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Abstract

Recent years have witnessed increasing interest to phase-amplitude reduction of limit-cycle dy-
namics. Adding an amplitude coordinate to the phase coordinate allows to take into account the
dynamics transversal to the limit cycle and thereby overcomes the main limitations of classic phase
reduction (strong convergence to the limit cycle and weak inputs). While previous studies mostly
focus on local quantities such as infinitesimal responses, a major and limiting challenge of phase-
amplitude reduction is to compute amplitude coordinates globally, in the basin of attraction of the
limit cycle.

In this paper, we propose a method to compute the full set of phase-amplitude coordinates in
the large. Our method is based on the so-called Koopman (composition) operator and aims at
computing the eigenfunctions of the operator through Laplace averages (in combination with the
harmonic balance method). This yields a forward integration method that is not limited to two-
dimensional systems. We illustrate the method by computing the so-called isostables of limit cycles

in two and three-dimensional state spaces, as well as their responses to strong external inputs.
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Oscillatory behaviors in biology, physics, and engineering are often related
to high-dimensional limit-cycles dynamics. These possibly complex, high-
dimensional dynamics can be reduced to simple, low-dimensional dynamics
through phase reduction. While classic phase reduction only captures the effect
of small perturbations to the system, recent developments have introduced a
more general phase-amplitude reduction, which is well-suited to large perturba-
tions. This reduction is related to phase-amplitude coordinates associated with
specific families of sets in the state space: the isochrons and the isostables. As a
main limitation of phase-amplitude reduction, the computation of isostables is
intricate and typically limited to local quantities such as infinitesimal responses.
This paper presents a numerical method to compute the isostables in the whole
basin of attraction of the limit cycle. This method relies on the framework of
the Koopman operator, which allows to interpret the isostables as level sets of

specific eigenfunctions.

I. INTRODUCTION

High-dimensional limit cycle dynamics can be reduced to simple one-dimensional dynam-
ics through phase reduction [10} 13, 28]. In this framework, the phase variable evolving on
the circle describes the state of the system and the phase response indicates the effect of
external inputs. This powerful reduction has proved to be an accurate and efficient tool
to describe the response of complex oscillatory dynamics, in particular in the context of
neuroscience, where it is also convenient from an experimental point of view and useful to
study collective behaviors (see e.g. [1L (6] [§]).

However, phase reduction is not valid when the convergence rate toward the limit cycle
is too slow or when external inputs are too strong. This is due to the fact that the phase
response does not capture the full system dynamics, but only the dynamics in the neigh-
borhood of the limit cycle. For this reason, the past years have witnessed increasing effort
to overcome this limitation. Higher order approximations of phase responses were proposed
in [23, 24] and specific phase responses taking into account the effect of a train of several
pulses were considered in [9] 21], among others. Alternatively, an elegant approach consists

in augmenting the phase space with an amplitude coordinate which takes into account the



dynamics transversal to the limit cycle [3] [7, 11], 26]. In this case, one obtains a simple,
reduced action-angle representation of the limit cycle dynamics. We focus on this approach
in the present paper.

Phase-amplitude reduction is strongly connected to spectral properties of the so-called
Koopman operator [2,[I7]. It was shown in [I4] that a specific eigenfunction of the Koopman
operator can be used to define the phase coordinate, or equivalently that the level sets of
this eigenfunction are the isochrons of the limit cycle [29]. In the case of systems with a
stable equilibrium, the spectral properties of the Koopman operator were used to define
an amplitude coordinate through a family of sets called isostables, which complements the
family of isochrons [16]. This approach based on isochrons and isostables was extended
in a straightforward way to limit cycles [27] and is in fact equivalent to phase-amplitude
reduction proposed in [3| [7], since both induce a constant rate of convergence toward the
limit cycle in the reduced coordinates.

Since the goal of phase-amplitude reduction is to take into account large perturbations
that drive the state away from the limit cycle, it is natural to compute amplitude coor-
dinates, or equivalently isostables, in the large. This not only allows to fully characterize
the sensitivity to large perturbations, but also provides a global picture of the limit cycle
dynamics. However, the global computation of amplitude coordinates is delicate and, to the
authors knowledge, previous contributions mainly focused on local quantities such as the
infinitesimal isostable (or phase) response (see [4, 22] in the large and [27] along the limit
cycle).

