Pramana — J. Phys. (2019) 93:19
https://doi.org/10.1007/s12043-019-1789-0

Extreme multistable synchronisation in coupled dynamical systems

© Indian Academy of Sciences

PRIYANKA CHAKRABORTY* and SWARUP PORIA

Department of Applied Mathematics, University of Calcutta, 92 A.P.C. Road, Kolkata 700 009, India
*Corresponding author. E-mail: priya.chakraborty 18 @ gmail.com

MS received 23 August 2018; revised 13 December 2018; accepted 16 January 2019;
published online 21 May 2019

Abstract. A rule for designing extreme multistable synchronised systems by coupling two identical dynamical
systems has been proposed in this paper. The basic idea behind the proposed scheme is the existence of chaos in
the coupled system in the presence of initial condition-dependent constants of motion. A new conjecture has been
introduced according to which an extreme multistable synchronised system can be designed if all states of one
system will synchronise with the corresponding states of the other system (of the two coupled systems) and the
basin of the synchronised state depends on the difference between the initial conditions of the corresponding states
of the individual systems. The proposed scheme has been illustrated with the help of coupled Rossler systems,
coupled Hénon maps and coupled logistic maps. Moreover, the existence of flip bifurcation with the variation
of initial conditions has been shown analytically as well as numerically in the case of coupled Hénon maps.
Numerical results are reported to show the proficiency of the proposed scheme to design extreme multistable
synchronisation behaviour. This work establishes a theoretical foundation for constructing extreme multistable

synchronised continuous as well as discrete dynamical systems.
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1. Introduction

Multistability is found in almost all areas of science
and nature ranging from ecological models to neuronal
systems. Various studies have been reported for multi-
stability, e.g. in visual perceptions [1], in ecosystems
[2,3], in biological systems [4,5], in neuron dynam-
ics [6,7], in climate dynamics [8], in optical systems
[9], in semiconductor materials [10], in social sys-
tems [11], in chemical reactions [12], in hydrodynamics
[13]. Multistability is generated when a large num-
ber of asymptotic stable states coexist for a fixed set
of parameters depending on their initial conditions. In
the case of extreme multistability of a system, there
exist infinitely many stable attractors in the system.
Designing extreme multistable systems has become
a topic of great interest to theoretical and experi-
mental researchers in the last few decades [14-22].
Hens et al [17] proposed a coupling scheme to obtain
extreme multistable continuous dynamical systems by
using the concept of partial synchronisation and exis-
tence of initial condition-dependent conserved quanti-
ties. Hens et al [17] reported that the coexistence of
infinitely many attractors in two coupled m-dimensional
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continuous systems will be possible if m — 1 of the vari-
ables of the two systems are completely synchronised
and one of them obeys a constant difference between
them. Pal ef al [23] generalised the condition for extreme
multistability and noted that multistable nature can be
obtained if i number of variables of the two systems
are completely synchronised and j number of vari-
ables keep a constant difference between them, where
i+j=mandl <i,j<m-—1.

According to Abarbanel et al [24], the states x(¢)
and y(#) are in a state of generalised synchronisation if
[y()—¢(x(t))] = 0ast — oo for a time-independent
continuous function ¢. If x;(r) — y;(t) = C;,Vt (i =
1,2,3,...,m) where C;’s are constants, then one can
say that the states are synchronised in the generalised
sense. Therefore, it is clear from the above discussions
that according to the existing theory, an extreme multi-
stable system can be designed if i number of variables of
the two systems are synchronised identically and j num-
ber of variables are synchronised in generalised sense
where i + j = m.

Multistability of synchronised states has been reported
by many researchers [25-27]. Extreme multistability
of synchronised state means the existence of infinitely
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many synchronised attractors in the coupled system.
Therefore, there are infinitely many basins of attrac-
tion of the synchronised states in the coupled systems.
In this paper, our basic motivation is to show that
an extreme multistable synchronised system can be
designed if all the m states of one system will syn-
chronise with the m states of the other system in the
presence of m number of initial condition-dependent
constants of motion. In this case, synchronisation means
lim;, oo|x;i (t) — yi(t)] — C;, where C;’s are initial
condition-dependent constants of motion. This is def-
initely a kind of generalisation of the existing theory of
designing extreme multistable systems [17,23]. The infi-
nite number of initial condition-dependent conserved
quantities is present in the phase space which generates
the possibilities of obtaining infinitely many synchro-
nised attractors in the coupled systems. The existence of
extreme multistable synchronisation opens up new areas
of research, namely the control of synchronised states in
nonlinear dynamics similar to chaos control. Schemes
for constructing extreme multistable synchronised sys-
tem have been proposed for continuous and discrete
dynamical systems. In particular, coupled Rossler sys-
tems, coupled Hénon maps and coupled logistic maps
have been considered for the discussion. Numerical sim-
ulation results are provided in support of the theoretical
predictions.

