The following article appeared in Electronics 2020, 9(6), 880; and may be
found at: https://doi.org/10.3390/electronics9060880

This is an open access article distributed under the Creative Commons

Attribution License which permits unrestricted use, distribution, and

reproduction in any medium, provided the original work is properly cited.



i\;lg electronics m\py

Article

Multistability Emergence through
Fractional-Order-Derivatives in a PWL
Multi-Scroll System

t 1,2,%,1

José Luis Echenausia-Monroy **({, Guillermo Huerta-Cuellar

Rider Jaimes-Reategui (7, Juan Hugo Garcia-Lépez (0, Vicente Aboites 3(7,

Bahia Betzavet Cassal-Quiroga (0 and Héctor Eduardo Gilardi-Velazquez 14 **
1 Dynamical Systems Laboratory, CULagos, Universidad de Guadalajara, Centro Universitario de los Lagos,

Enrique Diaz de Le6n 1144, Paseos de la Montafia, Lagos de Moreno 47460, Mexico;

rjaimes@culagos.udg.mx (R.J.-R.); jhugo.garcia@academicos.udg.mx (J.H.G.-L.)

Applied Mathematics Division, Instituto Potosino de Investigacién Cientifica y Tecnolégica, IPICYT,

Camino a la Presa San José 2055, Col. Lomas 4ta. Seccién, San Luis Potosi 78216, Mexico;

bahiacassal@gmail.com

Centro de Investigaciones en Optica, CIO, Loma del Bosque 115, Col. Campestre, Le6n 37150, Mexico;

aboites@cio.mx

Facultad de Ingenieria, Universidad Panamericana, Josemaria Escriva de Balaguer 101,

Aguascalientes 20290, Mexico

*  Correspondence: jose.luis.echenausia@gmail.com (J.L.E.-M.); ghuertacuellar@gmail.com (G.H.-C.);

hgilardi@up.edu.mx (H.E.G.-V.)
1t These authors contributed equally to this work.

check for
Received: 10 April 2020; Accepted: 23 May 2020; Published: 26 May 2020 updates

Abstract: In this paper, the emergence of multistable behavior through the use of fractional-order-
derivatives in a Piece-Wise Linear (PWL) multi-scroll generator is presented. Using the integration-
order as a bifurcation parameter, the stability in the system is modified in such a form that
produces a basin of attraction segmentation, creating many stable states as scrolls are generated in
the integer-order system. The results here presented reproduce the same phenomenon reported
in systems with integer-order derivatives, where the multistable regimen is obtained through a
parameter variation. The multistable behavior reported is also validated through electronic simulation.
The presented results are not only applicable in engineering fields, but they also enrich the analysis
and the understanding of the implications of using fractional integration orders, boosting the
development of further and better studies.

Keywords: multistability; fractional-order-derivatives; multi-scroll system; hybrid systems; non-linear
systems; unstable dissipative systems

1. Introduction

Several nonlinear dynamical systems present the coexistence of stable states, or attractors, for a
given set of parameters. This type of behavior is known as multistability, a phenomenon where the
system presents more than one possible final state conditioned only by the initial conditions with
which the system is evaluated. This type of behavior can be found in almost any area of science,
such as electronics [1], optics [2,3], mechanics [4] and economics, among others [5]. It is due to its vast
field of appearance, and potential technological applications, that the study and control of multistable
systems is one of the favorite topics in the analysis of nonlinear systems.

Nonlinear dynamical systems are related, in most cases, by the presence of strange attractors in
its phase spaces, as the multi-scroll systems. This kind of system has positioned itself as one of the
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favorite topics in the scientific community, sustaining its interest in the endless number of applications
and possible technological developments that multi-scroll systems present. Without loss of generality,
the generation of systems with multi-scrolls is based on the implementation of Piece-Wise Linear (PWL)
systems, and the induction of multiple equilibrium points to dissipative systems [6-11]. Besides, this
type of complex system is characterized by presenting a hierarchical structure, where both continuous
and discrete dynamics coexist, generating decision-making systems. These types of systems are also
known as hybrid systems [12-14].

