations [31].

The nonstandard finite difference scheme introduced by Mickens [32] is particularly
useful when the right-hand side of a differential equation includes terms involving the
same variable as the left-hand side, but with a negative sign. In the third equation of the
system (1), the term —1.8zz includes the variable z, which appears as Z on the left-hand
side, thereby satisfying Mickens’ criterion. This allows the system (1) to be appropri-
ately transformed using the nonstandard scheme. While the original system is defined
in continuous time, this study focuses on the discrete map resulting from nonstandard
discretization, not merely as a numerical approximation, but also as an autonomous dy-
namical system with its own qualitative behavior.

Discrete-time dynamics often differ significantly from continuous-time flow. Here, we
treat the discrete map as a system of intrinsic interest, focusing on how discretization
affects chaos, sensitivity to step size and parameters, and the structure of attractors.
Although nonstandard schemes are widely used to preserve the key features of chaotic
systems, their application to three-dimensional quadratic maps remains limited. This
study addresses this gap by analyzing the discrete dynamics derived from system (1).

The remainder of this paper is organized as follows. Section 2 introduces the discrete-
time formulation of the original continuous system using a standard difference scheme
followed by numerical simulations to illustrate its dynamic behavior. Section 3 presents
the discretization using Mickens’ nonstandard difference scheme, and investigates its qual-
itative features through simulations. A comparative analysis highlighted the effects of
discretization choice on the dynamics of the system. Finally, Section 4 summarizes the
key findings and outlines the potential directions for future research.

2. Discrete-Time System via Standard Euler Scheme

We discretize system (1) using the forward Euler scheme, where & = W for h > 0,
yielding
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Ti41 = T+ hye
Yer1 = Yyt + h(—2¢ + 21) (2)
ziv1 = 2t + h(z — 2xpy — 1.82420 — a).
2.1. Equilibrium Analysis and Stability Conditions
The system (2) has two equilibria, E* = (z*, y*, 2*), namely

o <1+\/1—7.2a 0 1+\/1—7.2a>
1 — ;

3.6 T 3.6
Ion <1—\/1—7.2a 0 1—\/1—7.2a>
2 = s Uy .
3.6 3.6

If a > =L, then the system (2) has no equilibrium. Therefore, in [14], model (1), with
a=1> 7—12 has no equilibrium. However, in this study, we examined a general case, that
is, an arbitrary a € R.

Note that the equilibrium of variable y is always zero and z* = x*. So, we evaluate
the Jacobian matrix of system (2) at any point E = (z,0,z) € R? as follows

1 h 0
J(E) = —h 1 h . (3)
—1.8hx —2hzx 1+ h—1.8hx

The characteristic equation of J(E) is given by
P(A) = A% + by A + bo + bs, (4)
where

b1 = —(3+ h) + 1.8hxz,
by = (3 + 2h + h?) + (=3.6h + 2h%)z,
by = —(1+h+h?+ 1% + (1.8 — 2h* + 3.60°)x.

Following Andaluz [33], the Jury stability conditions for a three-dimensional discrete
system require that an equilibrium point E = (z,0, ) € R? is locally asymptotically stable
if

14 by 4+ b2+ b3 > 0,
1—>01+by—0b3 >0,
1—b2+blb3—b§>0,
by > 3.

()

First, we study equilibrium Ej. From 1+ by + by + b3 = h3(3.6x — 1) > 0, we have
T > %. However, the value z* = 1-7%”@ in E5 was always less than ﬁ. Thus, E3 fails
to satisfy Jury’s conditions, and is always unstable.

For the case of equilibrium E7, we have the following theorem.
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Theorem 1. Equilibrium Ef = (z*,0,z*), where

o 1++/1—-72a
N 3.6 ’

1s locally asymptotically stable if the following conditions are satisfied:

1 Cpo2kh (hH2)(h244) )2 1
79 {1 — (= 1+3.6min{5557 wo-mrrsem)) } Sa< oo
141724\ 1+ VI —72a (6)

a\ —————— +c| ————— ) +c3 >0,

3.6 3.6
where

c1 = —12.96h° + 14.4h° — 10.48h* + 3.6h3,
co = T.2h8 + 3.205 +1.4h* — 3.813, (7)

C3 = —h4 — 2h5.

Proof. The condition 1+ by + by + b3 = h3(3.62* — 1) > 0 or z* > % is fulfilled. This

condition is equivalent to

1

2+h

SR and from

From the condition by > 3, we have x* <

1 — by +by — by = — (7.2h — 4h* + 3.6h%) 2* + (h + 2)(h® + 4) > 0,

(h+2)(h%+4)

T h—AhZI3.007 - These two conditions are equivalent to

we have z* <

* < mi 2+h (h +2)(h? + 4)
TSN 36 + 2k 7.2h — 4h? + 3.6h°
or
! : 2+h h+2)(h%+4 2
a > 3 1- (— 1+3.6 mln{3'6‘_‘;2h, 7éh*4)h(2+3.6)h3 }) '

Finally, from 1 — by + b1bg — b% > 0, we obtain c1(z*)% + coz* +c3 > 0, i.e.,

1+ vI—7.2a\° 1++vI—72a
C1 T + c2 T + c3 > 0,

where ¢1, co, and c3 are expressed as (7).

