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Delayed feedback control of synchronization in weakly coupled oscillator networks
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We study control of synchronization in weakly coupled oscillator networks by using a phase-reduction
approach. Starting from a general class of limit-cycle oscillators we derive a phase model, which shows that
delayed feedback control changes effective coupling strengths and effective frequencies. We derive the analytical
condition for critical control gain, where the phase dynamics of the oscillator becomes extremely sensitive to
any perturbations. As a result the network can attain phase synchronization even if the natural interoscillatory
couplings are small. In addition, we demonstrate that delayed feedback control can disrupt the coherent phase
dynamic in synchronized networks. The validity of our results is illustrated on networks of diffusively coupled

Stuart-Landau and FitzHugh—Nagumo models.
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I. INTRODUCTION

Starting from C. Huygens’ research on “an odd kind
sympathy” between coupled pendulum clocks, the synchro-
nization as a phenomenon occurs in various man-made and
natural systems [1-4]. The coherent behavior of oscillators
arises in numerous situations, e.g., flashing of fireflies [5],
cardiac pacemaker cells [6], neurons in the brain [7], coupled
Josephson junctions [8], chemical reactions [1,9], crowd
synchrony [10], and power grids [11,12]. The synchronous
behavior can be desirable or harmful. The ability to control
synchrony in oscillatory networks covers a wide range of
real-world applications, starting from neurological treatment
of Parkinson’s disease and essential tremor [13,14] to the
design of robust power grids [12,15].

Phase reduction is a fundamental theoretical technique
to investigate synchronization in weakly coupled oscillator
networks [1-4] since it allows the approximation of high-
dimensional dynamics of oscillators with a single-phase
variable. The concept of the phase model causes significant
progress in understanding the synchrony of the networks,
e.g., correlation between topology and dynamics towards
synchronization [16], synchronization criterion for almost any
network topology [12], optimal synchronization [17], chimera
states [18,19], etc. The main factors determining the synchrony
in the phase model are coupling strength and dissimilarity
of frequencies. The ability to change these parameters will
easily allow the synchronization or desynchronization of
networks. Typically, the phase variable is not attained for
direct measurements and actions. Instead of this, we have
an access to dynamical variables of the limit cycle. In
such situations, the control schemes are usually based on
feedback loops. Therefore, we ask: how do we enhance or
suppress synchronization in networks via feedback signals,
when minimal knowledge about the particular unit of the
network is available? This question has been investigated
in Refs. [20,21], where the synchronization is controlled by
delayed mean-field feedback into the network. Also, there
have been many numerical investigations [22-25] devoted to
this question. In this work, we present analytical results for
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control of synchronization in networks by time delayed local
signals fed back into particular units of the network. By using
phase reduction for systems with time delay [26,27], we arrive
at a phase model. It fully coincides with the phase model
of the uncontrolled network, the only difference being that
the coupling strengths and frequencies depend on the control
parameters. Surprisingly, the relations are almost universal,
i.e., do not depend on the particular model of the limit cycle
and on the coupling interoscillatory function. Moreover, the
coupling strengths have a multiplicative inverse dependence
on the feedback control gain and their values can be selected
from zero to infinity. As a consequence, the synchronization
can be achieved even if the oscillators are almost uncoupled.
Also, we show that the particular choice of the delay times in
the control scheme can lead to full phase synchronization (i.e.,
when the phases of all oscillators are equal at any time moment)
in the network. The analytical results are verified numerically
on networks of diffusively coupled Stuart-Landau (SL) and
FitzHugh—-Nagumo (FHN) models.