The paper is organised as follows: in §2, the scheme
for designing extreme multistable synchronised systems
has been proposed. Section 3 illustrates the proposed
scheme with the help of two coupled Rossler systems
and two-dimensional Hénon maps. In §4, the existence
of period doubling bifurcation with the variation of ini-
tial conditions is shown analytically with the help of
normal form in the case of Hénon map. The numeri-
cal simulation results are presented and analysed in §5.
Finally, a conclusion is drawn in §6.

2. Design of extreme multistable synchronised
systems

2.1 Continuous system

Consider two identical n (n > 3)-dimensional dynami-
cal systems of the following type:

X =f(X) and Y =f£(Y), (1)

where the state variables X and Y are n-dimensional
vectors, i.e. X, Y € R", f = (f1, fo,..., fo)'isa
vector function with n components.

Now, couple the two identical dynamical systems of
the above type in the following way:

Pramana — J. Phys. (2019) 93:19

Xi = fi(x1, X2, X3, ..., Xp)
Fupi (X1, X2, X3, ooy X3 Y15 Y25 Y35 -+ -5 V),
Vi = fi(¥1, Y2, Y35+ -5 Yn)
Fu2i (X1, X2, X35+« s Xn3 Y15 Y25 Y35 -+ +5 Yn)s  (2)

where wuy; and wupy; (i = 1,2,3,...,n) are the
controllers. The synchronisation error between the state
variables of system (2) is defined as e¢; = y; — x;, i =

1,2,...,n. The error dynamical system becomes

ei =fi(y1,y2, ¥3, -+ Yn) — fi(x1, X2, X3, xp)
+ugi — uy;. (3)

The controllers u#1; and up; (i = 1,2, 3, ..., n) are cho-

sen in such a way that the coupled system has multistable

synchronisation.

Now, according to the proposed scheme, an extreme
multistable synchronised systems can be designed by
choosing u; and up; (i = 1,2,3,...,n)in such a way
that all the corresponding state variables of the two cou-
pled systems keep a constant difference. Therefore, the
choice of the controllers will be such that

i=1,2,3,...,n. 4)
Therefore, ey, e2, e3, ..., e, become constants of mot-
ion and henceforth y; = x; +¢; (i =1,2,3,...,n).

Now, the dynamics of coupled systems (2) is equiva-
lent to the following modified system:

¢ =0,

)&l =f1(x17x27 ,xn)

< Xp + ), )

where ¢; (i = 1,2,3,...,n) are the initial condition-
dependent constants. The coupled systems (2) show
extreme multistable synchronisation behaviour if dyn-
amics of system (5) changes qualitatively with the
variation of ¢; (i = 1,2,3,...,n). As the uncoupled
system is chaotic, there is a possibility of the existence
of extreme multistable synchronisation in the coupled
systems.

+upi(xr, ..o Xn X1+ cl

2.1.1 Ilustration with Rossler system. In this section,
the proposed technique for designing extreme multi-
stable synchronised system will be illustrated with the
help of coupled identical chaotic Rossler [28] systems.
The famous Rossler system is the following:

X=-y—z
y=x+ay,
z=b—cz+xz, (6)

where a, b and c are positive parameters.
Two identical chaotic Rossler systems are coupled in
the following way:

X1 =—Xx2 —x3+upi,
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X2 =x1+axa+ui,

X3 =b—cx3+ x1x3 + ups,

Y1 =—y2—y3+ua,

y2 = y1 +ays +unn,

y3="b—cy3+ y1ys + uzs. (N
The controllers u;; and uy; (i = 1,2, 3), are cho-

sen in such a way that the above system has extreme
multistable synchronisation. The dynamics of the syn-

chronisation errors ¢; = y; — x; (i = 1,2, 3) will be

governed by

€l = —ey —e3 +uz —up,

€ =e|+aer+uxy —uj,

€3 = —ce3 + y1y3 — X1X3 + u23 — u13. 3)
Now, the controllers u;; and uy; (i = 1,2,3) are

selected as

Uil 0

up | =\ aba—x2) |,

u3 x3(y1 — x1)

U1 —X2—x3+y2+¥3

up | = X1 — )1 . )
us3 (c—yD(y3 —x3)

With this choice, the time evolution for the error sys-
tem will be

¢ =0, i=1,2,3. (10)

Therefore, ¢; = constant = ¢; (i = 1, 2, 3). Hence,
vi = xj+ci,wherec; (i =1, 2, 3) are constants depend-
ing on the initial conditions of the states of the coupled
systems.

The error dynamics (10) possesses a fixed point,
(e}, €3, e3), where e, €5 and €3 can take any real val-
ues. The synchronisation error system is globally stable
if we can construct a Lyapunov function.