As a simple illustration, consider parameter choice (a,h) = (—2,0.01). Substituting
into the Jury conditions yields 1 + by + by +b3 ~ 1.6 x 107 > 0, 1 — by + by — bg ~
7.94 > 0, 1— by +bibs — b2 ~ 1.3 x 1075 > 0, and |bs| ~ 0.986 < 1. All conditions
are satisfied, confirming that EY is stable. In contrast, for (a,h) = (0.01,0.01) the third
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inequality becomes negative, which indicates that Ej is unstable. These numerical results
are consistent with the stability regions shown in Fig. 1.

In the sense of linearization, the stability conditions derived (6) are local in the sense
of linearization: They characterize the behavior in the neighborhood of the equilibrium
using the Jacobian and Jury criteria. They do not establish global asymptotic stability nor
do they describe transient behavior (e.g., basins of attraction, multistability, or transient
chaos). Consequently, the numerical explorations that follow are intended to complement
the local theory rather than imply global guarantees.

After obtaining the analytical conditions through the Jury Criteria, we numerically
verified the results by calculating the Jacobian eigenvalues on the parameter grid (a, h).

03 03
0.25 2 0.25 2
7] 7]

0.2 0.2

Unstable

<0.15

Unstable

< 0.15
0.1 0.1

0.05

No EQ
No EQ

Figure 1: Two-parameter stability maps for the standard Euler scheme in the (a, k) plane.
Panel (a) shows the equilibrium E{ and panel (b) shows the equilibrium E3. Blue indicates
stability and gray denotes instability. Regions with a > 1/7.2 (to the right of the dotted
vertical line) have no equilibria.

Figure 1 shows the numerical stability map for the equilibrium points E] and E3 using
the standard Euler scheme. Consistent with the analytical results, only E7 has a stability
domain in the region a < 0 with sufficiently small h, whereas E3 is always unstable for
all pairs (a, h). Furthermore, the larger the value of h, the narrower the range of a that
results in stability.

2.2. Vanishing step-size limit (h — 0)

The equilibrium of the discrete-time system (2) coincides with that of the continuous-
time system (1). Moreover, the Jacobian J(E) can be written as

J(E) = I+ hA(E),
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where A(FE) is the Jacobian of ODE (1) at equilibrium F = (x,0,z). This representation
allows a direct comparison of the spectral properties of discrete and continuous systems.

Theorem 2 (Spectral consistency as h — 0). Let p1, po, g be the eigenvalues of A(E)
at an equilibrium E of (1), and let A\i(h), A2(h), A3(h) be the eigenvalues of J(E) at the
same point. Then

Ai(h) =1+ hy; + O(h?), h—0, i=1,23.

In particular, if ®(p;) < 0 for all i, then there exists h* > 0 such that |\;(h)| < 1 for all
0<h<h"

Proof. The characteristic equation of J(E) is det(A — J(E)) = 0, that is, det((\ —
1)I — hA(E)) = 0. Let v = (A —1)/h. Then v satisfies det(vI — A(E)) = O(h), Thus,
v = p; + O(h) for some eigenvalues ji; in A(E). Hence A = 1+ hu; + O(h?). If R(u;) < 0,
then for sufficiently small h one has |1 + hu;| < 1, which indicates the stability of the
discrete map.

Corollary 1. If an equilibrium E of the ODE (1) satisfies the Routh—Hurwitz conditions
(i.e., all eigenvalues u; of A(E) have negative real parts), then the corresponding equilib-
rium of the Euler map (2) is locally asymptotically stable for sufficiently small h > 0.

Proof. From Theorem 2, the eigenvalues of the Euler Jacobian are \;(h) = 1 + hu; +
O(h?) as h — 0. If R(;) < 0, then |1+ hju;| < 1 for h small enough, and thus each Jury
condition (5) is satisfied. Equivalently, one can check directly that the Jury inequalities
reduce to the Routh—-Hurwitz inequalities for A(E) in the limit A — 0. Thus stability of
the continuous-time system implies stability of the discretized system for sufficiently small
h. O

Theorem 2 and Corollary 1 provide several important insights into the relationship
between the discrete Euler map and continuous time dynamics. An immediate consequence
of Theorem 2 is that the stability of the Euler scheme depends explicitly on step size h.
Because the discrete eigenvalues satisfy A(h) = 1 4 hpu, stability requires |1 + hu| < 1 for
each eigenvalue p of the continuous Jacobian. For a real negative eigenvalue y = —« with
a > 0, this inequality reads |1 — ha| < 1, which simplifies to —1 < 1 — ha < 1 hence,
0 < h < 2/a. For a general complex eigenvalue p = o + iw with o < 0, we compute

114 hpl? = (14 ho)? + (hw)? = 1+ 2ho + B2 |u*
Therefore, the condition |1 + hu| < 1 is equivalent to 1+ 2ho + h?|u|> < 1, or
2ho 4+ h*|u? < 0.