II. PHASE REDUCTION OF OSCILLATOR NETWORK

We consider a general class of N weakly coupled limit-
cycle oscillators under delayed feedback control (DFC):

N
x; =fi(x)+e ZGij(XivXj) +Ki[x;(t — ) —x;(1)], (1)

J=1

where x; € R” is an n-dimensional state vector of the
ith oscillator, f; : R" — R"” is a vector field represent-
ing the free dynamics of the ith oscillator, G;; : R" x
R" — R" is an interoscillatory coupling function, K; =
diag[K ,( ”, Kl.(z), ..., K l.(")] is an n-dimensional diagonal matrix
of the feedback control gain, and t; is the delay time of
the ith oscillator’s feedback loop. We assume that ¢ > 0
is a small parameter. Each uncoupled oscillator x; = f;(x;)
has the stable limit-cycle solution &;(t 4+ T;) = &;(¢) with the
natural frequency 2; = 27/ T;. We are interested in the case
when dissimilarity of the periods is of the order of e, i.e.,
(T; = T;) ~ ¢ forany i,j =1,...,N. Also, we assume that
the delay times are close to the periods, i.e., (T; — 7;) ~ €.
By expanding delayed vector x; (¢ — t;) into a Taylor series
and omitting higher-than-e-order terms, we arrive at the
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following expression for the control force:
Ki[xi(t — 7)) — x:(1)]
~ Ki[x;(t — T;) — x;(1)]

where AT; = t; — T; is the mismatch of the time delay. The
first term on the right-hand side (r.h.s.) of expression (2) is
familiar from the controlling chaos, where it is used to stabilize
unstable periodic orbits in chaotic systems [28,29]. Therefore,
we use well-known results such as the odd number limitation
theorem [30] and mismatched control scheme [31].

The oscillators under DFC,

x; = §;(x;) + K;[x; (¢t —

- Kixi(t = THAT;, (2)

T) —xi(0)], 3)

also have the same periodic solutions &;(¢#) as the free
oscillators, but with different stability properties and, as a con-
sequence, with different perturbation-induced phase response.
If the free oscillator has an infinitesimal phase-response curve
(iPRC) z;(¥;) [the iPRC is a T;-periodic solution of the adjoint
equation z;(t) = —[Df;(§ ()17 z;(t) with the initial condition
ziT (0) - £;(0) = 1; see Refs. [1-4] ] then the oscillator under
DFC (3) has the iPRC ZEDFC)(I%) of the same form but with
different amplitude [26]: ZEDFC)(z?,-) = «;z;(99;). The factor «;
can be expressed as

n —1
o = o (K;) = [1 +> Klfm)cf’")} . 4)

m=1

Here, the coefficients C ;m) are the integrals C ;m) =
fOT’ me)(s)éi(m)(s)ds, where the upper indices (m) denote the
particular components of the vectors z; and ‘;‘ i

Now we apply the phase-reduction technique [26,27] to the
oscillator network (1) assuming that the unperturbed oscilla-
tors are described by equations (3) and that the perturbation
contains two parts: the interoscillatory coupling terms G;; and
the second term on the r.h.s. of expression (2). Both parts are
of the same order: O(¢). The equations for the phase dynamics
are

N
i = 1+ oKz () ) Gij(&:(9).8;(2))

j=1
— ATy (K)z! (9)KE, (). (5)

Here, in the last term of the r.h.s., we write § (9;(¢)) instead of
E (9;(t — T;)). It can be done because

E,(0i(t — T7) = £,0;(t) + 0(2)) = £,®:(1)) + O(e)  (6)

and, after multiplication by AT;, we get the second-order
correction O(e?) which is omitted [31].

The equations for the phase dynamics (5) are valid only
when all periodic solutions &;(¢) are stable solutions of
the system (3). According to the odd number limitation
theorem [30], the periodic solution &;(¢) is the unstable solution
of the system (3) if the condition

> K™mc™ < -1 (7)
m=1
holds. The condition (7) shows which values of the feedback
control gains cannot be correctly described by Eq. (5). If this
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condition does not hold, then it is still not guaranteed that
the solution &;(¢) is stable and that Eq. (5) is valid. However,
as we see below, for particular systems (namely, diffusively
coupled Stuart-Landau and FitzHugh—-Nagumo models) the
condition (7) is necessary and sufficient.