Let us choose a Lyapunov function (L) correspond-
ing to the above error dynamics as L = (e} — e’l")2 +
(e2— %)+ (e3 —€%)?. Then, clearly L(e}, e}, e%) = 0
and L(ey, e2, e3) > 0. Also, L = 2(e1 — e¥)é) +2(ex —
e3)éx + 2(e3 — e3)és = 0. This establishes that the
fixed point, (e7, €3, e’3"), is stable [29]. However, it is
not asymptotically stable. Hence, small perturbation in
the synchronisation manifold will not grow and the syn-
chronisation manifold is stable.

Therefore, the dynamics of system (7) is equivalent
to the following three-dimensional system:

X| = —Xx2 — X3,
Xr =x1+alxy +c),

X3=b+x3(x; +c; — o). (11)
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System (7) has extreme multistable synchronisation
behaviour if the dynamical behaviour of system (11)
changes qualitatively with the variation of the value of
c1 and c¢>. Note that for the above choice of the con-
troller, the system dynamics is independent of c3, i.e.
the synchronised dynamics is independent of the choice
of initial conditions for x3 and y3. One can choose suit-
able controllers to obtain the dependence of all three
constants of motion in the synchronised dynamics.

2.2 Discrete system

In this section, the scheme will be discussed for coupled
identical discrete dynamical systems. Consider an m-
dimensional smooth map of the following type:

x(n+ 1) = f(x(n)), (12)

where the state variable x is an m-dimensional vector,
ie.x e R" f = (f1, f2, ..., fm)'is a vector function
with m components. Two identical m-dimensional maps
of the above types are coupled in the following way:

xp(n+1)
= fp(x1(n), x2(n), ..., xp(n))

tup(xi(n), ..., xm(n); y1(n), ..., ym(n)),
yp(n+1)
= fp((n), y2(n), ..., ym(n))
+vp(x1(n), ..o, X (n); y1(n), ..., ym(n)), (13)

where u, and v, (p = 1,2,..., m) are the controllers
which will be chosen later. As our aim is to design
an extreme multistable synchronised system, the time
evolution rule of the synchronisation error is very impor-
tant. The synchronisation error between systems (13) is
defined as

ep(n) = yp(n) —xp,(n),

and the dynamical equations for the time evolution of
error are obtained as follows:

ep(n+1) = fp(y1(n), ..., ym(n))
— fr(xi(m), ... xm(n))

+vp, —up

p=12,....m

(14)

(p = 1,2,...,m). The extreme multistable synchro-
nised system can be designed by choosing u, us, us,
.o, Uy and v, V2,03, ..., Uy in such a way that all
the synchronisation errors become initial condition-
dependent constants of motion. Therefore, u, and v,
(p=1,2,...,m) are chosen in such a way that

ep(n)=cp, for p=1,2,...,m.

Therefore, the errors e, remain constant in time,
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yp() =xp(n) +cp(p=1,2,...,m) asn — oo.

Hence, c¢),’s are initial condition-dependent constants of
motion. In other words, one can say that all the state vari-
able x;’s of one coupled system will be synchronised in
the generalised sense with the corresponding state vari-
ables of the other coupled system. For the above choice,
the dynamics of the coupled systems (13) is equivalent
to the following system:

xp(n+1) = filxi(n), ..., xm(n))
tuplxi(n), ..., xm(n);

x1(n)+ci, ..., xu() 4+ cm), (15)

p = 1,2,...,m and c1,c2,...,cy are initial con-
dition-dependent constants. System (15) shows extreme
multistable synchronisation if infinite number of quali-
tatively different types of stable synchronised attractors
exists with variation of ¢,,’s (p = 1,2, ..., m) only. In
other words, the system has infinite number of basins of
attraction for infinite number of different types of initial
conditions.

2.2.1 Illustration with Hénon map. In this section, the
proposed method will be illustrated with the help of
coupled two-dimensional Hénon maps. The following
two-dimensional Hénon map [30] has been considered:

x(n+1)=1- axz(n) + y(n),

y(n+1) = bx(n), (16)
where a and b are parameters. It is well known that for
a = 1.4 and b = 0.3, the map shows chaotic behaviour.
Two Hénon maps described by the state variables x1, y;
and xp, y» are coupled in a highly nonlinear manner
using the controllers u;; (i, j = 1, 2) in the following
way:

xi(n+ 1) =1 —axi(n) + y1(n) +uy,

yi(n+1) = bxi(n) + uia,

xp(n+1) = 1 —ax3(n) +y2(0) +uai,

ya(n+ 1) = bxy(n) + uo;. (17)

The error dynamics of the coupled Hénon maps obeys
the following evolution equation:

et(n+1)
= —a(x1(n) + xa(n))ei1(n) + ex(n) + uzy — u11,
ex(n+1)
= bej(n) +uz —up.