The study and characterization of nonlinear systems have been mostly addressed using
integer-derivative operators. However, the use of operators, both derivative and integrative,
of non-integer-order has received attention in recent years. The uses of this type of operators give
the name to the fractional calculation, having numerous examples of its application in the area of
nonlinear systems [15-17]. One of the main differences between classical calculus (integer-order)
and fractional-order-calculus, is based on the ability to model memory and hereditary properties in
fractional systems.

The appearance of multistable states in integer-order multi-scroll systems has been reported
in several ways, that is, through the eigenspectra variation in a PWL system [18], or by applying
some control techniques that generate the coexistence of several monostable attractors [19].
In fractional-order systems, the multistability phenomenon has also been reported [20-23], where
such investigations range from systems without equilibrium points, systems based on memristors,
and systems capable of presenting a family of attractors with the coexistence of bistable attractors.
Furthermore, some interesting insights were provided by Reference [24], where the stability
results in linear time-invariant fractional-order systems involving Caputo derivatives are presented.
In Reference [24], the authors discuss the system behavior (2 x 2 matrix) when its eigenvalues are
on the boundary of the stable region, presenting singular points in the solutions, such as cusp and
multiple-points in the solution trajectories.

Motivated by the results above mentioned, this work presents numerical analysis from
a fractional-order multi-scroll system, where the appearance of generalized multistability,
as defined in Reference [25], is achieved when the system is close to being stable through the
fractional-integration-order. The results here presented have the aim of validating the theory developed
for linear time-invariant fractional-order systems and the self-intersecting trajectories. The results
about multistability in a multi-scroll fractional order system here reported, for first time to the author’s
knowledge, show a behavior also observed in an integer-order system where the multistability is
achieved through an eigenspectra variation, inferring that the modification of the vector field in an
integer-order system is equivalent to the use of fractional-order derivatives.

The rest of the work is organized as follows—the second section describes the basic concepts of
the multi-scroll generator system studied, as well as the basis of fractional calculus. The numerical
results of the implemented methodology for the obtention of multistability are shown in Section 3.
The discussion of results is presented in Section 4. The main conclusions of the work are explained at
the end of the paper.

2. Material and Methods

2.1. Fractional Calculus Preliminaries

Fractional-order derivatives are just generalizations of the integer-order ones. Nevertheless,
it is possible to find several definitions of fractional calculus in literature [26,27], being the
Riemann-Liouville and the Caputo definitions the most commonly used. The Caputo derivative
of fractional-order g of the function x(t) is defined as follows:

1 x (n)
DY) = For—y /. (xf t),gi)mdt, M)

n—
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with n = [g], and I is the Gamma function, defined in Equation (2).

I(z) = /0 ¥ Eletar, )

In contrast with integer-order systems, the local stability in fractional-order systems depends on
the derivative order (g), and creates a whole region of stability shown in Figure 1 [28]. Its worth to
mention that the stability of an equilibrium point can be controlled employing a fractional-order
modification. Considering a general k-dimensional fractional-order system as the described in
Equation (3), with Ay eigenvalues, it is possible to define the stability of the system through its
eigenvalues analysis and classify it. Consider the system defined by:

DI(X) = AX, ®)

where A is a lineal operator defined in R"*", the stability of Equation (3) is defined as [26]:

e  Stable, if and only if |argAy| > %
e Asymptotically stable, if and only if [argA| > ZF. In this case, the solution x(t) — 0 as t — 0.
e Unstable, if and only if |argA;| < &, for at least one eigenvalue.

joh

Stable

Stable Unstable

SR 4

Stable Unstable

Stable

Figure 1. Stability region of a fractional-order linear time-invariant system with order 0 < g < 1.
2.2. Multiscroll Chaotic System

