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ABSTRACT In the last few years the literature has witnessed a remarkable surge of interest for maps
implemented by discrete-time (DT) memristor circuits. One main reason is that from numerical simulations
it appears that even for simple memristor circuits the maps can easily display complex dynamics, including
chaos and hyperchaos, which are of relevant interest for engineering applications. Goal of this manuscript is
to investigate on the reasons underlying this type of complex behavior. To this end, the manuscript considers
the map implemented by the simplest memristor circuit given by a capacitor and an ideal flux-controlled
memristor or an inductor and an ideal charge-controlled memristor. In particular, the manuscript uses the
DT flux-charge analysis method (FCAM) introduced in a recent paper to ensure that the first integrals and
foliation in invariant manifolds of continuous-time (CT) memristor circuits are preserved exactly in the
discretization for any step size. DT-FCAM yields a two-dimensional map in the voltage-current domain
(VCD) and a manifold-dependent one-dimensional map in the flux-charge domain (FCD), i.e., a one-
dimensional map on each invariant manifold. One main result is that, for suitable choices of the circuit
parameters and memristor nonlinearities, both DT circuits can exactly embed two classic chaotic maps, i.e.,
the logistic map and the tent map. Moreover, due to the property of extreme multistability, the DT circuits
can simultaneously embed in the manifolds all the dynamics displayed by varying one parameter in the
logistic and tent map. The paper then considers a DT memristor Murali-Lakshmanan-Chua circuit and its
dual. Via DT-FCAM these circuits implement a three-dimensional map in the VCD and a two-dimensional
map on each invariant manifold in the FCD. It is shown that both circuits can simultaneously embed in the
manifolds all the dynamics displayed by two other classic chaotic maps, i.e., the Hénon map and the Lozi
map, when varying one parameter in such maps. In essence, these results provide an explanation of why it
is not surprising to observe complex dynamics even in simple DT memristor circuits.

INDEX TERMS Chaos, discrete-time circuits, extreme multistability, first integral, flux-charge analysis
method, Hénon map, invariant manifold, logistic map, memristor circuit.

I. INTRODUCTION

Memristor has been theoretically envisioned by Leon Chua
in a seminal paper published in 1971 [1] as the fourth basic
passive circuit element in addition to resistor, capacitor and
inductor. More than thirty years later, in 2007, a team at
HP led by Stanley Williams made the fundamental discovery
that we can physically observe memristive behavior in some
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metal-insulator-metal (MIM) solid-state devices [2]. This
discovery has triggered an unprecedented and widespread
interest in the theory and applications of continuous-
time (CT) circuits with memristors, memcapacitors and
meminductors [3], [4], [5], [6], [7], [8], [9], [11], [12]. Among
the many relevant potential applications there are the imple-
mentation of high-density and low power random access
memories [13], [14], [15]. More generally, the memristor is
seen as a strategic component for implementing in-memory
computing schemes, akin to the computation mechanism
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of the brain, aiming at overcoming basic limitations of
traditional Von Neumann computing machines [16], [17],
[18], [19], [20], [21], [22].

Recent years have witnessed a significant surge of interest
also for discrete time (DT) versions of memristor circuits.
During a first phase, Euler’s discretization method has been
employed to derive discrete memristor models [23] and to
study the discretization of simple CT memristor circuits [24].
Subsequent studies have also investigated more abstract maps
employing typical memristor nonlinearities but not necessar-
ily related to the discretization of a CT counterpart [25], [26],
[27], [28], [29]. There are strong motivations for considering
DT memristor circuits. First of all, since solid-state memris-
tors are not easily available as yet, DT emulators can be useful
to assess their performance without relying on experimental
measurements. Moreover, DT memristor circuits can be
easily and effectively interfaced with digital computers.
However, the most relevant motivation is maybe that maps of
DT memiristor circuits can easily generate complex dynamics
that are of interest in themselves for engineering applications.
The main dynamical aspects studied in the literature include,
but are not limited to, chaos and hyperchaos displayed
by DT memristor maps [26], [28], [29], [30], [31], [32],
[33], [34], [35], [36], [37], [38] and coexisting attractors,
multistability and extreme multistability in memristor circuits
with special classes of memristor nonlinearities [40], [41],
[42]. The generated complex dynamics have found relevant
applications in the fields of random number generation [32],
[43], secure communications [31], [44], implementation of
reservoir computing systems [45], [46] and biomedical image
encryption [47], [48], [49].

A recent line of research has addressed the extension to
DT memristor circuits of the flux-charge analysis method
(FCAM), a technique that was originally developed for CT
memristor circuits [6], [50]. In particular, the paper [51] has
introduced a special discretization scheme ensuring that the
first integrals of CT memristor circuits are exactly preserved
in the discretization for any step size. As a consequence,
the state space in the voltage-current domain (VCD) of DT
memristor circuits can be foliated in invariant manifolds and
on each manifold the circuits obey a manifold-dependent
reduced-order dynamics in the flux-charge domain (FCD).
Such a structural property gives a rigorous explanation of the
so-called extreme multistability property of DT memristor
circuits, i.e., the coexistence of infinitely many different
dynamics and attractors for a fixed set of circuit parameters.

An inspection of the literature shows that even relatively
simple DT memristor circuits can easily display really
complex dynamics including chaos and hyperchaos [52],
[53]. It is then natural to ask if we can find a rationale for
this kind of behavior. Goal of this manuscript is to give an
answer to this question via the study of the maps implemented
via DT-FCAM by a simple DT memristor-capacitor circuit
and a DT Murali-Lakshmanan-Chua circuit [54]. It is shown
that, by a suitable choice of the memristor nonlinearity and
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circuit parameters, such circuits can embed, as a manifold-
dependent reduced-order dynamics in the FCD, a number
of classic chaotic maps, namely, the logistic and the tent
map as well as the Hénon and Lozi map [55], [56]. Another
particularly intriguing feature is that by varying the manifold
the memristor circuits can embed all the dynamics that are
generated by varying one parameter in the logistic or Hénon
map. This represents an effective way to exploit the property
of coexisting attractors and extreme multistability, which
is peculiar to DT memristor circuits [51]. In overall, the
obtained results clearly show why it is not surprising to
observe complex dynamics even in simple DT memristor
circuits.