(18)

Now, our task is to choose u;; (i, j = 1,2) in such
a way that e, (n) — cp, i.e. xa(n) — x1(n) + ¢ and
y2(n) — y1(n) + c2(cp, p = 1, 2, areinitial condition-
dependent constants of the coupled systems). Therefore,
knowing the evolution of the states x| and y; one can
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easily determine the evolution of the states x and y»
and vice versa. This simplification helps us to reduce
the dimension of the coupled system.

The controllers are chosen as

Uil 0 -1 0 1 x1(n)
upp | | —b O » O yi(n)
un1 - —1 0 1 0 xz(n)
175%) 0 —1 0 1 y2(n)
—a(x3(n) = x7(n)
0
+ 0 (19)
0
The above choice transforms eq. (18) to
ep(n)=c, for p=1,2. (20)

The error dynamics (20) possesses a fixed point as
(e](n), e5(n)), where e} (n) and e3(n) can take any real
values. The error dynamics can be rewritten as e(n +
1) = Ae(n), where

A= (1)

Let us construct a function VasV:G —- R,G C R™
and define the variationof Vas AV (n) = V(e(n+1))—
V(e(n)). Then V is a Lyapunov function on G if

1. V is continuous on G and
2. AV < 0 whenever both e(n) and e(n + 1) are in
G [31].

Now, we define V: R? — R by V(e) = eT(n)Be(n),
where e(n) = (e1(n), e2(n))T and B is a positive defi-
nite matrix. Clearly, V is continuouson R?and AV = 0,
asei(n+ 1) = ej(n) and ex(n + 1) = ep(n). Then, V
is a Lyapunov function and hence, the error dynamics is
globally stable.

The above choice of controllers immediately tells us
that the dynamics of coupled system (17) can be deter-
mined completely by the following reduced system of
evolution equations:

x2(n+1) =1 —ax3(n) + y2(n) +ci,
ya(n+ 1) = bxy(n) + c>. 21D

The coupled Hénon maps have extreme multistable
synchronised states if system (21) has infinitely many
stable attractors with the variation of ¢ and ¢;.

3. Theoretical results

Now, system (21) will be analysed analytically. Assume
that A.; and A, are two roots of the characteristic equation
of the Jacobian matrix J|(x y+. It is well known that
a fixed point, (x*, y*), is called (i) a sink or locally
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asymptotically stable if |A;] < 1 and |A2]| < 1, (i) a
source or locally unstable if |[A1| > 1 and |Ap| > 1,
(iii) a saddle if |A;] > 1 and |Ap| < 1 (or |Aq| < 2
and |Az| > 1) and (iv) non-hyperbolic if either one of
eigenvalues is of unit modulus i.e. |A1| = 1 or |Az| = 1.

The fixed points of system (21) will be obtained from
the following equations:

xF=1—ax*? +y* +ey,

y* = bx* + c.

The two fixed points of system (21) are
b—1+8 bb—-1+

NN

2a 2a
and
b—1—p8 bb—1-8)
P , ,
: ( 2a 2a e
where

B =1+ (b—-12+4a(l +c1 +c2).

Therefore, the condition for the existence of fixed point
becomes (b — 1)? +4a(1 + c1 + ¢2) > 0. The Jacobian
matrix of (21) at the fixed point (x*, y*) can be written as

—2ax* 1
=2,

The characteristic equation of the Jacobian matrix J
of system (21) evaluated at the fixed point P; can be
written as A2 + BA + C = 0, where B = 2ax and
C = —b.Let HA) = 2>+ Br+ C. Then H(l) =
14+2ax —b(>0)and H(—1) = 1 — 2ax — b. We
know the fixed point P; is a sink (locally asymptotically
stable) when (¢ 4+ ¢2) < 3(b — 1)2/4a) — 1 and b >
—1; it is a saddle when (¢; + ¢2) > (3(b — 1)?/4a) —
1; it is a source (locally unstable) when (c; + ¢2) <
3k —1)? /4a) — 1 and b < —1, it is non-hyperbolic
when (¢1+c¢2) = 3(b — 1)2/4a)—1,c1 #* —1,(b/a)—
1 and the system may undergo flip bifurcation (period-
doubling bifurcation) in this case. The Hopf bifurcation
can occur at P whency+c¢; < (3/a)—1land b = —1.