As a special case of chaotic systems, the jerk equation, which can be expressed in several
ways [29,30], is commonly applied in multi-scroll generators, because it can be expressed on
the canonical controllable form [31,32]. By considering a system based on the jerk equation,
Equation (4) [30,33-36], which fulfils all the conditions to be called a Unstable Dissipative System type
I[14,18], that is, for the control parameter « = 0.45, with eigenvalues A = [—0.7096;0.1298 + 0.78571],
and the sum of its components is Y3_; Ay = —0.45. Its worth to mention that the eigenvaqlues are
obtained through the linearization of system Equation (4), and solving the characteristic polynomial
AB4+a(A2+A1+1)=0.
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D¥x =y,
quy =2z, (4)
D%z = —afx+y+z— f(x)],

where D7 is the Caputo fractional-order operator, and i = {x,y,z} indicates the variable where the
fractional operator is applied. The control parameter « is a constant that defines the eigenvalues of the
system, being, in this case, « = 0.45 [33]. The f(x) function represents the commutation law (non-linear
function), whose purpose is to control the visit in the different domains in the system, is achieved
through the coexistence of a large number of one-spiral unstable trajectories, described in Equation (5).
Then, it is possible to generate an attractor with multiple scrolls using a commutation law, in this case,
a Piece-Wise Linear (PWL) function. The PWL function (f(x)) induces as many switching surfaces
(commutation surfaces) as desired, and thus guarantee the generation of the same number of scrolls as
space divisions.

-2, ifx>-1;
flx) = 0, if-1<x<1; (5)
2, if x < 1.

The equilibrium point location of the system shown in Equation (4), and the use of the nonlinear
function described in Equation (5), is easy to obtain by solving the equation X} = —A;l B;, where A
represents the linear operator in the system, and B the nonlinearity. Using the parameter « = 0.45,
the system eigenvalues are defined as hyperbolic-saddle-node points, that is, the system is consistent
with the Unstable Dissipative System type I (UDS I); where the integer-order dynamic is shown in
Figure 2.

z (a.u.)

Y (a.u.)
o

Figure 2. Dynamical behavior for Equation (4) with Equation (5), solved for an integer-order.
The system presents a Maximum Lyapunov Exponente (MLE), MLE = 0.4347. (a) Projection on
the x-y-z plane, and (b) in the x-y plane. Attractor generated for « = 0.45. The Equilibrium Points (EP)
are depicted in red. The switching surfaces (commutation surfaces) correspond to the vertical blue
lines (SW) in (b).

The system described by Equation (4) is numerically analyzed through the use of the
Adams-Bashforth-Moulton (ABM) method [37]. The algorithm is a generalization of the classical
ABM integrator that is well known in the resolution of first-order switching systems problems [28,38].
Solving the system of coupled fractional-differential equations for the integration-order vector
q = [1,1,1]7, the system response is drawn in Figure 2, where the equilibrium points are also depicted.

The interest is to have unstable dynamics, thus the system presented in Equation (4) is restricted
to have at least one eigenvalue in the unstable region, that is, Equation (4) is unstable if and only
if larg(A)| < %% for at least one of its eigenvalues (A). Since @ = 0.45, and the eigenvalues are
A = [—0.7096;0.1298 £ 0.7857i]. Since |min(arg(A))| = 1.4071, the critical-integration order is defined
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as qc = |min(arg(A))|27t (Section 2.1), and by substitution is obtained the critical-integration-order
gc = 0.8958.

Considering the stability limitations for fractional-order systems, the system described for
Equation (4) has a critic integration-order at g, = 0.8958, where all the eigenvalues will be located
in the stable region (Figure 1). Accordingly to the fractional-calculus theory [28], if the system is
analyzed with integration orders g < g, the dynamics of the system will be annihilated, turning each
equilibrium point into a focus attractor.

The fractional-order system described in Equation (4), is analyzed for a fixed control parameter
« = 0.45, associated with the nonlinear function described by Equation (5), an integration size h = 0.01,
where the integration order will be the same in the three-state variables. A bifurcation diagram of
fractional-order vs local maximum in the x state variable is calculated (Figure 3), where it is possible
to observe qualitative changes in the system dynamics, region delimited by red solid lines. Such
changes in the temporal series boost to develop a more detailed study in the system behavior, where
the multistable phenomenon is present, which will be described in the following section.