The organization of the manuscript can be outlined
as follows. Sect. II first summarizes some results from
DT-FCAM needed in the manuscript and then it derives
the maps implemented by the considered classes of DT
memristor circuits. Thereafter, Sect. III and Sect. IV show
how the logistic, tent, Hénon and Lozi maps can be embedded
in the DT memristor circuits. Finally, the main conclusions in
the paper are given in Sect. V.

Il. TWO SIMPLE CLASSES OF DT MEMRISTOR CIRCUITS
One basic question in dynamic system theory is whether it

is possible to embed the dynamics of a given system into
a higher-order system with a given structure. One relevant
and quite unexpected result in this sense has been obtained
by Stephen Smale in [57] for CT systems. In that paper it is
shown that any n-th order CT dynamics can be embedded in a
CT competitive system of order n 4 1. More precisely, Smale
devised a suitable design procedure ensuring that any given
n-th order CT dynamics evolves on an attracting n-th order
invariant manifold of the (n 4+ 1)-th order CT competitive
system. One problem however is that the equations of the
embedding system do not resemble those of a network. More
details on the construction of the embedding competitive
system can be found in [57]. An analogous result holds for
CT cooperative systems, although in this case the n-th order
manifold is a repelling one [58]. As discussed in [59, Sect.
11], this follows since a CT irreducible cooperative system
is such that almost all its solutions converge to the set of
equilibria. More recently, in [60] it has been shown how CT
memristor circuits can embed the FitzHugh-Nagumo system
[61] and the Duffing oscillators [62].

In this manuscript, we address an embedding problem
for a class of maps implemented by DT memristor circuits
obtained via DT-FCAM [51]. More specifically, we study
if it is possible to embed the logistic and the tent map,
which are one-dimensional maps, as reduced-order dynamics
in the invariant manifolds of a two-dimensional DT flux-
controlled memristor and capacitor circuit or its dual (a
charge-controlled memristor and inductor circuit). Moreover,
we investigate whether we can embed the Hénon and the
Lozi map, which are two-dimensional maps, as reduced-order
dynamics in the invariant manifolds of a three-dimensional
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DT Murali-Lakshmanan-Chua or its dual. First of all, in the
remaining part of this section, we recall some basic facts
on DT-FCAM useful for the analysis in the paper. Then, in
Sect. II-B and Sect. II-C, we derive the maps implemented in
the VCD and FCD by the considered classes of DT memristor
circuits.

A. ANALYSIS VIA DT-FCAM

FCAM has been developed in [50] and [63] (see also the
general treatment in [6]) to analyze a class of CT circuits
containing ideal resistors, capacitors, inductors and ideal
flux-controlled or charge-controlled memristors. The method
is based on analyzing the circuits both in the standard voltage
current domain (VCD) and in the flux-charge domain (FCD)
using Kirchhoff laws and constitutive relations of circuit
elements. One relevant result obtained via FCAM is that
for structural reasons a CT memristor circuit possesses first
integrals in the VCD. Hence, the state space is foliated in
invariant manifolds where the circuit satisfies a manifold-
dependent reduced-order dynamics in the FCD. Later on,
the recent article [51] has extended FCAM to DT memristor
circuits. At the basis of DT-FCAM is the use of a special
discretization scheme for the memristor circuits ensuring that
the first integrals are exactly preserved in the discretization
for any step size. This ensures that also a DT memristor circuit
possesses integrals of motion and, as a consequence, its state
space is foliated in invariant manifolds.

Consider a two-terminal element (a one-port) with voltage
v and current i. Let ¢(t) = fioo v(t)dt and q(t) =
fi oo l(T)dT be the flux and charge, respectively. Moreover,
consider the incremental flux ¢%() = fot v(t)dt and
incremental charge P 1) = fot i(t)dt [50]. Given the
sampling instants #y = kh, k = 0,1,2,..., where h > 0 is
the step size, the corresponding discretized electric quantities
are given by vi = v(ix), ix = i(tx), px = (i), gk = q(ty),
¢op = ¢"(1) and g = ¢°(ty).

In the VCD, Kirchhoff voltage law (KVL) can be expressed
as Zj vjx = 0 around any loop, whereas Kirchhoff current
law (KCL) is given as Zj ij x = 0 for any cut-set. In the FCD,
Kirchhoff flux law (K¢L) is given as Zj <p£ « = 0 around any
loop, while Kirchhoff charge law (KgL) can be expressed as
> qﬁk = 0 for any cut-set [51].

Consider a linear capacitor gc = Cvc or ic = Cdvc/dt.
Via forward Euler rule we obtain the one-dimensional map
(VCD)

VC,k+1 — VC,k
—h .

Moreover, in the FCD the capacitor satisfies the one-
dimensional map

ey

ick=C

0 0
P+l — PCk

—C 2
" Vco )

q%,k =C

where veg = ve(0).
Consider now a linear inductor ¢y, = Li; or vy, = Ldip /dt.
Applying forward Euler rule we obtain the one-dimensional
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map (VCD)

ILk+1 — ILk
A 3)

Moreover, in the FCD the inductor satisfies the one-
dimensional map

vk =L

0 0
drx+1 — 4L

k .
vLp=L—=" — Liro “)

where iz = ir,(0)
A flux-controlled memristor is defined by gy = g(oum).
This yields (VCD)

[ iv = q (om)vm )

oM =Vu-
In accordance with [51], we use for the memristor the

discretization scheme (VCD)

—q(om k+1) — 4(om k)
h (6)
OM k+1 = OM k + hvpg k-

On the other hand we have (FCD)

M,k

ayx = @@y« + em0) — a(emo) @)

where gp0 = n(0).
A charge-controlled memristor is defined by ¢y = @(gn).
This yields (VCD)

vm = ¢'(gm)im
am =im.