3.1 Flip bifurcation

To study the flip bifurcation, the following theorem will
be useful [32-34]:

Theorem 1. Let f,,: R — R be a one-parameter family
of mappings such that f,, has a fixed point xo with
eigenvalue —1. Assume

(F1)
P10y _WPr (o)
I 9x2 axan /)  dmwoaxz \oax ) axau

# 0 at (xo, 1o,
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(F2)

1/32F\> 1/d3
a= (5 (W{) + 3 (%)) #0 at (xo, 1o)-

Then there is a smooth curve of fixed points of f,, pass-
ing through (xg, no), the stability of which changes
at (xg, o). There is also a smooth curve y passing
through (xo, [to) so that y — (xg, o) is a union of
hyperbolic period-2 orbits. The curve y has quadratic
tangency with the line R x ug at (xg, o).

Proof. Let

Rty
3(b—1) 1

S={(01,02):C1+62= ,
4a

b
el +er #—1, ——1,a#0,|b|<1}.
a

We first discuss the flip bifurcation of system (21) at

b—1+8 b(b—1+B)
Pl< 2a 2a +Cz)

when parameters vary in a small neighbourhood of S.
Taking the arbitrary parameters (c1, c2) € S, then sys-
tem (21) has a unique interior fixed point P; and the
corresponding eigenvalues are A; = —1 and |Ap| # 1.
Choosing § as a bifurcation parameter, we consider a
perturbation of system (21) as follows:

xn+1)=1- ax(n)2 + y(n) +c1 + 9,
y(n+ 1) = bx(n) + c3,

(22)

where |§| < 1 which is a small perturbation parameter.
Choose ¢; = 3(b — 1)2/4a) —cy — 1, then B =
2(1 — b). In order to transfer the fixed point

1— 1—
Py ( b, bd =5 +Cz>

2a 2a
to the origin (0,0),
1-b b(1-b)
¢(n)y=x(n)———, nn)=yn) — —C2,
2a 2a
then we have
tm+1)Y\ _ (b—11 Z(n)
nmn+1)) \ b 0)\nm
) 1-b
—at(n)”+46+ >
+ b(1 — b) a (23)
—2a +
and construct an invertible matrix
1 1
T - (_b 1) . 24)
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Now, make a translation

¢(n)\ _ . un)
(n(n)) = T(v(n)) 5)
to system (23), then we get
um+1)Y\ (-1 0\ (u®)
vin+1) )\ 0 b)\vn
fiu(n), v(n), )
+ (fz(u(n), v(n), 5)) ’ (26)
where
fi(u(n), v(n), §) = aju(n)* + aau(n)v(n)
+azv(n)* + ass,
H(un), v(n), 8) = biu(n)* + bru(n)v(n)
+b3v(n)? + bad, 27)
B a B 2a
N5y T i
_ a _ 1
ST YT
ab 2ab
by=———, by=-— ,
1+b 1+b
ab b
b3 - —m, b4 == m (28)

Next, we determine the centre manifold W€(0, 0) of
(26) at the fixed point (0, 0) in a small neighbourhood
of 6 = 0. Based on the centre manifold theory [35-38],
we know that there exists a centre manifold W€(0, 0),
which can be approximately represented as follows:

W0, 0) = {(u(@n), v(n)) € R? . v(n) = W(u(n), )
= &8 + Au(n)? + Gu(n)s + &8°
+O((lum)| + 18D},

where O ((|u(n)| + |8|)3) is a function with order at
least three of its variables. Now, fi = f1(u(n), W (u(n),
8), 8), we have

vin+1) = Wum+1),8) = W(—um) + f1.8)
=008 + Cu(n)? — (2¢1a4 + E)u(n)s
+(C1a; + Gras +E3)8° + 0(3).  (29)
Also,
v(n+1) =bv(n) + f2
= (béo + ba)8 + (b1 + bpu(n)*
+(béy + baco)u(n)s + (béz + b3é5)s”

+0(@3). (30)
By equating the coefficients of (29) and (30), we have
. b . ab
Co 1 =

T 1 12
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. 2ab . ab(*+b-1) 1)
(h=—"——>, 3=—">57—
T a+na- 7 (1—b2)3
Thus, the centre manifold can be approximated as
v(n) = Cod + E1u’(n) + Gou(n)s
+638% + 0(3). (32)

Substituting (32) into the first equation of (26), allows
us to describe the dynamics on the centre manifold by
the following equation:

Upt1 = —un + f1(Un, vy, §)
= —u, + a1uﬁ + aru, 8 + azéluz
+a262u,%8 + a253un82 + a35632
+2a35051u%8 + 2(135052un52 + 2a3505363
+as6 + O(4). 33)

Denote the right-hand side of (33) by F, then the
conditions of flip bifurcation are the following two
discriminatory quantities: o1 7% 0 and an # O (i.e. con-
ditions (F1) and (F2) of Theorem 1 are equivalent to
o1 # 0 and ap # 0), where

o (EE ey
dun,d8 2 38 du? 0.0) ’
103F  (192F\°
ay = <6@ + <§@> ) oo # 0. (34)
A simple calculation shows that
3a + 2ab
o] =ayt+ajas = —W,
Cl2
oy = a% +arc1 = T2 (35)

Based on the above analysis and Theorem 1, we have
the following results.