The phases ¥;(¢) in equation (5) vary from O to T;.
However, when we investigate phase synchronization, it is
convenient to have phases growing from 0 to 27 . Furthermore,
on the r.h.s. of Eq. (5), the first term corresponds to trivial
growing of the phase. Therefore, we introduce new variables
oi(t) = Q;9;(t) — 2T”t, where T is the so-called “averaged”
period. The number 7 is not necessarily equal to the average
of all oscillator periods and can be chosen freely with one
requirement: (T — T;) ~¢ for all i = 1,...,N. In the new
variables, Eq. (5) can be written as

. T ¥i Q
@ = w; + Q0 (K;)z; ot

N . Q Q
oz ) (z+2)

j=1

¢ | L (i | S

AT,Q,O{,(K,)Zi (Qi + Qit)Klgi(Qi + Qit),
where 2 = 277/ T is the averaged frequency and w; = Q; — .
The r.h.s. of the last equation depends periodically on time
with period T'; also, w; and AT; are small parameters. Thus
we can apply the averaging method [32,33]. Let us denote
the averaged phases v;(¢). The phase model for the averaged
phases is

i = o +8eff2 S — W) ®)
where we introduce effective coupling strengths
e = ea; (K;), ©)
effective frequencies
o = o+ 25 e K) — 1), (10)

[in equation (10) the index i near the Q2 and T is skipped
without loss of accuracy] and coupling functions

1 2 s s X+s
Hij(x) = f/o Z; (@)G”<£"(§>’Ej< Q; ))ds'
(11

Hereafter we assume that all network units are near
identical and described by similar equations, i.e., [f;(&;(¢)) —
fi(§;®)] ~¢eforalli,j =1,...,N. We denote the averaged
oscillator as x = f(x), which has the stable periodic solution
&(t 4+ T) = &(¢) and the corresponding iPRC z(r 4+ T') = z(1).
The choice of the averaged oscillator must satisfy one
requirement: [f(&(z)) —f;(§;(#))] ~¢ for all i=1,...,N.
Also, we assume that interoscillatory functions have the
form G;;(x;,X;) = a;;8(X;,X;) where the coefficients a;; > 0
play the role of the network’s adjacency matrix elements.
We consider the undirected network, therefore the adjacency
matrix AT = A. Now we can simplify the network’s phase
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model (8). Since &;(s/2;) = &E(s/ Q) + O(e) and z;(s/ ;) =
z(s/ ) + O(¢), without loss of accuracy, the indices i near o
can be dropped and Eq. (8) can be rewritten as

N
Ui = o+ &7 ah (g — ).

Jj=1

(12)

with effective coupling strengths ef’ff = sa(K;), effective fre-
quencies o = w; + Q(AT;/ T)[a(K;) — 1], coupling func-
tions

2
=7 [ (& )sl(5) (457 Jor o

and the factor a(K;) =[1+ Y ) _, KI.(m)C“")]‘l, where the
integrals C = fOT ZM()EM(s)ds.

Our main result is the phase model (12). Using equa-
tion (12), we can analyze three important control regimes.
Before that let us make two additional assumptions: (1) We
assume that condition (7) is necessary and sufficient, i.e., the
periodic solutions &;(¢) are stable until equation (7) does not
hold, and (2) we assume that, for the uncontrolled network
(K; = 0) there exists a positive threshold coupling strength
& > Osuch that, when ¢ > ey, the network possesses a stable
phase-synchronization regime

1/-f1=l'02="‘=1/.f1v,

while for & < &y the phase synchronization cannot be
achieved. Hence the important control cases are

(1) If all delay times and feedback control gains are equal
(i=tand K; =K foralli =1,...,N), then synchroniza-
tion of the network cannot be controlled. In this case the phase
model (12) is equivalent to the phase model of an uncontrolled
network. This can be seen if we choose the averaged period
T = t (without loss of generality we can always do that) and
rewrite effective frequencies as

(14)

eff _ ATi
w;" = w; + QT[a(K) —1]

= w; + o;[a(K) — 1]+ 0(e?) ~ w;a(K).  (15)

Since & = ea(K), the factor a(K) can be eliminated from

Egs. (12) by a time-scaling transformation.