®)

In accordance with [51], we use for the memristor the
discretization scheme (VCD)
_ 9(gm k+1) — P(qm k)

h 9
qM k+1 = qm k + hip k.-

On the other hand we have (FCD)

VM k

oYk = (@3 1 + am(0) — $(garo) (10)

where 0 = @ (0).

Remark 1: We stress that the discretization schemes for
the memristor given in (6) and (9) guarantee that the
first integrals of CT memristor circuits are preserved in
the discretization for any step size [51]. As such, they
basically differ from typical discretization schemes used in
the literature that do not preserve first integrals [64]. |

B. MC AND ML CIRCUITS

First, let us consider the MC circuit in Fig. 1(a) (VCD),
which is composed of an ideal flux-controlled memristor and
an ideal capacitor. The corresponding circuit in the FCD is
shown in Fig. 1(b). The next result provides us with the maps
implemented by the circuit in the VCD and FCD. It also gives
the expression of the first integral and the invariant manifolds
of the circuit.

Proposition 1: The following results hold:

VOLUME 12, 2024
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1) In the VCD the dynamics of the MC circuit is described
by the two-dimensional map in the state variables vc x and
PM k

1 . A
VCk+1 = VCk — E(‘](‘pM,k + hve k) — q(om i)
OM k+1 = PM .k + hve k.
(11)

2) The function of the state variables given by

Owmc(ve, om) = Cve + qlom)

is a first integral of (11) for any step size h, i.e., we have
Omc(ve k+1, oM k+1) = Omc(Ve k- ¥m i), k =0,1,2,....

ok IM,k

amk = 4o k)

avk = 4(enrk)

(b)

FIGURE 1. DT MC circuit. (a) VCD and (b) FCD.

3) The state space of (11) is foliated in one-dimensional
invariant manifolds

Myic(Qo) = {(ve, oum) € R?
Omc(ve, om) = Cve + glom) = Qo)

where Qg € R is the manifold index. On each manifold, i.e.,
in the FCD, the dynamics is described by the one-dimensional
map in the state variable ¢/ i

h h
OMk+1 = PM k — ECI(‘PM,k) + EQO- (12)

]
Proof: 1) Let us show that in the VCD the dynamics of
the MC circuit is described by the two-dimensional map

1, .
VCk+1 =VC,k — E(CI((PM,k + hve i) — q(om k)

OM k+1 = OM k + hve k.
(13)
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To this end, we perform the analysis of the DT circuit in
Fig.1(a) using Kirchhoff laws and constitutive relations of
circuit elements. KCL and KVL written for such a circuit
yield

ick+imk =0, (14)
VC.k = VM k- (15)

Substituting the constitutive relation (1) and the first equation
of (6) in (14) we obtain
vek+1 —Vvek | qemr+1) — Glomi)

h h

while using (15) in the second equation of (6) allows us to
write

C

=0 (16)

OM k+1 = ©Mk + hve i 17

i.e., the second equation of (13). Substituting (17) into (16),
after simple algebraic manipulation we obtain

L, R
VCk+1 = VC,k — E(é](pr,k + hve k) — q(om k)

i.e., the first equation of (13), thus completing the proof of
the statement.

2) Follows directly by reordering the terms of (16).

3) From (16) we have that that, for any k > 1,

Cve ik + q(om k) = Cve,o + qem,0) = Qo
i.e., the state variables are bound to evolve on the manifold
Muic(Qo)- To derive the equations describing the dynamics
on Mwmc(Qo), let us write the KgL. and KoL for the MC
circuit in Fig. 1(b)
ae g + iy =0 (18)
Pk = Phr k- (19)
Substituting (2) and (7) in (18) we obtain
0 0
P+l — PCk
h
+ 4l + om.0) — dlem,0) = 0.

C —Cvc,o

Considering (19), we obtain

0 0 h, o h
M1 = Pk — ECI(‘pM,k + om,0) + hveo + EC](wM,o)

which can be recast into (12) by summing ¢y ¢ to both sides
and taking into account the expression of Q. |

Now, let us consider the dual of the circuit in Fig. 1,
which is composed of an ideal charge-controlled memristor
and an ideal inductor, as depicted in Fig. 2(a) (VCD). The
corresponding circuit in the FCD is shown in Fig. 2(b).

Proposition 2: The following results hold:

1) In the VCD the dynamics of the ML circuit is described
by the two-dimensional map in the state variables i, and

qM .k

. . 1, . .
L k41 =IiLk — Z(w(CIM,k + hip k) — o(gm k) 20)

M k+1 = qm k + hip k.
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2) The function of the state variables given by

OwmL(iL, gu) = Lip + ¢(gm)

is a first integral of (20) for any step size A, i.e., we have

OMLUL k+1> gM k+1) = OMLUL k- gm k), K =0,1,2, ...
3) The state space of (20) is foliated in one-dimensional
invariant manifolds

Mup(@o) = {(ir, gu) € R? :
OmL(iL, gu) = Lip + ¢(gu) = Po}

where @ € R is the manifold index. On each manifold, i.e.,
in the FCD, the dynamics is described by the one-dimensional
map in the state variable gy

h . h
am k+1 = qm .k — —9(gm k) + —Do. 2D
L L
|
iLk Mk
——»—O0——Pp——
— +
L% ULk UM,k @cm,k = p(qm.k)
+ _
(a)
qr k q?w,k
——p—O0—Pp——
— +
L% Wr Pk @@M,k = o(qmk)
+ _

(b)

FIGURE 2. DT ML circuit. (a) VCD and (b) FCD.