Because h > 0 and ¢ < 0, this inequality is reduced to 0 < h < —20/|u/?. In other
words, the admissible step size shrinks with both the size of the negative real part, o and
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the magnitude of the imaginary part, w. A conservative guideline that applies uniformly
across all eigenvalues is therefore

2

O<h<—— .
max; [F(ps)|

This bound highlights the intuitive fact that the stronger the damping in the continuous
system (the larger |R(u;)|), the smaller is the admissible step size for the Euler scheme.
For example, when a = —2, the dominant eigenvalue has R(u) ~ —1.16; therefore, the
bound yields h < 1.72, and the choice h = 0.01 used in our simulations lies safely within
the stable regime. Beyond the step size restriction, another important implication con-
cerns the qualitative changes that arise when h becomes too large. Mathematically, such
spurious bifurcations occur when an eigenvalue of the discrete Jacobian J(E) = I+ hA(E)
crosses the unit circle, that is, when |1 4+ hu| = 1 for some eigenvalue p of the continuous
Jacobian. At this point, the equilibrium of the discrete system loses stability even though
the continuous system remains stable. For example, if ut = —a < 0, then A = 1 — ha.
When h = 2/a, the discrete eigenvalue becomes A = —1, producing a change in stability
that mimics period-doubling bifurcation. However, at the continuous level, no parameter
variation has occurred, Therefore, this bifurcation is purely numerical. More generally, for
u =0 +iw with o < 0, the crossing condition

(1+ho)* + (hw)* =1

indicates that a pair of complex-conjugate eigenvalues of the Euler map lies on the unit
circle at points different from +1, which numerically resembles a Neimark—Sacker bifur-
cation. Again, the continuous system remained stable and the observed transition was
entirely artificial. As h — 0, all such spurious bifurcations vanish, leaving only genuine
bifurcations governed by the physical parameter a. Hence, bifurcation diagrams with re-
spect to h should be understood not as reflecting true dynamical features of the ODE, but
rather as a measure of the sensitivity and limitations of the Euler discretization.

2.3. Numerical Simulations and Dynamical Behavior

Having established the analytical stability conditions and their consistency with the
continuous-time flow as A — 0, we complement the theoretical results with the numerical
simulations. These simulations are designed not only to reveal the global organization of
the dynamics through bifurcation diagrams but also to illustrate the qualitative behavior
of trajectories by means of representative phase portraits. The initial condition (0, 1.6, 3)
was selected because it yields bounded trajectories and representative dynamical behaviors
(equilibria, periodic orbits, and chaos) across the chosen parameters, in line with previous
studies on quadratic systems without equilibrium [14]. To ensure that only the asymptotic
behavior of the system was analyzed, each simulation was run for 40,000 iterations, and
the first 35,000 were discarded as transient. This procedure eliminates the influence of the
initial settling phase and guarantees that the reported results reflect long-term dynamics
(equilibria, periodic orbits, and chaotic attractors).
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One-parameter bifurcations. System (2) depends on the parameters a and h, with
equilibrium E = (z,0,z). First, we examine the one-parameter bifurcations using the
local maxima xmax of x;. Bifurcation diagrams were generated by scanning the con-
trol parameters over a uniform grid and plotting the numerically detected maxima. The
accompanying largest Lyapunov exponent was computed using the standard QR-based
algorithm to confirm the transition between periodic and chaotic regimes. As shown in
Figure 2, the bifurcation diagram with respect to a exhibits a typical period doubling
route to chaos. Figure 3 illustrates the effect of step size h, where increasing h eventually
destabilizes the dynamics and induces numerical chaos in agreement with the theoretical
step-size restriction.

0.4
28 M
A
0.2 2 ‘
2.6 iy :
2.4 i =
0 i ‘lﬁ i
2.2 /’
X A |
g o <02 \|
< |
1.8 } A
04 /
1.6 Sypoponek
14 X exist X doesn't exist .06
1.2 -
1 -0.8
-1.5 -1 -0.5 0 0.5 1 0 0.2 0.4 0.6 0.8 1 1.2
a a

(a) (b)

Figure 2: One-parameter bifurcation (standard Euler) with respect to a at fixed h = 0.01.
(a) Local maximum zpax of 4. (b) Lyapunov spectrum (A1, A2, A3). Each run used
40,000 iterations, with the first 35,000 discarded as transients. Positive values of the
largest Lyapunov exponent indicate chaotic intervals, while clustered xpax bands (panel
a) correspond to periodic windows.