In Figure 3, three different kinds of behaviors are generated by the system, a fixed point dynamic
for g < 0.8958, multistable behavior for g € [0.8958-0.8978], and monostable multiscroll behavior for
g > 0.8978. To validates the behaviors exhibited, the Maximum Lyapunov Exponent (MLE) from the
time series, as defined in Reference [39], was calculated and following shown:

e  Fixed point behavior, § = 0.89 MLE = 0.
e  Multistable single scroll, ¢ = 0.8961, MLE = 0.0144.
e  Monostable multi-scroll, ¢ = 1, MLE = 0.4347.

LR AT .

Multis?able
Region

-3 1 1 1 1 1
0.88 0.9 0.92 0.94 0.96 0.98 1

q(a.u)

Figure 3. Numerical bifurcation diagram of the system under integration-order variation, where the

region delimited by red lines corresponds to multistable behavior. The integration order is varied in
the range g € [0.88-1], with A; = 0.00012.

3. Results

With the temporal series used to construct the bifurcation diagram shown in Figure 3, an analysis
of the number of scrolls generated is developed by estimating around which fixed point the trajectory
generated lives. In Figure 4a, the number of scrolls obtained by the use of an integration-order minor
than one is depicted. For better visualization, the results for g > 0.899 are omitted since the system
does not modify the number of scrolls generated until that integration-order value.
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2.5} 1

,  Stable Focus Multiscroll |

Number of scrolls

o .
0.893 0.894 0.895 0.896 0.897 0.898 0.899
q(a.u.)

(@)

0.2

Stable Focus Multistable | Multiscroll

03 . . ! ; .
0.893 0.894 0.895 0.896 0.897 0.898 0.899
q(a.u.)

(b)

Figure 4. (a) The number of scrolls generated for each integration order. In the inset, the associated
temporal behavior its shown. (b) The angle difference (¢ — 6) between the integration order and
the critical integration order, is shown. The multistable region is delimited by the integration-order
values q € [0.8958-0.8978]. The colors in the figure delimited the three different behaviors in the
fractional-order-system: The monostable dynamics (orange area), the coexistence of attractors (blue
region), and the fixed point behavior (yellow area).

For values g < 0.8958, Figure 4a shows a constant behavior in zero (green line/yellow area),
indicating that the system response converges to a fixed point. This result validates the fractional-order
equilibrium point stability mentioned in former sections (Figure 1). The blue section corresponds to the
multistable region, where the system is capable to generate a single scroll in each domain (yellow line).
The single-scroll is stable along time, it means, that the single scroll dynamic is present for t — .
The orange region indicates that the system keeps generating the natural monostable attractor with
3-scrolls (blue line).

To better understand the state transitions in the system, the angle difference between the critic
integration order (g, = 0.8958) and each of the integration orders analyzed is measured and shown
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in Figure 4b. This means that for an integer order corresponds an angle ¢ = 90° (¢ = %7, for g = 1),
and the critical integration order has a constant angle of § = 80.6208° (as defined in the third case of
the fixed points stability in fractional-order systems, Section 2.1), being the difference ¢ — 6 plotted as
a diagonal blue line in Figure 4b. In Figure 4b, it is also possible to see that the multistable region exists
for 0 < ¢ — 6 < 0.2, which corresponds to an integration-order range of values q € [0.8958-0.8978].
As in Figure 4a, the color areas indicate the different possible states that the system can present by
using fractional-order. In both figures, the abscissa axis represents the different integration orders
analyzed. The associated results for 4 > 0.899 are omitted for better visualization since there is no
other state transition in that value range.

To show the multistable states obtained in the system, the attractors generated for an
integration-order g = 0.8961 are calculated, where the only modification between them are the
initial conditions. In Figure 5 the three possible states are presented. Notice that the equilibrium point
location has not been changed, is the equilibrium point the center of each of the three monostable states.

4
0.5
3
30
N -
=]
05 o L)
>
El
17\
05 \
\
( 0)\
y (a.u.
= NN
0.5 \ - —~— = 4 1
1%—*7’*’ ~ 0 2 4 4
- 4 2 X (a.u.)
(a)

Figure 5. Multistable attractors obtained for g = [0.8961,0.8961,0.8961]7 and initial conditions:
[~1,-1,0.1]T (Green), [0.1,0.1,0.1] (Yellow), and [1,1,0.1]T (Cyan). (a) in phase space, and (b) projection
in x-y plane.