Proof: 1) Let us show that the dynamics in the VCD of
the ML circuit is described by the two-dimensional map

) . 1, . .
L k1 =iLk — Z((p(QM,k + hip k) — ©(gm k) 22)

M k+1 = M.k + hip k.

To this end, we perform the analysis of the DT circuit in

Fig.2(a) using Kirchhoff laws and constitutive relations of

circuit elements. KCL and KVL written for such a circuit
yield

vik +vmk =0 (23)

Lk = IM k- (24

148220

Substituting the constitutive relation (3) and the first equation
of (9) in (23) we obtain

LlL,k+1h— Lk </)(61Mk+1)h— o(gmr) _

while using (24) in the second equation of (9) permits to write

0 (25)

M k+1 = qm k + hip k (26)

i.e., the second equation of (20). Substituting (26) into (25),
after simple algebraic manipulation we obtain

) . l . .
iLk+1 =iLk — Z(@(C]M,k + hip k) — ¢(gm k)

i.e., the first equation of (20), thus completing the proof of
the statement.

2) Follows directly by reordering the terms of (25).

3) From (25) we have that, for any k > 1,

Lig x + ¢(gm k) = Lir o + ¢(qm.0) = Po

i.e., the state variables are bound to evolve on the manifold
MumL(Po). To derive the equations describing the dynamics
on such a manifold, let us first write the KgL and K¢L for the
ML circuit in Fig. 2(b)

di.x = dor @7)
9f O i =0, (28)
Substituting (4) and (10) in (28) we obtain
0 0
q -9
L L,k+lh LE _Iir o

+ 9(qy  + am.0) — $(qum,0) = 0.

Considering (27), we have

0 0 h, o : h
A r+1 =9Ik — Zso(qM,k +gm.0) + hipo + Z‘P(CIM,O)

which can be recast into (21) by summing gas o to both sides
and taking into account the expression of ®g. |
Clearly, via a suitable change of variables, it is possible to
put the maps, first integral and invariant manifolds of the MC
circuit and its dual in the same abstract mathematical form.
Indeed, for the MC circuit, let xx = ¢y i, Yk = Vck, 6 =
1/C, F(-) = g(-) and Iy = Q. Moreover, for the ML circuit,
let xk = qm k> Yk = iLk, 8 = 1/L, F(-) = ¢(-) and Ip = ®y.
Then, for both circuits the dynamics in the VCD obeys the
two-dimensional map in the state variables x; and yx

Yk+1 = Y — 8(F (xk + hyr) — F(xx) 29)
X1 = Xk + hyk.
Moreover, there exists a first integral given by
1
Ox,y) = gy + F(x) (30)

and the state space in the VCD is foliated in the invariant
manifolds

1
M) = {(x,y) € R?: O(x,y) = Y+ F@) =)

VOLUME 12, 2024
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where Iy € R is the manifold index. On each manifold the
dynamics is described in the FCD by the one-dimensional
map in the state variable xy

Xk+1 = Xk — hSF (x) + hélp. 31

C. MEMRISTOR MURALI-LAKSHMANAN-CHUA CIRCUIT
AND ITS DUAL

Fig. 3(a) depicts a circuit in the VCD, obtained from Murali-
Lakshmanan-Chua (MLC) circuit by replacing the nonlinear
resistor with a flux-controlled memristor [54], [60], [65],
[66]. For more generality, a voltage-controlled voltage-source
(VCVS) is also added in series with the inductor. The
corresponding circuit in the FCD is shown in Fig. 3(b). The
MLC circuit is a simplified version of the celebrated Chua’s
circuit [67].

PUC ks
L
L.k
Y080 —> |+ , >
; Lk ik
Z,ka il + +
RZ VRk vC.k C oMk |P|amk = d(eark)
+ - %G,k _
(a)
Mw?},k:
L g,

00— | D— >

0
dmke  +

ank = G(enk)

+ - qOC,k _

it
R W(}]%‘k Woc,k _TFC ‘P?w.k,

(b)

FIGURE 3. DT MLC circuit. (a) VCD and (b) FCD.

Proposition 3: The following results hold:

1) In the VCD the dynamics of MLC circuit is described
by the three-dimensional map in the state variables vc i, ir k
and @y k

qem i +hve ) —qleomi) b,
VCk+1 =VC,k — C + ElL,k

i ==
L k+1 = L L.k 2 22 VC.,k

OM k+1 = oMk + hve k.
(32)

2) The function of the state variables given by

. Lip . l—n
OmLc(ve, iL, om) = Cve + 53 +q(em) + R M

is a first integral of (32) for any step size A, i.e., we have

OMLC(VC k415 ILk+1: PM k+1) = OMLCVC ks IL ks OM k),
k=0,1,2,....

VOLUME 12, 2024

3) The state space of (32) is foliated in two-dimensional
invariant manifolds

Murc(Qo) = {(ves in, om) € R : Omrc(ve, ir, om)
Li . 1 —u
= Cvc + R +q(om) + R M= Qo)

where Qg € R is the manifold index. On each manifold, i.e.,
in the FCD, the dynamics is described by the two-dimensional

map in the state variables ¢y x and yx = qg et “TTlgoM,o —

L.
RIL.0

= Lo + 0

OM k+1 = OM k =Yk — =9\PM k — <0

R C C C (33)

= - )+ = (1 — Dowx.