In this paper, we compute the full set of phase-amplitude coordinates in the large. To
do so, we exploit the Koopman operator framework and compute so-called Fourier and
Laplace averages yielding the eigenfunctions of the operator. This method can be seen
as an extension of the results of [I6] to limit cycles, although numerical computations are
more involved in this case and it is necessary to combine the technique with the harmonic
balance method [25]. Our numerical method relies on forward integration and is efficient
in high-dimensional systems. As it is shown, it can be used in particular to compute the
global isostables of a limit cycle in two and three-dimensional state spaces. In addition to
phase-amplitude coordinates, this forward-integration method can be used to compute the
(infinitesimal) phase and isostable responses, thereby complementing previous approaches

based on the adjoint method and backward integration 4} 22].



The rest of the paper is organized as follows. In Section [[I, we introduce phase-amplitude
reduction within the framework of the Koopman operator, showing that the reduced coor-
dinates are directly related to the eigenfunctions of the Koopman operator. In Section [ITI]
a method to compute the eigenfunctions of the Koopman operator (and their gradient) is
presented, based on Fourier and Laplace averages estimated along the trajectories of the
system. Section [[V] provides a few guidelines for numerical computation and illustrates the
method with examples in two and three dimensional state spaces. Phase-amplitude coordi-
nates are also used to study the effect of an external input on the system. Finally, concluding

remarks are given in Section [V}

II. FROM KOOPMAN OPERATOR TO PHASE-AMPLITUDE REDUCTION

A. Koopman operator

Consider a dynamical system
x=Fkx) xecR" (1)

which is equivalently described by the flow ¢ : RT x R,, — R", i.e. ¢(t,x) = ¢'(x¢) is a
solution to (1)) with the initial condition xy. We assume that F is Lipschitz, so that this
solution exists and is unique.

The group of Koopman operators associated with is given by
U F—=F, Uf=foy

for all ¢ > 0 and all functions f € F, where F is a well-defined linear vector space that
contains constant functions. A function ¢, € F is an eigenfunction of the Koopman operator
if it satisfies

Udr=eMoy Vt>0

for some A € C. The value X\ is the corresponding eigenvalue and belongs to the point
spectrum of the operator. It is easy to see that the constant function is an eigenfunction
of the operator associated with the eigenvalue A = 0. Other eigenfunctions and eigenvalues

capture the dynamics of the underlying system.



Assume now that the system admits a limit cycle I' (of frequency w), with a basin of
attraction B(I') C R™. If the limit cycle is stable and normally hyperbolic, i.e. its Floquet
exponents A; satisfy

Ao=0, R{A}<0 Vj=1,....,n—1,

then the spectrum of the Koopman operator is completely characterized [19]. It includes the
Floquet exponents and also captures the limit cycle frequency: the principal eigenvalues of

the Koopman operator [20] are given by
M=iw, N=AN_ j=2,....n
and there exist associated eigenfunctions
Ory = Giws  Pn;, =P, T =2,...,1 (2)

that have support on B(I') and are continuously differentiable in the interior of B(I") [15].

B. Phase-amplitude reduction of limit-cycle dynamics

The eigenfunctions of the Koopman operator can be used to derive an appropriate set
of linearizing coordinates. Consider the eigenfunction ¢, and the new variable z(t) =

ér(p!(x)). Then , we have

d d d
1) = - o)) = o [U'oa(x)] = - [Moax)] = A [eMoax)] = A=(0).
Moreover, if the operator admits n eigenfunctions ¢y;, j = 1,...,n, such that
h: X - C" xh(x)= (¢ (x),...,0x, (X)) (3)

is a diffeomorphism on a set X, then the dynamics on X are given by

M O -2 0

. 0 Xy --- 0

z=| |z (4)
0 0 -\,

in the new coordinates z = h(x). In the case of normally hyperbolic limit cycles, it is

shown in [I2] that the transformation of coordinates with the eigenfunctions is a
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diffeomorphism from X = B(I') to C". It follows that the limit-cycle dynamics can be
described by . Moreover, if A\; € R, we define r; = z; = ¢, and yields 7, = o1,
with 0; 2 R{\;} = R{A;_1}. If \; ¢ R, we define r; = |2;] = |y, ], 0; = ZL2; = £y, and
yields 7, = 0,7, 6; = w; with o; 2 R{\;} = R{A,_1} and w; £ S{N} = S{A; 1}
Eliminating redundant variables (due to complex conjugate eigenvalues and eigenfunctions)