The largest Lyapunov exponent was computed following the standard algorithm of
Wolf et al. [34], in which the separation of nearby trajectories was measured iteratively and
renormalized along the orbit to avoid numerical overflow. Specifically, for each parameter
set, we evolved the system for 5 x 10* iterations, discarded the first 10* as transients, and
applied a renormalization procedure at each step to estimate the average exponential rate
of divergence. A positive value of the computed exponent is considered as an indicator of
chaos. This method is widely used in the study of discrete dynamical systems and ensures
the consistency of chaotic diagnostics (see also [35, 36]).
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Figure 3: One-parameter bifurcation (standard Euler) with respect to step size h at fixed
a = 1. (a) Local maxima Zmax; (b) Lyapunov spectrum (A1, A2, A3). Each run uses 40,000
iterations with the first 35,000 discarded as transients. The spectrum highlights chaotic
regimes (positive A1) and step-size-induced numerical instabilities.

Two-parameter bifurcation. To explore the combined effects of a and h, we con-
structed a two-parameter diagram in the (a,h) plane. The maximum value Zyx in the
trajectory was recorded, and the largest Lyapunov exponent was computed in parallel.
The resulting diagrams in Figure 4 provide a compact global picture of the dynamics,
including the periodic windows, embedded chaotic regions, and divergence boundaries.

Attractor dimension Beyond the largest Lyapunov exponent, we also quantified at-
tractor complexity by computing the Kaplan—Yorke (KY) dimension from the full Lya-
punov spectrum. For a typical 3D chaotic map, we find Ay > 0, Ay &~ 0, A3 < 0, and thus
j=2and Dgy = 2+ (A + A2)/|A3|]. When trajectories converge to an equilibrium or
periodic orbit, the spectrum collapses and Dxky takes integer values (0 or 1), whereas in
chaotic regimes it lies strictly between 2 and 3. The variation of Dky with respect to a
and h is shown in Figure 5, confirming the fractal geometry of chaotic attractors.
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Figure 4: Two-parameter bifurcation diagrams in the (a, h) plane for the standard Euler
scheme. (a) Map of zpax: colour bar encodes the magnitude of the largest x values; black
regions correspond to divergence. (b) Largest Lyapunov exponent map computed via QR
decomposition: negative values (yellow—magenta shades) correspond to stable or periodic
dynamics, while positive values (green—blue shades) indicate chaotic regimes.
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Figure 5: Kaplan—Yorke dimension Dy for the Euler discretization. (a) Variation in
Dy with parameter a at a fixed h = 0.01. (b) Variation in Dgy with step size h at a
fixed @ = 1. Stable equilibria and periodic orbits yield integer D gy values, while chaotic
regimes are characterized by noninteger dimensions typically between 1 and 3.

Phase portraits Guided by bifurcation analysis, we illustrate the representative tra-
jectories. The phase portraits were generated by iterating the system (2) with step size
h = 0.01 for 60,000 steps, starting from the initial condition (xo, yo, 20) = (0, 1.6,3). Only
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the last 5,000 points were plotted to remove the transients. For a = —2, the system con-
verges to a stable equilibrium, whereas for a = 1 it exhibits a strange attractor, consistent
with previous studies [14, 37-39]. Representative trajectories are illustrated in Figure 6,
where both stable and chaotic behaviors are clearly distinguished. The chaotic attractor
displays a folded-band structure characteristic of quasiperiodic breakdown.

i TN
4 / \ 3 - \\
3 \ * EQ1 N\
\ *EQ2 \

) tf\\ 2 /
\‘/R\ \\

N1 \@X\H > 1 \
0 /\ | “
1 ) : |
2 \_

N4 4 1 //,
0
2 - EQ1 7//
2 0 - EQ2
x 4 2 y 2, 0 1 2 3 4
X
(a) (b)

Figure 6: Phase portraits of system (2) with ~ = 0.01 and initial condition (0,1.6,3).
Panels (a)—(b): parameter a = —2, the trajectory converging to the stable equilibrium
E{ (red point), and E3 (blue point) remain unstable. Panels (¢)—(d): Parameter a = 1,
showing a chaotic attractor with a folded-band geometry. Each plot was based on 40,000
iterations, and the first 35,000 transients were discarded. Panels (a) and (c) display the
three-dimensional trajectories, whereas panels (b) and (d) show the (x,y) projections.
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3. Discrete-Time System via Nonstandard Mickens Scheme

We follow one of the nonstandard difference schemes proposed by Mickens [32] where
the term on the right-hand side, which consists of the same variable on the left-hand side
with a negative coefficient, is replaced by —1.8z;2; = —1.8x42411. This modification follows
Mickens’ principle of nonlocal approximations, in which nonlinear terms are discretized
asymmetrically to better preserve the dynamics of the continuous system. Therefore, we
have a new system as follows

Tep1 = T¢ + hye
Ytr1 = Yt + h(—z¢ + 2) (9)
zi41 = [zt + h(ze — 22y — a)]/[1 + 1.8hay].

3.1. Equilibrium and Stability Criteria

It is easy to verify that the nonstandard system (9) has the same equilibrium points
as the system (2).