Vi1 =( I Wk + L(,u YPM k

[ |
Proof: 1) First, we can write KCLs and KVLs for the
MLC circuit in Fig. 3(a) as follows

ik =iM ik +ick (34)

ik = IRk (35)
vek +VRk +Vik — v =0 (36)
VC.k = VM,k- 37

Substituting (1) and the first equation of (6) in (34) we obtain

ve i+l —Vek . q(omk+1) — (o k)

irk=C N A (38)
while using (3) and (35), from (36) we have
(1 — wyves + Ripg + L% —0. (39
Using (37) we can write the second equation of (6) as
M k+1 = ¢M .k + hve k. (40)

Now, (38)-(40) can be straightforwardly recast into (32).
2) Solving (40) with respect to v¢ 4 and substituting in (39)
we obtain the following expression

OM k+1 — PM k _LiL,k+1 — Lk
Rh Rh
By using (38) and reordering terms we arrive at

ik =@-—1

Lip k+1 | » l—p
Cvek+1 + R+ + q(om k+1) + TR Mkt
Lipx . l—p
=Cvc + = + g(om k) + R Mk (41)

3) From (41) we have that, for any k > 1,

Lipy . I—pn
Cvex + = + glem r) + R Mk = Qo

i.e., the state variables are bound to evolve on the manifold
MwmLc(Qo). To derive the equations describing the dynamics

on such a manifold, let us write the KgL. and KgL for the
MLC circuit in Fig. 3(b)

qg,k = 611?4,k + qg,k’ 42)

Oex +PRi +PLx — 1y =0 43)
‘Pg,k = 901?/1,k- (44)
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Substituting (2) and (7) in (42) and (4) in (43), and taking into
account (44) we have

0 0 h A 0 h 0
Ou ket = Pux ~ G4 Pu ikt M0 T FALk

h,
+ hveo + ECI((PM,O)

hR

. h
C]g,k+1 = (] - f) Clg,k + hip o+ Z(M - ])901(1)/1,k

which can be recast into (33) by summing ¢y o to both sides
of the first equation and taking into account the expressions
of y; and Qp. |

Finally, let us consider the dual of the circuit in Fig. 3,
i.e., DMLC, which is depicted in Fig. 4(a) (VCD). The
corresponding circuit in the FCD is shown in Fig. 4(b).

Proposition 4: The following results hold:

1) In the VCD the dynamics of DMLC is described by the
three-dimensional map in the state variables iy, ¢, vc x and
aM .k

. . Pgmk +hip ) —ogui)  h
ILk+1 =1Lk — 1 + ZVc k

h h
vei+1 =1 — R—C)Vc,k + E(V — Dipk

M k+1 = qm k + hiL k.

(45)

+
T V’I:Lﬁk R UR,k

IR kY™

+
T Vql(l,k R ‘P[;)z,k

0
dRk

FIGURE 4. DT DMLC circuit. (a) VCD and (b) FCD.

2) The function of the state variables given by

Opmrc(ve, in, gu) = RCve + Lip, + ¢(gm) + R(1 — v)gu

is a first integral of (32) for any step size h, i.e., we have

OpMLC(VC k415 ILk+1> M k+1) = ODMLC(VC k> IL k> GM K )s
k=0,1,2,....

3) The state space of (32) is foliated in two-dimensional
invariant manifolds

Mopwmrc(®o) = {(ve, i, qu) € R? : Opmic(ve, ir, gm)
= CRvc + Lip + ¢(qm) + R(1 — v)gu
= o}

148222

where @ € R is the manifold index. On each manifold, i.e.,
in the FCD, the dynamics is described by the two-dimensional
map in the state variables gy x and y, = <pg’k + R(v —
Dgp,0 — CRvc o

h h . h
am k+1 = qm k + Yk — —P(gm k) + —Po
L L L (46)

h h
= (1 — — )y + = — Dqa 4.
Yi+1 = ( RC)Yk+C(U )am i
|

Proof: 1) First, write KCLs and KVLs for the DMLC
circuit in Fig. 4(a) as follows

VCk =VLk + VM k 47)
VC.k = VR k (48)
ik +igx +ick —vipgx =0 49)
iLk = iM k- (50)

Substituting (3) and the first equation (9) in (47) we obtain

i —i 5 _ -

ve, =L L,k-Hh Lk @(QM,k+1)h o(qm k) 65D
while using (1) and (48), from (49) we obtain

(1= v)ip g 4 CYCAFLTYCR YOk _ g (5

h R
Exploiting (50) we can write the second equation of (9) as

qM k+1 = qM k + hip k. (53)

Now, (51)-(53) can be straightforwardly recast into (45).
2) Solving (53) with respect to iz, ; and substituting in (52)

we obtain the following expression
qM k+1 — qM k VC k+1 — VC k+1
_— -
Equating the right hand sides of the latter equation and (51)

and reordering the terms we have

vex =R(v—1) —RC

RCve k41 + Lip k1 + ¢(qm k+1) + R(1 — v)qu k+1
= RCvc i + Lip x + ¢(gm k) + R(1 — v)gu k- 54)
3) Using (54) we have that, for any k > 1,
RCvc i + Lip k + ¢(qm k) + R(1 — v)gp i = Po

i.e., the state variables are bound to evolve on the manifold
MpmLc(Dg). To write the dynamics on such a manifold, let
us write the KgLL and KgL for the DMLC circuit in Fig. 4(b)

‘/’g,k = ‘pl(\)/l,k + ‘pg,k (55)
Ao g+ )5 +dRx —val ;=0 (56)
qg,k = qg/[,k' (57)

Substituting (4) and (10) in (55) and (2) in (56), and taking
into account (57) we obtain
h h
A g1 =D g — Zw(qguc +qm.0) + Z‘ﬂg,k

. h
+ hip o + Z‘P(QM,O)

h h
OC k1 = (1 - E) 9o +hveo+ E(v — Dy -
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This can be recast as (46) by summing gy o to both sides of
the first equation, and taking into account the expressions of
v and ®g. |

For the MLC, let xx = @k, 2k = iL k> Wk = Veok, F(1) =
q(), 6 =1/C,B =R/L,y = (u — 1)/L, while for DMLC,
let x¢ = qm k> % = VCk» Wk = iLk, F() = @(-), 8 = 1/L,
B =1/(CR),y = (v—1)/C. Then, the dynamics in the VCD
of both circuits obeys the three-dimensional map in the state
variables wy, z; and xi

Wik+1 = Wk — 8(F (xx + hwy) — F(xx)) + Shzk
k1 = (1 — hB)zk + hywi (58)
X1 = X + hwy.