and reordering the indices, we obtain

91 = W

92 = W2

em—l-l = Wm+1

To = 0272
Tn—m-1 = 02Tp—m—1

where m is the number of pairs of complex conjugate Floquet exponents. This corresponds
to the phase-amplitude dynamics considered for instance in [3) [7]. The phases 6; capture
the periodic dynamics along the limit cycle and the amplitudes r; capture the transient
dynamics toward the limit cycle. The limit cycle is associated with amplitude coordinates
r; = 0 for all j.

The eigenfunctions ¢;, and ¢a,, with R{A;} > R{A,} for all j, capture the dominant
asymptotic dynamics. We can consider only the related coordinates § = Z¢;, and r = ¢x,
(r = |pa, | if A1 ¢ R), assuming that the other amplitude coordinates associated with faster
dynamics are zero, i.e. r; = 0 for all j # 1. Denoting 0 = R{A,}, we obtain the reduced

phase-amplitude dynamics

0 = w. ()
= or. (6)

The phase variable 0 is related to the asymptotic periodic dynamics in the longitudinal
direction with respect to the limit cycle, while the amplitude variable r is related to the
convergent dynamics in the transverse direction. Moreover, the level sets of 6 = Zo,,
are the so-called isochrons of the limit cycle [14] and the level sets of |r| = |¢a,| are the

isostables of the limit cycle [16, 22]. We note that, in the case of planar systems, this is



an exact (non-reduced) representation of the system in the basin of attraction of the limit

cycle.

C. Phase-amplitude response

We now consider the forced limit-cycle dynamics
x =F(x) + G(x,t) xeR" (7)

where G : R” x RT — R"™ is the input function. The reduced phase-amplitude dynamics are

given by

0 = V.0 (F(x)+ G(x,t) =w+ V.0 G(x,1)
r = Vur- (F(x)+ G(x,t)) =or+ V,r-G(x,t)

where - denotes the inner product and V, denotes the gradient with respect to the state x.
The phase-amplitude dynamics are given in [22], where G is interpreted as a perturbation
of the vector field F. The gradient of 6 is the phase response function (PRF) Zy(6,7) and
the gradient of r is the isostable response function Z.(0,r) (IRF). See also the definition
of amplitude and phase response functions in [4]. These two functions can be expressed in

terms of eigenfunctions of the Koopman operator:

Z.(0,7) & Vor = V,ha, (x(0,7))

with x(6,7) such that Z,(x(0,7)) = 0, ¢a, (x(0,7)) =7, and ¢, (x(,7)) = 0 for all j # 1.
Note that ¢,,(x) should be replaced by |¢a, (x)] if Ay ¢ R. We finally obtain the reduced

dynamics
b=+ Zy(0,1) - Gx(0,7),1). o)
P=or+2Z.(0,r) Gx(0,7),1).

For planar systems, @ is not an approximation of , but an exact and equivalent repre-

sentation of the dynamics.

Remark 1. For planar systems, the state x considered in the definition of the PRF
and IRF is uniquely determined by the phase-amplitude coordinates (0, ). For higher di-

mensional systems, it is clear that there is an infinity of state values x associated with the
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pair (¢,7) and additional conditions ¢,,(x) = 0 for all j # 1 must therefore be considered.
However, computing all these eigenfunctions ¢,; is not easy. Instead, if the system is char-
acterized by slow-fast dynamics, one can consider the state x which lies on the slow manifold
of the limit cycle (where the conditions ¢,,(x) = 0, j # 1, are satisfied). Alternatively, one
can choose the state x associated with the pair (0, 7) such that the distance between x and

I" is minimal.