The Jacobian matrix of nonstandard system (9) evaluated at any point E = (z,0,z) €
R3 is

1 h 0
Ins(E) = —h 1 h (10)
1.8h((a—z)h—1) 2hx 1+h
(1.8ha+1)2 " 1.8hz+1 1.8ha+1

The characteristic polynomial of (10) is

pNs(A) = A% 4 b1 AZ + bo X\ + b3

where
by — _3.6hz+h+3
1.8hx + 1
by — 1.8h32z + 2ha? + h? + 1.8hx + 2h + 3
1.8hx + 1
. L= 18a ht+ (=3.622 —1) h3 + (-1 — 3.8z) h? + (—1 — 1.82) h
5 =

(14 1.8hz)?

Compared with the standard Euler scheme, the coefficients of the characteristic polynomial
are more complicated owing to the rational dependence on both A and x introduced by
the nonstandard denominator. Based on the first Jury’s condition in (5), we have

(16.2hx2 + 18x + 9a) h3
(14 1.8hx)?
= (16.2ha* + 18z + 9a) > 0, (11)

1+b14+bs+0b3= >0
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Note that equation (11) is quadratic concerning x such that it is positive definite, the
coefficient of 22 must be positive, and the discriminant must be negative. This is equivalent

to 1
B 12
*<T1%h (12)

Next, for the second Jury’s condition, we obtain the following equation
(20.16A2 + 3.24h*) 2% + (25.6h + 3.6h%) 4 8 + 2h* + 1.8h% .
(1.8hxz +1)?

= (20.16h* + 3.24n") 2” 4 (25.6h + 3.6h%) z + 8 + 2h” + 1.8h%a > 0.
(13)

1—0by+by—b3=

As in the case of the first condition, it is sufficient to consider the coefficient of 22 positive
and the discriminant negative. This is equivalent with

. —405h* — 2520h2 + 320 (14)
a .

729h5 + 4536h3
For the third Jury’s condition 1—by4b1b3—bs2 > 0, this inequality cannot be simplified

in closed form, but it can be checked numerically for the given parameter values.

12t + e + e3x? + ear 4+ 05 > 0 (15)

where

r=2z"

c1 = —31.4928h° — 68.9472h%

co = —75.816h° — 179.64h°

cs = —12.96h%a — 75.24h* — 174.64h>

cy = —13.68ah* — 34.6R3 — T5h

cs = —12 — 3.24h%2 — 3.6h°a — h* — 3.6h3a — 6R2.
Finally, for the last Jury’s condition bs > 3, we have

1.8h3x + h? — 1.6hzx
1.8hx +1

Note that the numerator of the equation (16) is positive definite for h > 0 so the sign of
the equation (16) is affected by the denominator only, namely when the condition

(16)

1
> 1
Y7 sk (17)
Note that equilibrium EY is always satisfied (17) where for E3 the (17) is equivalent with
< ! L1 +1 2 (18)
a<-——=—|= .
72 72 \h

Therefore, the two equilibria of the non-standard system (9) are asymptotically stable if
the conditions in (12), (14), (15), and (17) are satisfied.
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Theorem 3. Consider the nonstandard system (9) with equilibrium points

o <1:|:\/1—7.2a 0 1:|:\/1—7.2a>
1,2 = ) .
’ 3.6 3.6

The equilibrium points EY 4 are locally asymptotically stable if the following conditions

hold.
—405h* — 252007 + 320 B

72005 + 4536h° ¢S T18n

. 1 (19)
R W

c1 ()t + co(a*)3 + c3(2%)? + cax* + 5 > 0,

where

c1 = —31.4928h5 — 68.9472h%,

¢y = —T75.816h° — 179.64h3,

c3 = —12.96h%a — 75.24h* — 174.64h2,

¢y = —13.68ah* — 34.6h3 — T5h,

—12 — 3.24h%? — 3.6h°a — h* — 3.6h3a — 6.

Cs5

As in the Euler case (Section 2), these stability results are purely local; global stability
and transient dynamics are outside the present scope. Furthermore, using the same pro-
cedure, we also evaluate the stability of the equilibrium points £} and E3 in the Mickens
nonstandard scheme. The two-parameter stability map in the (a,h) plane is shown in
Figure 7, which is constructed based on the spectral radius of the non-standard Jacobian.
Figure 7 shows the numerical results for the non-standard scheme. The equilibrium point
E7 remains stable at the interval a < 0; however, its stability region is more limited
than that of the standard scheme because of the additional condition 1 4+ 1.8hz* > 0.
Meanwhile, although the Jury conditions indicate that both E} and E3 could in principle
be stable under suitable (a, h) pairs, the numerical exploration shows that £ possesses no
significant stability domain within the investigated ranges. In practice, only E7 exhibits a
significant stability region. This highlights that the main difference between the standard
and nonstandard schemes emerges more clearly when h increases.

3.2. Vanishing step-size limit (h — 0): Nonstandard Mickens
In the nonstandard scheme (9), the expansion of the denominator
(1+1.8hx)~! =1 —1.8ha + O(h?)