There is a first integral given by

1 1 y
O, w,2)=-w+ —z— =x+ F(x) (59)
s B B
and the state space in the VCD is foliated in the invariant
manifolds
1

1
M) = {(x,w,2) e R3 : O(x, w,2) = 3Y + EZ

— %x FF() = 1)

where Iy € R is the manifold index.

Moreover, let for MLC y; = qg, 0 %’ + %xo and Iy = Qy,
while for DMLC, let y, = gog,k - %0 + %xo and Iy = ®q.
Then, on each invariant manifold the dynamics in the FCD of
both circuits is described by the two-dimensional map in the
state variables x; and yi

I Xpa1 = Xk + hdyr — h8F (x) + hélo ©0)

Y1 = Yk — hByk + hyxy.

IIl. EMBEDDING THE LOGISTIC AND TENT MAP IN THE
MC AND ML CIRCUIT

We have seen in Sect. II-B that on each given invariant
manifold the dynamics of an MC or an ML circuit obeys
a one-dimensional map which depends upon the circuit
parameters R and C or R and L, the memristor nonlinearity ¢
or ¢, the discretization step 4 and the index Iy of the invariant
manifold. Moreover, in Sect. I[I-C we have shown along
similar lines that the dynamics on each invariant manifold of
an MLC circuit and its dual obeys a two-dimensional map
depending once more on circuit parameters, discretization
step, memristor nonlinearity and invariant manifold index.
In Sect. ITI-A, we address a fundamental design problem, i.e.,
to select, if it is possible, the circuit parameters, nonlinearity,
discretization step and manifold index of an MC and ML
circuit so that the map on each manifold coincides with
a logistic or a tent map. An analogous design problem is
addressed in Sect. IV, i.e., to implement the Hénon or the
Lozi map on each invariant manifold of an MLC circuit or its
dual.

VOLUME 12, 2024

A. LOGISTIC MAP

The logistic map became popular due to a paper published in
Nature in 1976 by biologist Robert May and entitled ‘Simple
mathematical models with very complicated dynamics’ [68].
The logistic map is an equation for population growth

Py = rPr(1 — Py) (61)

where the next generation population Py is determined by
the population Py in the current generation, the rate r at which
individuals reproduce and the level of available resources
given that the system has a finite capacity. According to
May, such a one-dimensional map, ‘even though simple and
deterministic, can exhibit a surprising array of dynamical
behaviour, from stable points, to a bifurcating hierarchy of
stable cycles, to apparently random fluctuations’ [68].

Consider the change of variables x; = rP; — r/2. This
yields from (61) the map

X1 = —)C;% +a (62)

where a = —r/2 + r*/4 € R is a scalar parameter. The
maps (61) and (62) are topologically conjugate [56].

Let us now address the main design problem considered
in the paper, i.e., to determine, if it possible, the circuit
parameters, memristor nonlinearity, discretization step and
manifold index of an MC or ML circuit so that the
one-dimensional map on each manifold coincides with the
logistic map. To this end, let us compare (62) with (31).
On this basis it is seen that the dynamics of an MC or an
ML circuit in the FCD is exactly described by the logistic
map (62), provided we choose hély = a and F(x) = (x +
x2)/(h8). One possible solution to these constraints is given
by

h=1, 6=1, Fx)=x>+x, Iy =a. (63)

Summing up, under the conditions (63), the dynamics
in the VCD of an MC or an ML circuit obeys the
two-dimensional map (cf. (29))

Y1 = Yk — (F O + yi) — F()) = —y,% — 2Xk Yk
Xk+1 = Xk + Yk-
(64)

The map (64) has the first integral (cf. (30))
O, y) =y+x+x°

and the two-dimensional state space (x, y) is foliated in one-
dimensional invariant manifolds

M@ ={(x,y) eR*:Ox,y)=y+x+x>=a} (65)

where a € R is the manifold index. On each manifold the
dynamics is described in the FCD by the logistic map

X1 = _xl? +a. (66)

Next, we show that the two-dimensional map (64) in the
VCD displays an extremely rich dynamics due to the foliation
of its state space and the property of extreme multistability.
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Moreover, we provide simulations to illustrate and verify the
predicted behavior.

We have seen that on an invariant manifold with index
a the two-dimensional map (64) embeds the logistic map
(66) with parameter a. First, for convenience of exposition,
let us briefly recall some basic facts about the logistic map,
see for instance [55]. The classic bifurcation diagram of
the logistic map is shown in Fig. 5, where we considered
for simplicity the case a > 0. When 0 < a < 2 the
orbits are bounded, while when a > 2 orbits escape to
infinity. The orbits approach a stable fixed point when 0 <
a < a; = 3/4. At ay = 3/4, a flip (or period-doubling)
bifurcation occurs with the birth of a stable period-two cycle.
By increasing a, we observe a second flip bifurcation at a, =
5/4 where the period-two cycle gives birth to a stable period-
four cycle. This is followed by a typical cascade of period-
doubling bifurcations accumulating at asc = 1.401....
These bifurcations originate the birth of a complex attractor
fora > ax.