(i) If all delay times are equal to the periods (7; = T;
for all i =1,...,N), then o = w;, and it is possible to
synchronize or desynchronize the network independently of
how big or small the natural interoscillatory coupling is. Let
us say that all diagonal matrices K; have only one nonzero
element K" = K" and assume that C" is positive. Then,
from condition (7) the phase model (12) is valid if KV is in
the interval (—1/C, + 00). The effective coupling strengths
e = ¢/[1 + KDCW] go to infinity if K — —1/C™D + 0.
Therefore, the oscillators’ phases become extremely sensitive
to any perturbations. At the boundary KV = —1/C®" all
oscillators become neutrally stable. For the other boundary, if
K — +o0 then & — 0, and the oscillators’ phases cannot
synchronize to each other. Note that, even if a magnitude of
the effective coupling strength can be chosen freely, the sign
cannot be changed.
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(iii) If the mismatch times are equal to

AT, wj

—_— = (16)
T Q[ — a(K))]

then ¢ = 0. In this case the network is in the stable full-

phase-synchronization regime

Vi(1) = Yo(t) = - - - = Yy (1) = const. a7
under the additional conditions #(0) = 0 and 4'(0) = y > 0.
The condition 2(0) = 0 is always fulfilled if the units are
diffusively coupled, and the condition y > 0O represents attrac-
tive coupling. The stability of the full-phase-synchronization
regime (17) is determined by eigenvalues of the matrix
M = —yEL, where E = diag[¢$T &5, ... &S] is a diagonal
positive-definite matrix and L = D — A is anetwork Laplacian
matrix (here D = diag[d,,d>, . . . ,dy]is the degree matrix with
the elements d; = Z?’:l a;j). We assume that the network is
connected and unidirected, so the matrix L has eigenvalues
0=A; <Ay < --- < Ay. By defining a square root of the
matrix E as E!/2 with the entries (¢¢™)!/? on the diagonal, we
can see that M has the same eigenvalues as a symmetric matrix
M’ = —yE!2LE'2. M’ is a negative semidefinite matrix
with only one eigenvalue equal to zero, which corresponds
to a shift of all phases by the same amount. Hence the
full-phase-synchronization regime is stable.

III. NUMERICAL DEMONSTRATIONS

As a first example, we study a network of N = 8 all-to-all
diffusively coupled Stuart-Landau (SL) models described by
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SY | & 62 |
1 1
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1 : 1 \
=~ ! =~ !
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(€) o 5000 10000 (d)"o 5000 10000
0.05 ! 0.05 !
= o Ik_ o
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time time

FIG. 1. (Color online) Control of synchronization in the SL
network (18) for the mismatches AT; = 0. (a), (b) Local periods;
(c), (d) Kuramoto order parameter; (e), (f) DFC force applied to
the first unit F(t) = K[x;(t — T}) — x;(¢)]. The vertical dashed
red line shows the time when the control is turned on. (a), (c),
(e) DFC causes synchronization in the network with parameters
e =9 x 10"*and K = —0.3, since ¢* > &g, (b), (d), (f) DFC causes
desynchronization in network with parameters ¢ =5 x 1072 and

K =4, since & < gy,.
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FIG. 2. (Color online) The synchrony-asynchrony transition in
the SL network for the control regime A7; = 0. A snapshot of
the local periods versus the control gain calculated numerically for
different coupling strengths: (a) ¢ =9 x 10™* and (b) e = 5 x 1072,
The vertical red line shows the analytically derived critical value of
the control gain.

the following equations:

N
Xi = xi(l —xl-z - ylz) — Qiyi +eN7! ZZ(xj — Xi)
j=1
+ K[xi(t — 1) — xi (D], (18a)
§i = (1 = 32 = 37) + (15b)