Electronic Validation

The use of specialized simulation software to analyze chaotic systems has increased in recent
years, and given the precision that this type of software offers, these results have been adopted as
experimental validations [13,40,41]. In this sense, the elecronic results shown in this work are based on
obtaining time series from the simulation of electronic circuits in the Multisim development platform.

The electronic implementation of the system described by Equation (4), is based on the properties
of analogous calculus [13], implemented through operational amplifiers. The electronic circuit that
resembles a fractional-order capacitor, is called fractance. The circuit shown in Figure 6a corresponds to
the linear operator of the analyzed model. The implemented nonlinear function (f(x)), corresponds to
a PWL function based on operational amplifiers, also called a Saturated Non-Lineal Function (SNLF),
for the generation of a 3-scrolls attractor, as reported in [42], shown in Figure 6b.

The closest value, implemented in a fractance, to those found in the previous section to obtain
multistable states (7 € [0.8958-0.8978]) corresponds to g = 0.9, which considering the electronics
tolerances produce a shifting in the fractance order. Considering this, the implementation of a fractance
of order g = 0.9 is carried out as defined in Reference [43], which is shown in Figure 6¢. All operational
amplifiers shown in Figure 6 correspond to TL082 circuits, with a voltage supply 17 V. The electronic
components used in Figure 6, and the voltages used to build in the PWL function, are described in
Table 1.
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Figure 6. Circuit diagram of the multi-scroll generator considering fractional-order. (a) Linear operator

of Equation (4). (b) PWL function for the generation of a 3-scroll attractor, described in Equation (5).

(c) Diagram from the fractance of order g = 0.9.

Table 1. Electronic components used in the implementation of Figure 6.

Component Value Component  Value
Ry, Ry, Ry 1.7kQ Ry Rs,Rg,R;  1kQ
Rs,Ro,Rig,R11 10kQ Riz 45kQ
Ry3, Ria 107 kQ Ris 6.5 kQ
i ~1V Vs 1V
Voltage Value Component  Value
Ra 63.10MQ G, 0.441 uF
Ry 1.598 MQ G 0.487 uF
R 0.014MQ C. 0.293 uF

In order to prove the multistable behavior, described in former sections, an analogical simulation
is developed, where the system described by Equation (4) is analyzed with the use of a nonlinear

function of three levels, with an integration order g = 0.9 in each state variable. The results, shown
in Figure 7, validates the theory previously developed. The integer-order dynamics is obtained by
substituting the fractances by 10 nF capacitors, and changing R, Ry, R3 for 10 k() resistors.
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Figure 7. (a) Monostable attractor generated by Equation (4) with Piece-Wise Linear (PWL) function
for the genration of a 3-scroll attractor and intger-order, for « = 0.45. (b—d) Multistable attractors
generated by Equation (4) with a PWL function for the generation of a 3-scroll attrtactor, for & =
0.45,4 = [0.9,0.9,0.9].

4. Discussion

From the attractors shown in Figure 5, it is possible to say that the system presents a multistable
behavior for specific initial conditions. To validate that the system presents a multistable behavior, the
associated basin of attraction is calculated with the integration order ¢ = 0.8961, the same value used
in Figure 5. The colors in the basin of attraction (Figure 8) correspond to the attractor colors of Figure 5.

The basin of attraction displayed in Figure 8 validates that the system presents the coexistence of
three single-scroll attractors. The location of each possible state is defined by the commutation law,
where each attractor surrounds its equilibrium point. In comparison, the multistable states present
a decree in their amplitudes. It is worth to remark that, according to the fractional calculus theory,
the multistable dynamic has only been achieved by employing the modification in the local stability of
each equilibrium point, where the eigenvalues of the system remain without any change.

y initial condition (a.u.)

-6 0 6
X initial condition (a.u.)