Let us now come back to the two-dimensional map (64)
in the VCD and verify via simulations with MATLAB the
correctness of the predicted dynamical behavior. Its invariant
manifolds (cf. 65)

y=a—x>—x

for some relevant values of a are depicted in Fig. 6. Note that
they have a reverse U-shape due to the quadratic term —x2.
The same figure shows for each manifold the transient part
(green dots) and the attractor (red dots) of an orbit starting on
the manifold and evolving, due to its invariance, on the same
manifold. When a = 0.5 we have convergence to a fixed
point, while when a; < @ = 1 < a there is convergence
to a period-two cycle and when a = 1.3 > a, we observe
convergence to a period-four cycle. Moreover, when a =
1.627 the orbit converges to a period-five cycle while when
a = 1.95 we observe convergence to a complex attractor. The
corresponding time-domain evolution of orbits for large k is
shown in Fig. 7. Fig. 8 displays the bifurcation diagram of
x and y when varying the manifold index a. Note that the
bifurcation diagram of x coincides with that of the logistic
map shown in Fig. 5, confirming that the two-dimensional
map (64) embeds as predicted the logistic map (62). A three-
dimensional view of the bifurcation diagram of the map (64)
in the space (x, y, a) is in Fig 9.

Remark 2: 1t is important to stress that, given any param-
eter a € R, the dynamics of the logistic map (62) with
parameter a is embedded in the invariant manifold with
index a of the two-dimensional map (64). Therefore, all the
different dynamics and attractors of the logistic map are
embedded as a whole in the set of invariant manifolds of
the map (64). This very rich behavior with infinitely many
coexisting attractors is an instance of the property of extreme
multistability enjoyed by maps of DT memristor circuits [69].
]

Remark 3: Consider again the two-dimensional map (64).
It can be verified that the map has a line of fixed points

148224

given by (y,x) = (0, x), where y is any value in R. The
previous results can also be interpreted this way. Suppose that
by changing the index a of the manifold we move along the
line of fixed points. When 0 < a < aj the positive fixed
point is stable. At a = a; the fixed point loses stability via
a flip bifurcation. We note that this bifurcation happens for
fixed parameters in the map (64), hence we are dealing with a
so-called flip-bifurcation without parameters [63]. Similarly,
we observe a second flip bifurcation without parameters at
a = ap and a subsequent cascade of flip bifurcations without
parameters for a > a». |

Remark 4: 1t is possible to embed also other classic
one-dimensional maps into the two-dimensional map (64).
Consider for example the tent map [55]

ax x <05
_ | 67
et [ a(l—x), x>05 7

where a € R is a parameter. This can be transformed into the
logistic map (61) via the homeomorphism [56]

h(x) = garcsin(\/})

and hence the two maps are topologically conjugate. There-
after, we can proceed by the devised technique to embed the
tent map into the MC or the ML circuit (we omit the details).
]

Remark 5: There are intervals of parameters a where
chaos in the sense of Devaney and Li-Yorke can be rigorously
proved for the logistic map (62) [55]. Since the DT MC and
ML circuits exactly embed on the invariant manifolds the
logistic map, it follows that we have constructed a class of
memristor circuits where chaos can be analytically proved.
This differs from results in the literature where chaos in
DT memristor circuits is studied via numerical means as
simulations, bifurcation diagrams and Lyapunov exponents.
]

FIGURE 5. Bifurcation diagram of the logistic map (62) obtained by
varying parameter a.
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1 05 0 0.5 1 1.5 2 2.5
x

—25 -2 -15 -—

FIGURE 6. Curves from bottom to top: (reverse) U-shaped invariant
manifolds M (a) of the two-dimensional map (64), see (65), when
ae{0.5,1,1.3,1.627, 1.95}. On each manifold the figure shows the
evolution of an orbit of (64) starting on A1(a) (green circles), as well as
the long-term behavior of each orbit (red circles), as obtained with
MATLAB simulations.

IV. EMBEDDING THE HENON AND LOZI MAP IN THE
MLC AND DMLC CIRCUIT
The celebrated Lorenz system is a three-dimensional system
of ordinary differential equations modeling the convection
and temperature variation of a hydrodynamical system. The
system, presented by Edward Lorenz in a 1963 paper entitled
‘Deterministic Nonperiodic Flow’ [70], for suitable param-
eter values has a complex attractor and from simulations
almost all its orbits appear to be of a nonperiodic nature.
Later on, in the 1976 article entitled ‘A Two-dimensional
Mapping with a Strange Attractor’, Michel Hénon introduced
a two-dimensional map constructed as a simplified model of
the Poincare’s section of the Lorenz system [71] that inherits
the stretch and folding mechanism leading to chaos in Lorenz
system. The Hénon map actually provides a more tractable
mathematical model useful for better understanding Lorenz
system. Hénon map has been deeply studied and it is still the
subject of intense investigation.

The two-dimensional Hénon map is given as

Xi+1 =1 —anz—i-Yk

(68)
Yit1 = DXy

where a, b € R are two parameters. For suitable parameters
the map can display a chaotic attractor while for other
parameter values it shows a convergent or a periodic behavior.

Let us consider the change of variables x; = aXj and yx =
aYy. We obtain from (68) the two-dimensional map

2
Xk+1 = =X + Yk +a

(69)
Vi1 = bxg.

The two maps (68) and (69) are topologically conjugate.
As an example, Fig. 10 shows the chaotic attractor with a
boomerang-like shape of Hénon map (69) obtained for the
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FIGURE 7. Long-term behavior of the orbits of the two-dimensional
map (64) for different values of the manifold index a. For better
visualization, the values x; (resp., yx) are connected by solid (resp.,
dashed) lines. (a) Fixed point for a = 0.5, (b) period-two cycle fora =1,
(c) period-four cycle for a = 1.3, (d) period-five cycle when a = 1.627,
(e) complex attractors when a = 1.95.

traditional parameters a = 1.4 and » = 0.3 considered
in [71], while Fig. 11 shows the bifurcation diagram of x when
parameter a is varied and b = 0.3.