If (c1,¢2) € S; 01 > 0 and oy > 0 in (35), then sys-
tem (21) undergoes a flip bifurcation at the fixed point,

P, <b—1+ﬁ,b(b—1+,3)+cz).

2a 2a

Also, ap > 0 implies that the flip bifurcation is super-
critical, i.e. a period-2 orbit of system (21) appears and
it is stable.

In the case of the fixed point,

b—1—8 bb—1-8)
PZ( 2a 2a +62>’

we have the eigenvalues of Jacobian matrix J as — % (b—
1-B)E£5/(b—1—p)2 +4bandtr J — 1 < —detJ
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and —tr J/ — 1 > det J. Hence, fixed point P, is not a
stable fixed point of (21).

Therefore, the existence of period doubling bifurca-
tion in system (21) has been shown analytically with
the variation of the parameter c¢; as well as ¢>. As ¢
and c; are initial condition-dependent parameters, it is
clear that with the variation of initial conditions, period
doubling may occur in the system. Hence, we have
shown analytically that the newly proposed technique is
suitable for designing multistable systems. O

4. Extreme multistable synchronisation in logistic
map

We have already discussed that extreme multistable syn-
chronisation is possible in coupled one-dimensional dis-
crete dynamical systems. Here the existence of extreme

0.9
0.8 [
0.7 +
0.6 -

0.4
03
0.2 -

0.1+

-0.3 -0.2 -0.1 0
x,(0)

-0.6 -0.5 -0.4

Figure 1. Bifurcation diagram x, of the logistic map (39)
with respect to parameters x1(0) = 0 and » = 4.
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multistable synchronisation is shown in coupled logistic
maps.

We consider the following one-dimensional logistic
map [39]:

x(n+1)=rx(n)(1 —x(n)), (36)

where r is the growth rate. It is well known that for
r = 4 the map shows a chaotic behaviour. We coupled
two logistic maps described by the state variables x| and
xo as follows:

xi(n+1) =rxi(n)(1 —x1(n)) +ui,

xo(n+1) =rxa(n)(1 —x2(n)) + us. 37

The error dynamics of the coupled system is given by
the following equation:

emn+1)=ren) — rx%(n) + rx%(n) +ury —up. (38)

We choose u; (i = 1, 2) in such a way thate(n + 1) —
e(n),i.e. e(n) — c (c is the initial dependent constant).
Let

uy = r(x(n) —x1(n) —rx3 () + raj (),
ur = x2(n) — x1(n).
By the above choice of the controllers (37) becomes

xon+ 1) =rxo(m)(1 —x3(n)) + c. 39)

The x| state can be obtained by adding a constant with
the x; state, i.e. the states x; and xp are synchronised.
Numerical simulation results for different initial condi-
tions are shown in figure 1. It is clear from the figure
that the coupled system has synchronised fixed points,
synchronised period-2 orbits and it becomes chaotic
through the synchronised period doubling route. In other

20

4 4.5 5

y,(0)

Figure 2. Bifurcation diagram of system (11) with respect to the parameter y; (0) fora = b = 0.2, ¢ = 9.0, ¢ = 0.40 and

x1(0) =0.
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Figure 3. Phase diagrams of system (11) plotted in the yz plane for different values of (a) ¢; = 6.5 (limit cycle), (b) c; = 5.5
(period-2), (¢) c; = 5.0 (period-4) and (d) c¢; = 4.0 (chaos) by fixing the parameters a = b = 0.2, ¢ = 9.0 and ¢, = 0.40.
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Figure 4. Variation of maximum Lyapunov exponent (1) of
system (11) with respect to y;(0) fora = b = 0.2, ¢ =9.0,
¢y = 0.40 and x1(0) = 0.

words, the coupled one-dimensional chaotic maps have
extreme multistable synchronisation behaviour.

5. Numerical results

The effectiveness of the proposed scheme is shown in
this section. Numerical simulations are done by using
MATLAB R2016b.

5.1 Continuous system

According to the theory discussed in §2.1, ¢; = y1(0) —
x1(0). Now, choosing x1(0) = 0, we have c; = y;(0).

Bifurcation diagram of system (11) with respect to initial
condition y;(0) fora = b = 0.2, ¢ = 9.0 and taking
the parameter ¢ = 0.40 is shown in figure 2. Extreme
multistable synchronisation is obvious from the figure.
The phase diagrams of system (11) are plotted in the yz
plane for different values of ¢1 (c; = 4.0, 5.0, 5.5 and
6.5) in figure 3. It is clear from figure 3 that system (11)
has qualitatively different dynamical behaviour with the
variation of initial condition yj (0).