Figure 8. Basin of attraction section x-y of attractors shown in Figure 5, for § = [0.8961,0.8961,0.8961]7,
and an initial condition in the third state variable z = 0.1. The colors in the figure, are related to the colors in
the attractors from Figure 5. The system presents a Maximum Lyapunov Exponent (MLE), MLE = 0.0144.
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Additionally, it is possible to extend this result to any number of stable final states by the addition
of domains to commutation law, Equation (5). To validate this, consider the generation of an attractor
with 9-scrolls as the one shown in Figure 9a, with value & = 0.45. The integer-order dynamics generate
a 9-scroll attractor with eight switching surfaces, where each equilibrium point corresponds to the
center of each scroll. Since the linear operator is the same one as described in Equation (4), the stability
analysis indicates a critical integration order g, = 0.8958. When the system shown in Figure 9 is
analyzed for an integration order q7 = [0.8961,0.8961,0.8961], the emerge of 9-multistable states is
arise, displayed in Figure 10a,b, where each possible state corresponds to each of the domains in
the system. Notice that, also, in this case, the center of each scroll is the same equilibrium point,
where the location of them has not been changed. The corresponding basin of attraction is calculated,
and depicted, in Figure 10c, where the colors in the basin are related to the colors in the corresponding
attractors shown in Figure 10a,b.

(a) (b)

Figure 9. Dynamical behavior for Equation (4) with a 9-level PWL, solved for an integer-order.

The system presents a Maximum Lyapunov Exponent (MLE), MLE = 0.3953. (a) Projection on the
x-y-z plane, and (b) in the x-y plane. Attractor generated for « = 0.45. The Equilibrium Points (EP)
are depicted in red. The switching surfaces (commutation surfaces) correspond to the vertical blue
lines (SW).

Even this kind of behavior has not been reported in fractional-order systems, presents similar
results to those presented in an integer-order system. In Reference [18], the authors report the
generation of a multistable system based on the jerk equation, where such behavior is achieved
through a bifurcation parameter modification which correlates directly with the direction, and location,
of the stable and unstable manifolds associated to system eigenvectors. Such eigenspectra variation
reaches critical eigenvalues for which the system becomes almost stable, a region where the coexistence
of several single-scroll attractors is generated, in a similar way that it is found the multistable
behavior shown in this paper when the linear operator is close to becoming stable through the
use of fractional-order-derivatives.
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y (a.u.)

y initial condition (a.u.)

-10 -5 0 5 10
x initial condition (a.u.)

(©)

Figure 10. Multistable attractors generated by Equation (4) with an 9-level PWL for « = 045, g =
[0.8961, 0.8961,0.8961]T; (a) in phase space, and (b) in x-y plane. The system presents a Maximum
Lyapunov Exponent (MLE), MLE = 0.0144. The Equilibrium Points (EP) are depicted in red.
The switching surfaces (plateaus, commutation surfaces) correspond to the vertical blue lines (SW)
in (b). (c) Basin of attraction section x-y from attractors shown in (a,b), for g4 = [0.8961,0.8961, 0.8961]T,
and an initial condition in the third state variable z = 0.1. The colors in the figure, are related to the
colors in the attractors from Figure 10a,b.

5. Conclusions

In this work, a new approach to the generation of multistable behaviors in a multi-scroll system
has been reported, through the use of the integration-order as a system parameter, that is, a 3-scroll
attractor became into a 3 possible single-scroll multistable states. It is possible to extend this result to
any number of final stable states by the addition of domains to commutation law. Using the integration
order as a bifurcation parameter, the local stability in the system is modified in such form that produces
a basin of attraction segmentation, creating as many stable states as scrolls generate the integer-order
system. The results reproduce, to a great extent, a similar phenomenon reported in integer-order
systems, in which multistability is obtained through the eigenspectra variation.

Since the multistable behavior obtained in the system reproduces the same behavior obtained in
an integer-order system, these results infer that the modification of the vector field employing fractional
derivatives could be associated with the parameters of the vector field of an integer-order system.
These kinds of results are very interesting and a boost to developing further studies in the vector field
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behavior of fractional-order systems and its correlation with the entire-order vector field. The results
here presented are not only applicable in engineering fields, but they also enrich the analysis and
understanding of the implications of using fractional integration orders. The corresponding analogical
implementation, in order to compare the presented results, is proposed as future work.
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