If the computation of the PRF and IRF is restricted to the limit cycle, one can further

simplify the dynamics and obtain

0 = w+Zy(6,0) G(x(6,0),1) (10)
i = or+ Z.(0,0) G(x(6,0),t) (11)

where Zy(0,0) is the well-known phase response curve (PRC) [5], 8] and Zy(0,0) is the so-
called isostable response curve (IRC) defined in [27]. Note that corresponds to classic
phase reduction [I]. Since the above phase-amplitude dynamics rely on phase and isostable
response curves computed in the vicinity of the limit cycle, they are valid only locally. This
is in contrast to the phase-amplitude dynamics @D, which takes into account the global

behavior of the system.

III. COMPUTATION OF THE EIGENFUNCTIONS

Phase-amplitude reduction of limit cycle dynamics is strongly connected to the spectral
properties of the Koopman operator. In particular, obtaining the phase-amplitude dynamics
is equivalent to computing the eigenfunctions of the Koopman operator. Our main result is
to propose an efficient method to compute the dominant eigenfunctions and their gradient,

and equivalently to obtain the reduced phase-amplitude dynamics @

A. Time-averaging

An eigenfunction ¢, can be obtained by computing the following time average of a func-

tion f along the trajectories of the system [17) [18]:

Fi(x —lm1—/‘fo¢ e dr. (12)

T—o0 '



If A € iR, the time average is called Fourier average. Otherwise, it is called Laplace average.
We observe that

1 T 1T
Utfi(x) = lim — / FoptT(x) e dt = lim — / Fo(x) e T4t = M fi(x)
0 0

T—oo T T—oo T
and it follows that f}(x) is an eigenfunction ¢, (associated with the eigenvalue \) provided
that the average is a well-defined function and is not equal to zero everywhere. These
conditions might be satisfied only for specific functions f.

a. Fourier averages. In the case of a limit-cycle dynamics, the eigenfunction ¢;, can
be obtained with the Fourier average f7 for almost all choice of f. We refer to [14] for more
details.

b. Laplace averages. The computation of ¢, is much more involved. According to the
aforementioned results, this eigenfunction should be obtained with the Laplace average f3, .
However, since R{A;} < 0, the integral converges as T'— oo only if f o ¢7(x) tends to
zero, i.e. provided that

f(x)=0 vxeTl. (13)

Since there is generally no closed-form expression of the limit cycle, finding such a function
is not a trivial task.

To solve this issue, we assume that we know a parametrization of the limit cycle through
its Fourier expansion

x,:S =T, 01— x,(0) = cpe™ (14)
keZ
with the phase 6 = wt. This can be obtained by using a standard harmonic balance method

[25]. More details are provided in Appendix [A] Then, we can use the following change of

coordinates in a two-dimensional plane > C R™:

g:SxRt =3, (9, p) — P (co +p > ckeikﬁ) = P(co) +p > Plcy)e™  (15)
kEZ. keZs

where P : R™ — X is the orthogonal projection on ¥ (Figure |1). The map g is injective

only if the interior of the curve P(I") is a star set with respect to the point P(cy). We will

assume that this condition is satisfied for a well-chosen plane Y. If it is not satisfied, a more

sophisticated parametrization of 3 should be considered. Using the polar-type coordinates

(9, p) defined in ((15)), we consider the function

IPG) ~ Pl o

) =0 =1 = 1pGe (0)) = Plea)]

9



where P(x,(¢)) = g(, 1), and with ¢ such that P(x) = g(v, p). Since p =1 for all x € I,

the condition holds and this function can be used to evaluate the Laplace average [}, .

Figure 1: We define polar-type coordinates (1J, p) in the plane 3 and use them to design a function

f(x) = p — 1 such that P(x) is assigned the coordinates (v, p).

B. Gradient

To obtain the response functions and the reduced phase-amplitude dynamics @, we
have to compute the gradient of the eigenfunctions of the Koopman operator, i.e. V,.¢;,
and V,¢p,. This can be done through finite differences methods applied to values of the
eigenfunctions, provided that these values are computed on a fine grid. Alternatively, the
gradient of the eigenfunctions can also be obtained directly from time averages. Taking the
gradient of , we obtain

V.fX(x)-0x = lim ;/OTVx(focpT(x)) ox e Mdr = hm —/ Vo f (¢ (x))-(M(7)0%x) e dr

T—o00

where (x,0x) — (p'(x), M(t)0x) is the flow of the prolonged system

x = F(x), (17)
ox = (;Z(x) 0x. (18)

Note that M(t) is the fundamental matrix solution to M = 2E(x(¢))M, with M(0) = L. It

follows that, if the time average f; of f yields an eigenfunction ¢,, then the time average f;

10



of f(x,0%x) = V,f(x) - 0x, computed along the trajectories of the prolonged system, yields

the directional derivative of the eigenfunction V, ¢, - dx.