The variation of maximum Lyapunov exponent (1) of
the same system with respect to ¢ is shown in figure 4,
which again established the extreme multistable syn-
chronisation behaviour of the coupled systems. The
existence of qualitatively different types of synchronised
attractors as well as synchronised chaos in the coupled
systems with the variation of initial conditions is demon-
strated via numerical results.

5.2 Discrete system

In system (21), both ¢; and ¢, are initial condition-
dependent parameters. According to the proposed sch-
eme, ¢c; = x2(0) — x1(0) and ¢ = y(0) — y1(0). If we
choose, x1(0) = 0 and y;(0) = 0, then ¢; = x2(0)
and ¢ = »(0), respectively. In figure 5, we have
presented the bifurcation diagram with respect to x2(0)
for fixed values of a, b and y;(0). Figures 5a-5d are
drawn, respectively, for (a) a = 0.1, b = 0.3, ¢ = 0;
®)a=0.1,b=03,¢c0 =0.6;(c)a =09,b =0.3,
cp=05and(d)a =1.2,b =0.1, ¢y = 0.6. The varia-
tion of the maximum Lyapunov exponent with respect to
x2(0) is shown in figure 6. We can conclude that extreme
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Figure 5. Bifurcation diagrams of x, of system (21) with respect to initial condition x;(0) (related to the control parameter
c1): (@) fora =0.1,b =0.3,c2 =0, x1(0) = 0; (b) fora =0.1,b = 0.3, ¢c; = 0.6, x1(0) = 0; (¢) fora = 0.9, b = 0.3,

¢ =0.5,x1(0) =0and (d) fora =1.2,b =0.1, c2 = 0.6, x;(0) = 0.
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Figure 6. Variation of the maximum Lyapunov exponent (1) of system (21) with respect to initial condition x> (0) (control
parameter c1): (@) a = 0.1, = 0.3, =0, x1(0) =0; (b)a =0.1,b = 0.3, co = 0.6, x;(0) = 0; (¢) a = 0.9, b = 0.3,

c=05,x1(0)=0and(d)a =1.2,b=0.1,c2 = 0.6, x1(0) =0.
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Figure 7. Bifurcation diagrams of x; of the coupled systems (17) and (19) with respect to initial condition x> (0) (related to
the control parameter c¢1) fora = 0.1, b = 0.3, c; = 0.6, x1(0) = 0.
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Figure 8. Time evolution of x» of (21) keeping x(0) = 0 fixed: (a) period-two orbit for x> (0) = 4, (b) period-four orbit for
x2(0) = 8, (¢) period-eight orbit for x;(0) = 8.8 and (d) chaotic for x2(0) = 12 (@ = 0.1, b = 0.3, c; = 0.6).

multistability can be generated successfully via the pro-
posed coupling scheme. Therefore, from our numerical
results, it is clear that extreme multistable synchronisa-
tion can be generated via the proposed scheme.

We have plotted a bifurcation diagram with respect
to initial condition x(0) in figure 7 for coupled system
eqs (17) and (19) together. The coupled systems clearly
show the flip bifurcation with respect to initial condi-
tions. Moreover, it also shows period doubling cascades.

Itis important to note that fora = 0.1,6 =03 ( < 1)
and ¢y = 0.6, the fixed point

—0.7 + /1.13 + 0.4¢;
P 02 ,
—0.09 4+ 0.34/1.13 + 0.4c¢;

0.2
satisfies the stability condition —2.825<c1<2.075, and
P is asymptotically stable. Moreover for ¢; = 2.075,
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Figure 9. Bifurcation diagram of x; of (21) of with respect to initial condition y;(0) (control parameter c;) for y;(0) = 0:
@a=14,b=0.1,c;=0,(b)a=12,b=0.1,¢; =09;(¢)a=05b=-02,cy =04 and (d)a =0.5,b = 0.3,
cy =—0.9.
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Figure 10. Variation of the maximum Lyapunov exponent (1) of system (21) with respect to initial condition y,(0) (control
parameter ¢3): (@)a = 1.4,b =0.1,c; =0;(b)a =12, =0.1,¢c; =09;(¢)a =05,b = —0.2,c; = 0.4 and (d)
a=050b=0.3,c1 =—-009.

ap = —0.213 (#£0) and oy = 0.01 (>0) and the fixed maximum Lyapunov exponent with respect to x2(0) is
point P; of system (21) undergoes supercritical flip  presented in figure 6b. These are in very good agreement
bifurcation as shown in figure 5b. The variation of  with the theoretical predictions. It is observed that there
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is a cascade of period doubling, and in the period
doubling route synchronised chaos appears in the system
for ¢ > 8.98.