(1+1.8hx)™2 =1 — 3.6hx + O(h?)

shows that the Jacobian matrix at the equilibrium point £ = (z*,0, z*) can be written in
the form

Jns(E) = T+ hA(E)+0(h?),  h—0,
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Figure 7: Two-parameter stability maps for the nonstandard Mickens scheme in the (a, h)
plane. Panel (a): Equilibrium Ej; panel (b): equilibrium E3. Blue regions denote stable
parameter pairs, gray regions indicate unstable equilibria, and white regions correspond
to parameter values in which equilibrium does not exist. Stability was determined from
the spectral radius of Jyg(F) at equation (10).

where A(E) is the Jacobian of the ODE (1) at the equilibrium E = (z,0, z). This confirms
that the spectral behavior of the nonstandard scheme is consistent with that of the ODE
system.

Theorem 4 (Spectral consistency, nonstandard). If pi, pe, ps are eigenvalues of A(E),
while A\i(h) are eigenvalues of Jxs(E), then

Ai(h) = 14 hyu; + O(h?), h—0,i=123.

A direct consequence of this consistency is the connection between the Routh—Hurwitz
condition for continuous systems and Jury stability for nonstandard maps.

Corollary 2. If all ®(pi) < 0, then there exists h* > 0 such that |N\i(h)| < 1 for every
0 < h < h*. In other words, local asymptotic stability in the continuous system guarantees
the stability of the equilibrium point in the non-standard scheme when h is sufficiently
small.

Thus, for h approaching zero, the nonstandard scheme not only shares equilibrium
points with the continuous system but also has consistent local stability properties. This
clarifies that the main difference with the standard scheme arises only for a larger h, and
not for small limits.

Remark 1 (Domain and step size conditions). In addition to the spectral conditions above,
the non-standard scheme requires 1 4+ 1.8ha™ > 0 for the denominator to be non-zero. this
condition is satisfied automatically for h — 0. Furthermore, the approximation |1+hu| < 1
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provides a conservative bound for h: if p = —a < 0 then 0 < h < 2/a, while if p = o +iw
with o < 0 then

-2
O<h<—g.
]

As a uniform guideline, the following applies

2

O<h<—mMm—
max; [F(;)|

which explains the reason for choosing a small h in the numerical simulations, while also
warning about the possibility of pseudo-bifurcation if h is too large.

3.3. Numerical Exploration and Comparison with the Standard Scheme

Having established that the nonstandard scheme is consistent with the continuous sys-
tem as h — 0, We now present numerical explorations of the same order as the standard
scheme. one-parameter bifurcations, two-parameter diagrams, attractor dimension analy-
sis, representative phase portraits, and a final comparison with the continuous model.

One-Parameter Bifurcation. Figure 8 shows the bifurcation profile and corresponding
largest Lyapunov exponent as the parameter a varies with fixed step size h = 0.01. Both
panels are consistent and exhibit the same transition structure. Similarly, Figure 9 presents
the one-parameter diagrams with varying step size h and fixed a = 1. The zpax map
and the Lyapunov exponent corroborate each other, illustrating how decreasing h affects
the onset of complex dynamics. This behavior parallels the Euler scheme, although the
nonstandard denominator delays the onset of spurious bifurcations.

Two-parameter diagrams in (a,h). To explore the joint influence of a and h, Fig-
ure 10 shows the two-parameter diagram based on zp.x together with the corresponding
largest Lyapunov exponent. The peak-based map organizes periodic windows and thin
transition bands, whereas the Lyapunov map separates the stable (negative) and chaotic
(near-zero/positive) regions. Compared with the Euler case, the stability region of EY is
narrower and E5 does not exhibit a significant stability window.
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Figure 8: One-parameter bifurcation of the nonstandard Mickens scheme with respect to
a at h = 0.01. (a) Local maxima xm.x after discarding the transients. (b) Lyapunov
spectrum (A1, A2, A3), confirming regular-to-chaotic transitions, where positive values of
A1 indicate chaos, while negative values correspond to periodic or stable regimes. Each
simulation used 40,000 iterations with the first 35,000 discarded as transients.
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Figure 10: Two-parameter diagrams in the (a,h) plane for the nonstandard Mickens
scheme. (a) Map of zpax: the color bar encodes the magnitude of local maxima, where
different color bands correspond to different orbit periods, and black regions denote di-
vergence. The white regions indicate either convergence to a fixed point (no oscillatory
maxima recorded) or parameter values where no equilibrium exists (for a > 1/7.2). (b)
The Largest Lyapunov exponent map computed via QR decomposition: negative val-
ues (magenta shades) correspond to periodic or stable dynamics, whereas positive values
(green—blue shades) indicate chaotic regimes. Each grid point was iterated for 40,000 steps
with the first 35,000 discarded as transients.
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Figure 9: One-parameter bifurcation of the nonstandard Mickens scheme with respect to h
at a = 1. (a) Local maxima xp.x after discarding the transients. (b) Lyapunov spectrum
(A1, A2, A3), where positive values of \; indicate chaos, and negative values correspond to
periodic or stable dynamics. Each simulation used 40,000 iterations with the first 35,000
discarded as transients.