Remark 2. We can define the variational (or prolonged) Koopman operator Ut associated
with the prolonged system (I7)-(I8), which is given by U f(x,0x) = f(¢'(x), M(t)0x). The

function @(x, 0x) = V.0, - 0x is an eigenfunction of Ut. Indeed, we have
Ulpr(x,02) = UV 00 (0'(x))-(M(£)0%) = V(dr0p'(x))-0x = eMV,h5(x)-0x = eMy(x, 6%).
According to , the jth component of the PRF is obtained through the Fourier average
* : 1 T T —iwT
Vaofi) e = Jim — [TV f(97(0) - (M(r)ey) e T

for almost all f, where e; is the jth unit vector. For the computation the gradient of
®a,, the function f must correspond to the gradient of a function f that is zero on the
limit cycle. Considering a function f that depends on the orthogonal projection P(x) (see
above), we see that the gradient of f can be defined through its values on the plane .
Moreover, on the projected limit cycle P(T"), the gradient must be perpendicular to the
tangent to P(I'). We denote this direction by the unit vector £ : P(I') — ¥. Then the
value of a valid candidate gradient can be extended to the whole plane ¥ by considering
the radial projection m : ¥ — P(T') on P(I') (i.e. using the coordinates (15), for x € X,
we have 7(x) = g(¥,1) = x,(0) if x = g(v, p) for some p). Finally, we obtain the function
f(x, 0x) = &(m(x)) - 6x. In the vicinity of the limit cycle, it is related to the gradient of the
function f = p — 1 used to compute the Koopman eigenfunction. According to (g), the jth

component of the IRF is then obtained through the Laplace average

VoS, () e = fim [ €GP 00)) - (M(r)es) e M

IV. NUMERICAL COMPUTATION AND EXAMPLES
Numerical computation

The computation of time averages (and in particular Laplace averages in the case of limit

cycle dynamics) is delicate and requires some care. We provide here the following guidelines.

11



a. Fourier averages. Fourier averages are computed with , but the integral is eval-

uated over a finite time horizon T
1 (T _
N ?/ fog (x)e™dr T >1. (19)
0

Values of f are computed over a uniform grid and, if needed, other values are interpolated.
More details can be found in [14].

b. Laplace averages. Laplace averages are computed over a finite time horizon T, which
has to be finely tuned. The time horizon should be large enough for a good convergence to
the limit, but also not too large so that the integrand does not blow up. When the eigenvalue
A, is real (e.g. case of planar systems), the Laplace average f} can be obtained without

computing the integral in , by taking the limit

£, 00 = Jim F(¢(3)) e M7 & F(T(x)) M7 (20)
(see [16]). Moreover, averaging the values obtained for different values of the finite time
horizon T, k = 1..., K, can provide more accurate results:
-1 AT AT
fa,(x Z T— BERE (21)

If A; is not real, computed over a finite time horizon yields

K Th
fA1< ) ll(zl/T fOQOT(X>€_AleT‘

c. Geometric phase and bisection method. Computing the Laplace average requires to
evaluate the values of the function along the trajectories, so that it is necessary to invert
x = g(v, p) and in particular obtain the value ¥ (the value ¥ is also needed to compute the

gradient). To do so, we can use the geometric phase ©(x) of x, which we define as the signed

angle [30] between the vector v = P(cy)P(x) and a reference vector vy = P(CO)P(XA,(O)S. If
= g(¥, p1) and xo = g(v, p2), it is clear that ©(x;) = O(x2). In particular, if x = g(v, p),
we have the equality ©(x) = ©(x,(¢)) that we can use to find the value ¥ through a bisection

method, exploiting the fact that ©(x, (1)) is a monotone (increasing or decreasing) function

of 9.
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Example 1: Van der Pol system

We consider the Van der Pol system

Ztl = T9.