Let us now address the main design problem considered
in the paper, i.e., to determine, if it possible, the circuit
parameters, memristor nonlinearity, discretization step and
manifold index of an MLC circuit or its dual so that the
map on each manifold coincides with the Hénon map.
Comparing (60) with (69), it is easy to see that the dynamics
of an MLC or a DMLC circuit is exactly described in the FCD
by the Hénon map (69), provided we choose hé = 1, hff = 1,
hy =b,F(x) =x+ x2 and Iy = a. One possible solution is
given by

h=1, §=8=1, y=b, Fox)=x>+x, Ip=a.
(70)
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(b)
FIGURE 8. a) Bifurcation diagrams of the two-dimensional map (64)
obtained by varying parameter a: a) variable x and b) variable y.

FIGURE 9. A three-dimensional view of the bifurcation diagram of the
two-dimensional map (64) in the space (x, y, a) obtained by varying
parameter a.

We can wrap up these results as follows. Under the
conditions (70), the dynamics in the VCD of an MLC or a
DMLC circuit obeys the three-dimensional map (cf. (58))

W1 = wi — (F O +wi) — F(xg)) + 2k

2
= —wj — 2xcwk + 2k (71
k1 = bwy

Xk+1 = Xk + Wk.
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FIGURE 10. Attractor displayed by Hénon map (69) when a = 1.4 and
b=0.3..

2 T

1.5

-2 1 1 1 1 1 1 1
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FIGURE 11. Bifurcation diagram of variable x for the Hénon map (69)
obtained by varying parameter @ when b = 0.3.

The map (71) has the first integral (cf. (59))
O, w,z) = w4z — bx 4+ x +x°

and the three-dimensional state space (x, w, z) is foliated in
one-dimensional invariant manifolds

M@ ={(x,w,2) e R®: O(x,w,2) =w+2 (72)
—bx+x+x2=a} (73)

where a € R is the manifold index. It turns out that on each
manifold the dynamics is described in the FCD by the Hénon
map (cf. 60)

2
Xk+1 = —X; + Yk +a

(74)
Vi1 = bxg.

The three-dimensional map (71) in the VCD displays an
extremely rich dynamics due to the foliation of its state space
and the property of extreme multistability. Fig. 12 shows the
bifurcation diagram of variables x of (71) obtained by varying
a when b = 0.3, as obtained with MATLAB simulations. This
coincides with that in Fig. 11, confirming that (71) embeds
the Hénon map for the considered parameters and memristor
nonlinearity.
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Remark 6: Once more we stress that, given any parameter
a € R, the dynamics of the Hénon map (69) with
parameter a is embedded in the invariant manifold with
index a of the three-dimensional map (71). Therefore, all
the different dynamics and attractors of the Hénon map are
embedded as a whole in the set of invariant manifolds of
the map (71). This extremely rich behavior with infinitely
many coexisting attractors is once more a consequence of the
property of extreme multistability of DT maps implemented
by memristor circuits [69]. |

-2 I I I I I I I

0 0.2 0.4 0.6 0.8 1 1.2 1.4

a

FIGURE 12. Bifurcation diagram of variable x three-dimensional map (71)
obtained by varying parameter a when b = 0.3.

Remark 7: If we eliminate the controlled sources in the
MLC or DMLC, i.e., we put © = 0 or v = 0, respectively,
it is seen that the simplified MLC and DMLC circuits can
implement a variant of Hénon map where parameter b < 0.
Such a variant is still able to display interesting complex
behaviors as discussed for instance in [64]. |

Remark 8: In 1978, in a short note entitled ‘Un attracteur
étrange (?7) du type attracteur de Hénon’ [72], René Lozi
proposed [1] the following two-dimensional map

X1 = 1 —alxi| + yk

(75)
Vi1 = bx

where a, b € R are two parameters. The defining equations
are exactly those of the Hénon map, provided a quadratic term
in Hénon map is replaced with a piecewise linear term in Lozi
map. This permits to rigorously prove the chaotic character of
some attractors and to arrive at a detailed analysis of attraction
basins. In his original paper, Lozi used the parameters a =
1.7 and b = 0.5 to obtain a complex attractor with an edgy
boomerang-like shape whose chaotic nature was rigorously
proved by Michal Misiurewicz [73]. A review on Lozi maps
and its applications is provided in [74], [75]. Again, it is not
difficult to show that we can embed Lozi map in an MLC
circuit or its dual by appropriately choosing the parameters
and the piecewise linear memristor nonlinearity (details are
left to the interested reader). |

VOLUME 12, 2024

V. CONCLUSION

One relevant fact that emerges in the literature is that maps
obtained by discretizing simple memristor circuits are able
to display via simulations an unexpectedly rich dynamic
behavior including chaos and hyperchaos. This paper has
provided a rationale to explain this complex dynamics via
the analysis of two simple classes of DT memristor circuits
obtained via DT-FCAM. Firstly, a DT circuit composed of
a capacitor plus a flux-controlled memristor and its dual,
have been considered. It is shown that the two-dimensional
map in the VCD of the circuits can exactly embed on the
invariant manifolds, i.e., in the FCD, two classic chaotic
one-dimensional maps, i.e., the logistic and the tent map.
Secondly, a DT memristor Murali-Lakshmanan-Chua and its
dual, have been considered. The paper has shown that the
three-dimensional map in the VCD of the circuits can exactly
embed on the invariant manifolds two classic chaotic two-
dimensional maps, i.e., the Hénon and the Lozi map. One sig-
nificant result is that we can exploit the property of extreme
multistability of the DT memristor circuits to simultaneously
embed in the set of invariant manifolds all possible dynamics
obtained by varying one parameter in the logistic or in the
Hénon map. The main conclusion is that observing complex
dynamics even in maps obtained by discretizing the simplest
memristor circuits is not surprising at all.
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