Attractor dimension. The Kaplan—Yorke (KY) dimension was computed for the Mick-
ens scheme, using the same procedure described in the Euler case. Figure 11 shows that
Dxy = 0 when the trajectories converge to equilibrium and integer values (1,2) for peri-
odic orbits, as also seen in the bifurcation diagrams. Occasionally, intermediate non-integer
values between 1 and 2 appear, corresponding to quasiperiodic or transition states. Fully
chaotic regimes are characterized by 2 < Dky < 3, which is consistent with the positive
Lyapunov exponents and broadband bifurcation structures. The results closely mirror
those of the Euler scheme, with both giving Dy = 0 in stable equilibrium, integer values
for periodic dynamics, 1 < Dky < 2 in quasiperiodic regimes, and 2 < Dy < 3 in chaotic
regimes.

Representative phase portraits. Figure 12 shows the typical phase portraits for h =
0.01 and the initial condition (0,1.6,3). For a = —2 trajectories converge to a stable
equilibrium, whereas for a = 1 a chaotic attractor emerges, closely mirroring the standard
scheme with minor differences in the chaotic regime. The attractor geometry appears
slightly sharper than in Euler due to the rational structure of the discretization.

Comparison with the continuous system. Finally, Figure 13 compares the xpyax-
based bifurcation curves of the continuous system (black, ode45) with the standard Euler
(red) and Mickens non-standard (blue) discretizations at h = 0.01. For a < 0 the three
agree closely; near the transition around a =~ 1 both discretizations capture the onset of
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Figure 11: Kaplan—Yorke dimension Dy for the nonstandard Mickens discretization. (a)
Variation of Dy with parameter a at fixed h = 0.01. (b) Variation in Dgy with step
size h at a fixed a = 1. Stable equilibria give Dgy ~ 0, periodic orbits yield integer
values (e.g., Dy = 1,2), and chaotic regimes are characterized by non-integer values
2 < Dgy < 3. Each computation was performed with 40,000 iterations after discarding
the first 35,000 transients.

complex dynamics with small amplitude biases relative to the continuous case; for a > 1
all three show a chaotic spread, with the non-standard scheme, producing broader chaotic
bands while maintaining the qualitative structure. In addition to the comparison with
the continuous system, it is useful to highlight the direct differences between the Euler
and Mickens discretizations, which are reported in Table 1. Both schemes reproduce
the qualitative features of the ODE for small h, but the Mickens scheme shows greater
robustness in preserving attractor dimensions and delays numerical instabilities at larger
h.

Furthermore, it is worth situating the NSFD approach within a broader landscape of
numerical methods. Classical high-order schemes, such as Runge-Kutta (e.g., ode45) and
semi-implicit integrators, are widely used for their accuracy when the step size is small.
However, these conventional methods do not necessarily preserve qualitative features, such
as positivity, boundedness, or equilibrium stability, when larger step sizes are employed.
In contrast, Mickens’ nonstandard scheme was explicitly constructed to maintain such
structural properties, which explains its robustness in capturing chaotic and bifurcating
dynamics under coarse discretizations. This broader perspective emphasizes that NSFD
schemes provide a valuable complementary alternative to classical integrators for studying
discrete nonlinear dynamics.
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Figure 12: Phase portraits of the nonstandard system (9) with A = 0.01 and initial
condition (0,1.6,3). Panels (a)-(b): parameter a = —2, the trajectory converging to

the stable equilibrium Ej (red point), and Ej (blue point) remain unstable. Panels (c)-
(d): Parameter a = 1, showing a chaotic attractor with a folded-band geometry. Each
plot is based on 40,000 iterations, discarding the first 35,000 as transients. Panels (a)
and (c) display three-dimensional trajectories, whereas panels (b) and (d) show the (x,y)
projections.

4. Conclusion

This study compared two discrete-time versions of a three-dimensional nonlinear sys-
tem: one discretized by the standard forward Euler method and the other by a nonstandard
Mickens scheme. Both approaches share the same equilibrium points, but their stability
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Figure 13: Comparison of zpax-based bifurcation diagrams of the continuous system
(black, computed with ode45), standard Euler discretization (red), and Mickens non-
standard scheme (blue), all with a step size h = 0.01. For small h, both discretizations
reproduce the continuous dynamics, but near the onset of chaos (a ~ 1), the nonstandard
scheme remains closer to the continuous reference while the Euler method shows larger
deviations.

properties differ. We derived discrete systems, analyzed their equilibria, and applied the
Jury criterion to determine local stability. The results show that the Euler scheme sta-
bilizes only one equilibrium. In the nonstandard scheme, the theoretical conditions allow
the possibility of stabilizing both equilibria; however, numerical exploration indicates that
only E7 exhibits a robust stability domain, whereas E'5 remains practically unstable across
most parameter ranges.