.@2 = l'g(l—l'%)—ml

The periodic orbit and the limit cycle frequency (w = 0.9430) are computed with the har-
monic balance method developed in Appendix [A], with a Fourier series truncated to N = 40.
According to Remark [4, we can also obtain the Floquet exponent A; = —1.059.

a. Phase-amplitude reduction. We compute the eigenfunctions of the Koopman oper-
ator ¢, and ¢,, with the time averages evaluated on a uniform grid 100 x 100. The Fourier
averages are computed over a finite-time horizon T = 200 with f(x) = x;. The Laplace
averages are computed over a finite-time horizon T = 20, with the time step specifically
set to 0.1.

Figure [J[(a) shows the Koopman eigenfunction ¢,,. The level sets of ¢;, and ¢4, (i.e.
the isochrons and the isostables of the limit cycle) are depicted in Pfb). They are the
phase-amplitude coordinates of the system.

b. Phase-amplitude response. We compute the phase and isostable response functions
using Laplace averages. The first component (along 1) is shown in Figure [3| (computations
are performed with the same parameters as in the previous section).

We can use the phase-amplitude dynamics @ to compute the system response to an
external input. In Figure [l we compare the results obtained with the phase-amplitude dy-
namics and with the original state dynamics, for an input u(t) = 0.8 sin(1.5¢) applied to the
first state and with the initial condition x = [0, 1]. Only very small differences are observed,
which are mainly due to interpolation errors and approximations in the computation of the
response functions. We also observe that classic phase reduction (obtained with the phase
response curve Zg(6,0)) does not provide an accurate evolution of the phase (Figure [fb)),

since the input amplitude is not small.

13
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Figure 2: (a) For the Van der Pol system, the eigenfunction ¢,, is computed through Laplace
averages. (b) The level set of the Koopman operators provide exact phase amplitude-coordinates.
Red: Isochronms, i.e. level sets of the eigenfunction ¢;,. Black: Isostables, i.e. level sets of the
Koopman eigenfunction ¢,, (equally spaced on a logarithmic scale). The thick black curve is the

limit cycle.

Ad N Bk o R N oW

Figure 3: (a) First component of the phase response function (PRF) for the Van der Pol system.
(b) First component of the isostable response function (IRF) for the Van der Pol system. For the

sake of clarity, the response functions are depicted with respect to the state variables.
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Z2 —6— phase-amplitude dynamics| 10 15 20
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(a) (b)
Figure 4: (a) The trajectory obtained with the phase-amplitude dynamics (red) coincides with the
trajectory obtained with the original state dynamics (blue). (b) The time evolution of the phase
f and the amplitude r obtained with phase-amplitude matches the evolution obtained with the
state dynamics. However, classic phase reduction does not provide an accurate estimation of the

evolution of the phase (green).

Example 2: Three-dimensional system

We consider a 3-dimensional system based on the Van der Pol model:

jﬁ'l = T9 — b.ﬁlﬁg (22)
By = x3(1 —23) — 13 (23)
1’3 = CL(LCl — 133) (24)

with the parameters a = 2 and b = 0.2. The periodic orbit and its frequency (w = 1.1087)
are computed with the harmonic balance method, with a Fourier series truncated to N = 20.
The dominant Floquet exponent (A; = —0.778) is obtained by integrating the prolonged
system — and computing the monodromy matrix.

a. Phase-amplitude reduction. We compute the eigenfunctions of the Koopman oper-
ator ¢;, and ¢,, with the time averages evaluated on a uniform grid 80 x 80. The Fourier
averages are computed over a finite-time horizon T = 200 with f(x) = x;. The Laplace
averages are computed over several finite-time horizons T} € {24,24.1,24.2,...,25}
(with the time step specifically set to 0.1) and taking the average of the obtained values.

15



We use the coordinates where ¥ is the plane x3 = 0. The isochrons and isostables (level
sets of Z¢,, and ¢,, respectively) are shown in Figure

Z30

-4
-4

Figure 5: Isochrons and isostables of the 3-dimensional system —. (a) Isochrons related to
phases equally spaced by increment of /4. (b) Isostables related to positive amplitude coordinates,
equally spaced by increment of 0.1. Inset: Isostables “inside” the limit cycle, related to negative

values equally spaced by increment of 2. The red curve is the limit cycle.

b. Phase-amplitude response. We consider a setting that is slightly different from the
case of Example 1. We suppose here that the system is forced by a train of pulses u(t) =
€>, 0(t—n At) acting on the first state. Between two pulses, the phase-amplitude dynamics
is governed by —(@. When the system receives a pulse, the first state is instantaneously

increased by €, which corresponds to updated phase-amplitude coordinates
0 — 0+ Ng(0,7,€) r— 1+ A(0,7€)
with
Ng(0,r,€) = L (x(0,7) + €er) — Lo (x(6,7)).
Ar(l,r,€) = on,(x(0,7) + €er) — b, (X(0,7)).