The time evolution diagram of x> in (21) is presented
in figure 8. Existence of synchronised period-two orbit
for x2(0) = 4, synchronised period-four orbit for
x2(0) = 8, synchronised period-eight orbit for x,(0) =
8.8 and synchronised chaotic orbit for x>(0) = 12
(a =0.1,b = 0.3, cp = 0.6) is observed.

Keeping c1, a and b fixed, we have plotted bifurca-
tion diagrams with respect to initial condition y>(0) in
figure 9. The initial condition y>(0) is related to the
control parameter c; by the relation ¢o = y»(0) — y1(0).
Setting the parameters (a) a = 1.4, b = 0.1, ¢; = 0;
b)a=12,b=0.1,¢; =0.9;(c)a =0.5,b = —-0.2,
ci = 04;and (d)a = 05,6 = 03, ¢y = —0.9
figure 9a-9d are drawn, respectively. The variation of
the maximum Lyapunov exponent of system (21) with
respect to y»(0) is plotted in figure 10. The existence
of extreme multistability of the synchronised states is
clearly observed from the figures.

6. Conclusion

We proposed a new scheme for designing extreme mul-
tistable synchronised systems coupled to two identical
dynamical systems. The basic concept behind the pro-
posed scheme is the existence of chaos in the coupled
system in the presence of initial condition-dependent
constants of motion. Coupling two continuous n (n >
3)-dimensional chaotic dynamical systems, we have
the 2n-dimensional phase space of the coupled sys-
tem. Existence of n number of constants of motion
in the coupled system reduces the phase-space dimen-
sion to n. Because chaos is possible in three- or
higher-dimensional autonomous phase space, there is
a possibility of obtaining extreme multistable synchro-
nisation. Existence of a wide range of qualitatively
different dynamical behaviour with the variation of
initial condition-dependent constants of motion in the
reduced dynamical system guarantees the existence of
extreme multistable synchronisation in the coupled sys-
tems. Notice that extreme multistable synchronisation
cannot be obtained in this scheme if the original con-
tinuous system has phase-space dimension less than
or equal to two because chaos is impossible in two-
or lower-dimensional autonomous continuous dynam-
ical systems. On the other hand, as chaotic dynamics
is possible in one-dimensional discrete dynamical sys-
tem, extreme multistable synchronisation is possible
even in coupled one-dimensional maps in the pres-
ence of one initial condition-dependent constant of
motion.
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In the proposed scheme, we first claim that extreme
multistability in synchronised state is possible if all
the state variables of the two systems synchronise in
the generalised sense, i.e. the difference between the
corresponding states of the coupled systems becomes
an initial condition-dependent constant. According to
Hens et al [17], the coexistence of infinitely many
attractors in an m-dimensional coupled system will be
possible if m — 1 of the variables of the two sys-
tems are completely synchronised and one of them
obeys a constant difference between them. Latter on Pal
et al [23] generalise it and proposed that the coexis-
tence of infinitely many attractors in an m-dimensional
coupled system will be possible if i of the variables
of the two systems are completely synchronised and
j of them obey a constant difference between them,
where i + j = m (1 < i,j < m — 1). In this
paper, we introduce the most general precondition for
emergence of extreme multistability as: an extreme
multistable system can be designed if all m states of
one system will synchronise in generalised sense with
m states of the other system of the two coupled sys-
tems. Moreover, this paper also proposed a technique
for designing extreme multistable synchronised systems
which was not proposed earlier by any others. In the
case of coupled Hénon maps, by using the centre man-
ifold theorem and the bifurcation theory, it has been
proved that flip bifurcation exists with the variation of
initial conditions. In all cases numerical bifurcation dia-
grams and variation of largest Lyapunov exponents with
respect to the initial condition-dependent parameters
are presented to show the effectiveness of the proposed
scheme.

This scheme may be useful to find some hidden prop-
erties of extreme multistable synchronised systems. This
scheme may also be useful to design extreme multi-
stable synchronised systems coupling two non-identical
dynamical systems. In future, one can generalise the
scheme for designing extreme multistability of synchro-
nised states in coupled different dimensional dynamical
systems. Extreme multistability observed in natural
systems may be explained with the help of extreme
multistable synchronisation behaviour of the network
of dynamical systems. The proposed scheme introduces
a straightforward way of constructing smooth dynami-
cal systems with extreme multistable nature. Moreover,
this work pointed out the control problem of extreme
multistable synchronised systems to obtain the desired
synchronised state in the case of biological, chemical
or engineering systems. Human mind can be thought
of as an extreme multistable system because mind can
have infinite number of stable states and under small
perturbation, mind can change from one stable state to
another. Therefore, extreme multistable systems may be
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very useful for modelling human mind as a dynamical
system.
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