For the Euler discretization, we derived the Jacobian characteristic polynomial and
applied the Jury criterion. The results show that equilibrium Ej is stable for certain
(a,h) values, whereas Ej is always unstable. The stability region, expressed through
inequalities in the parameters, was numerically confirmed.

The nonstandard Mickens scheme modifies the nonlinear term to preserve the system
structure. Jacobian and characteristic polynomials were derived, and the Jury criterion
yielded nonlinear conditions in (a,h). Unlike Euler, both equilibria E} and Ej can be
stable under appropriate parameters.

A set of numerical simulations were performed to delve deeper into the dynamic conse-
quences of these theoretical findings. Phase portraits illustrated that both methods could
replicate the periodic and chaotic behaviors observed in the continuous system, although
differences appeared in the detailed structure of the chaotic attractors. The one-parameter
bifurcation diagrams of a and h show that both discretizations display complex nonlinear
characteristics including bifurcations, periodic windows, and chaotic zones. Nonetheless,
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Table 1: Comparison between Euler and Mickens discretizations.

Aspect

Euler scheme

Mickens scheme

Equilibria

Stability region
Bifurcation onset
Lyapunov exponents

Kaplan—Yorke dimen-

sion
Phase portraits

Shares with continuous sys-
tem

Larger for £ and E3 at small
h

Spurious transitions appear
earlier as h grows

Detect chaos reliably for small
h

2 < Dky < 3 in chaos, col-
lapses to 2 in stability
Qualitatively correct; slightly
blurred chaotic attractor

Shares with continuous sys-
tem

Narrower; E5 lacks significant
stable window

Onset of instability delayed by
nonstandard denominator
Same reliability; slightly
smoother near thresholds
Same, with better robustness
at larger h

Qualitatively correct; attrac-
tor geometry sharper

Agreement with ODE Good at small h, remains

closer for moderate h

Good at small h, deteriorates
faster for large h

the nonstandard scheme demonstrated superior numerical stability, particularly for larger
h values, where the standard Euler method began to deviate significantly or failed to
maintain bounded trajectories.

Two-parameter bifurcation diagrams and Lyapunov exponent landscapes in the (a, h)
plane offer a more profound understanding of the overall behavior of each discrete model.
In the standard scheme, chaos predominantly appears in areas where a > —1 and h > 0.2,
as suggested by the Lyapunov exponents that are near zero or positive. Conversely, the
nonstandard scheme displayed a more complex pattern: chaotic regions emerged even with
relatively low h values, whereas stable areas were maintained more extensively across the
parameter space. Significantly, the Lyapunov exponents from the nonstandard scheme
span a broader range, underscoring the existence of more complex dynamics and shifts
between stability and chaos.

These findings highlight the benefits of employing a nonstandard approach for dis-
cretizing nonlinear systems with sensitive dynamics. The Mickens-based technique not
only maintains the equilibrium structure but also enhances stability and preserves chaotic
dynamics over a wider range of parameter values and time step sizes. This makes it an
excellent option for long-term, coarse-grained numerical experiments. These results also
emphasize the significance of choosing suitable numerical schemes when studying discrete-
time dynamical systems, particularly for capturing intricate structures such as bifurcations
and chaotic attractors. Future studies might expand these methods to include delayed,
fractional, or stochastic versions of the model, or explore the effects of other nonstandard
discretization rules on various types of dynamical systems.

Although the findings are encouraging, this study had several limitations. First, the
stability analysis was performed by linearizing around fixed points, which only describes
local dynamics and does not consider global phenomena, such as basin structures, co-
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existing attractors, multi-stability, invariant manifolds, or transient chaos. Therefore, a
comprehensive global study is necessary to fully characterize discrete dynamics. Second,
the parameter space examined, although broad, was restricted to two control parameters (a
and h); other factors such as perturbations, delay effects, or coupling with additional vari-
ables were not included. Third, while the Mickens scheme used here offers improvements
over the Euler method, other types of nonstandard finite-difference schemes with different
denominator functions or implicit forms may provide even more precise long-term behav-
ior, especially in stiff systems. Finally, the present work remains mathematical in nature;
embedding the model into physical or biological contexts, for example, chaotic electronic
circuits, fractional-order epidemiological transmission models, or ecological predator—prey
systems—could provide both practical applications and validation of the proposed dis-
cretization strategies.

Future studies should extend these results in several ways. Possible paths include
higher-order nonstandard or symplectic schemes that preserve geometric invariants; appli-
cations to systems with delays, fractional derivatives, or external forcing; and global bi-
furcation analyses, including invariant manifolds and basin boundaries. Computationally,
adaptive step-size methods or machine learning-assisted bifurcation tracking may improve
efficiency. Finally, stochastic extensions of discretized systems can clarify the role of noise
in discrete chaos. In particular, it would be fruitful to apply the present discretization
strategies to concrete models such as Lorenz-like chaotic systems, fractional-order epi-
demiological models, or delayed feedback systems, which would provide both theoretical
challenges and practical relevance for future exploration. We hope that these directions
will stimulate further studies in discrete nonlinear dynamics.
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