The functions Ay and A, can be seen as finite versions of the (infinitesimal) PRF and IRF,

respectively, and we have

1 1
lim —Ay(0,7,¢)) = Zy(0,7) - €1 lim -A,(0,r,¢)) = Z.(0,7) - e1.

e—0 € e—0 €

16



In our case, the state x(6,7) is not fully determined by the phase-amplitude coordinates,
since the system is not planar (see Remark [I). We consider the additional condition that
the state belongs to the plane 4x — 2y — 5z = 0, whose approximate distance to the limit
cycle is minimal (least squares minimization).

In Figure [0, we compare the results obtained with the original state dynamics and with

the two-dimensional phase-amplitude map

On+1] = On] +wAt + Ay (H[n] + w At r[n]e ™M A e)

Oln + 1] = rlnle ™2 4 A, (Q[n] + w At r[n]e M AL e)

where [n] and r[n] are the phase and amplitude values after the nth pulse. We consider
the parameters e = 1 and At = 4. The phase-amplitude dynamics are accurate enough to
provide a good approximation of the system trajectory. Main errors are observed in the
amplitude coordinate and are mainly due to the fact that the phase-amplitude dynamics is
a two-dimensional reduction that approximates the three-dimensional full dynamics. Since

the pulse amplitude € is not small, we verify that the one-dimensional map
On + 1] = 0[n] + w At + € Zy(0[n] + w At, 0)

obtained from classic phase reduction does not provide an accurate evolution of the phase.

V. CONCLUSION

In this paper, we provide an efficient method to compute phase-amplitude coordinates
and responses of limit cycle dynamics, in the whole basin of attraction. In particular, we have
computed the so-called isostables of limit cycle dynamics in two and three-dimensional state
spaces. Our method is framed in the context of the Koopman operator, and based on the fact
that phase-amplitude coordinates can be obtained by computing specific eigenfunctions of
the operator. Building on previous works, we compute these eigenfunctions through Laplace
averages evaluated along the system trajectories, a technique which is combined with the
harmonic balance method. Our proposed method also complements previous works since it
can also be used to estimate the (infinitesimal) phase and isostable response of the system.
Moreover, it relies on forward integration and is therefore well-suited to compute phase and

amplitude coordinates in high-dimensional spaces.
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Figure 6: The three-dimensional Van der Pol system is forced by a train of pulses. The phase
variable (upper panel) and amplitude variables (lower panel), shown after each pulse, are correctly
approximated by the phase-amplitude dynamics. However, classic phase reduction does not provide

an accurate estimation of the phase dynamics (green).

Future work could seek for an alternative technique to the harmonic balance method
which is needed to obtain an approximation of the limit cycle. The method could also
be extended to more general systems and used to compute the isostables and thus the
response to non-local perturbations in the case of quasi-periodic tori or strange attractors,
for instance. Finally, phase-amplitude coordinates could be considered to design controllers

of limit cycle dynamics working with large inputs.
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Appendix A: Approximating the limit cycle with Fourier series

We consider the dynamical system and suppose that the vector field is analytic, so

that we can write
F(x) = Z Fi, ..k, x]fl o, asfl" (A1)
(k1,...kn)ENP

Assuming that the system admits a periodic orbit, we aim at expressing the limit cycle as

a Fourier series

x,(0) = > cpe™. (A2)

keZ
To obtain the Fourier coefficients ¢y, we inject (A2)) with § = wt in the dynamics (1)), which

yields

iwY kcpe™ =F (Z cke“““t) .

keZ keZ

Using (A1]), we obtain

iw Z ke cpetet —Fy_ o+ Z Foroh ( Z CS) .. Z c§2 ) ..

keZ (k1,....kn)EN" J1EZ Jky €L
k1+-4kn>0
k1 times
(O e T e
Ik 4 Akp_1+1 Ik +--4kn
jk1+---+kn,1+1€Z jk1+~-+kneZ

k., times

with the vectors ¢, = (c,(j) e c,i")). With the function

1 if | <k
V(ky, .. ke l) =
T€{2,...,n} ifl>ki+--+k_jandl <k +---+k,

we can rewrite the above expression in a more compact form:

w Z k ettt
keZ
k1++kn o .
- FO 0 + Z Fkl k Z H C’U(kl»szul) el(]1+"'+]k1+..4+kn)wt
[} seeeslin J1 .
(k1,-...kn) EN™ (G1reiby othn) =1
k1+-+kn>0 czk1++kn
Finally, we obtain the set of equalities
biedhn
. o UV(R1,---5Rn;
iwke, =Fo_ o+ > Frn, > I < : (A3)
(k1yee.,kn)EN™ (]1 ..... jk1+~~~+kn)ezk1+“-+k’n =1
k'1++kn>0 ]1++]k1++kn:k

19



There are as many equations as unknown Fourier coefficients ((n(2N + 1) scalar equations
if we consider the Fourier coefficients up to & = N). However, the frequency w is also
unknown, so that the system of equations is underdetermined. This corresponds to the fact
that there are an infinity of solutions, which are all equal up to some phase lag. We can

impose this phase lag, for instance by adding the constraint
4(:5” =C
for some fixed C' € [0, 27).

Remark 3 (Fixed points). A fixed point of the system yields a solution to (A3)) that satisfies
cr = 0 for k£ # 0. Injecting this solution in (A3)), we verify that there is only one non trivial
equality (for k = 0)
0=Fo.ot > Frw (@) ()" =Fle),
(K1 yeeoskin ) ENT
k14-+kn>0
which holds if ¢g is a fixed point of the system. This particular solution should be disre-

garded.

Remark 4 (Floquet exponent). In the case of planar systems, we can express the Floquet
exponent in terms of the Fourier coefficients in the expansion . The Floquet exponent
is given by

/ divF(x,(t)) dt = T/ > k1 Fkllk2$’f1 o+ > kZFkl kﬁl st

(kl,kg EN* xN (kl,k‘g)ENXN*

where div F denotes the divergence of F and Fy, 5, = (Fl,c(1 > Fk1 k2) Using (14) and

T 1 ifk=
l 6ikwtdt — k 0
T Jo .
0 ifk+#0
we obtain
W 1) PR k)
v(k1—1,k2;
A F Z Ky Fkl,k2 Z H i
(k1,ko) EN? (J1rsdky +hg—1)EZFITR2=L =1
k1+k2>0 Jit ATk 4 kg —1=0
@ 2) kel ik 11)'
v(k1,k2—1;
+ F Z ks F/ﬂ ) Z H i
(kl’k2)€N2 (]17"'7jk1+k2—1)ezk1+k271 =1
k1+ko>0 Jit kg kg —1=0
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Numerical implementation

We provide a few remarks and guidelines on the numerical resolution of (A3]).

e For numerical computations, the Fourier series are truncated, i.e. we consider that

cr = 0in (A3) if |k| > N for some chosen N.

e We express (A3)) in terms of the real and imaginary parts of ¢, and solve the obtained
equations to find the (real) unknowns R{c;} and I{c,}. Note that we can disregard

the equations related to k < 0, replacing them by the relationships

R{cr} = R{c_x} ek}t = —S{c_i}
since x, is real.

e Solving is a nonlinear, nonconvex problem, so that the numerical solution is
likely to be inaccurate if the initial guess is too far from the true solution. To tackle
this issue, we use an iterative procedure. We solve for a small value Ny. Then
the obtained solution is used as an initial guess to solve (A3) with a (slightly) larger
Ny > Ny (for the initial guess, we assume ¢, = 0 for k& € [Ny + 1, N1]). We proceed

iteratively until the error is smaller than a given threshold.

Numerical experiments suggest that, in most cases, this scheme converges and yields
very accurate results. However, it might not converge when the system is high-
dimensional, in particular if the limit cycle exhibits a complex geometry. In this

case, another resolution scheme should be considered.
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