As an averaged oscillator we choose the SL model
with Q = 1. For this case, the periodic orbit and iPRC
can be found analytically: &(¢) = [cost,sint]” and
z(t) = [—sint, cost]?. According to Eq. (13), the coupling
function A (x) = sin x. For the oscillators natural frequencies
we choose following values ; = Q + w;, where w; = 1073 x
{1.38,2.54, —1.93, —4.87, —2.12,3.95,4.31, —3.26}.  For
the SL model the factor a(K)=1[1+ Knx]™' and the
feedback control gain K can be selected from the interval
(="', + 00). We calculate numerically that the network (18)
without control (K = 0) possesses phase synchronization if &
is above the threshold value &g, = 7 x 1073, The adjacency
matrix of the network (18) is a;; = N~! and the corresponding
phase model is the celebrated Kuramoto model

N
; ff ff A7—1 .
i = o + TN sin(y; — ¥). (19)
j=I
As a synchronization criteria we choose two
measurements: the Kuramoto order parameter
r(t) = N1 Z._[,Y:I exp (iyj(1)| and the “local” periods
Tocal (or sometimes called interspike intervals) defined as the

10 _/\\/.\/‘ g P »‘\v. D 7

I

= -2 '
| 10 1 ]

]

— I
10*t ; .

I I Ll I I I
0 2000 4000 6000 8000 10000 12000
time

FIG. 3. (Color online) Kuramoto order parameters of SL net-
work (18) depicted on a semilog plot. The thin blue line reproduces
results from Fig. 1(c), while the thick green line is calculated in
the full-phase-synchronization regime. The vertical dashed red line
shows the time when the control is turned on.
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1 (3) (5) 7

z 4—8 8
FIG. 4. Topology of the FitzHugh—-Nagumo oscillator net-
work (20).

time interval between two neighboring maxima of the first
dynamical variable. Figure 1 shows a numerical simulation
of the SL network (18) when the mismatches AT; = 0.
The transition synchrony-asynchrony occurs at a critical
control gain K. = m~'[e/eg, — 1]. In Fig. 2 we demonstrate
the synchrony-asynchrony transition in the SL network. As
we can see, the analytical results coincide with numerical
simulations.

In order to demonstrate the full-phase-synchronization
regime, we simulate a SL network with the same parameters
as presented in Figs. 1(a), 1(c), and 1(e), only the mismatch
times are selected according to Eq. (16). The local periods and
F) are very similar to that presented in Figs. 1(a) and 1(e),
only the Kuramoto order parameter is much closer to unity
(cf. Fig. 3).

In order to show that analytical results are valid for
nontrivial oscillators and for the nontrivial network topology,
we investigate the network of N = 8 diffusively coupled
FitzHugh—-Nagumo (FHN) [34,35] models

N
).C,' = X; —X?/3—yi +O.5+8Za[j(xj' —)C,')

Jj=1
+ K[xi(t — ) — x: (0],
yi = 6,~(x,- + 0.7 — OSy,)

T
_.396 _.39.6
§ 39.5 € 39.5]
oo 39.4 oo 304
39.3 39.3
0 5 10 0
(a) b
ot ()
0.02 . 0.02 .
I
— — !
€3 0 F——— =, 0
I
I
0% s 10 005 G 10
(©) time x 10" (d) time x10°

FIG. 5. (Color online) Control of synchronization in the FHN
network (20) for the mismatches AT; = 0. (a), (b) Local periods; (c),
(d) DEC force applied to the first unit Fy(¢) = K[x;(t — T1) — x;(t)].
The vertical dashed red line shows the time when the control is
turned on. (a), (¢) DFC causes synchronization in network with
parameters € = 5 x 107> and K = —0.09, since & > gy (b), (d)
DFC causes desynchronization in network with parameters ¢ = 1073

and K = 0.5, since £ < gg.
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The adjacency matrix elements a;; =1 if the unit 7 is
connected to the unit j, and a;; = 0 otherwise. The network
topology is illustrated in Fig. 4. As an averaged oscilla-
tor we choose a FHN model with € = 0.08. For such a
model the constant C" ~ 10.02 is computed numerically.
We checked that the averaged oscillator possesses a stable
periodic solution &(#) when the control gain K is in the
interval (—1/C M, + 00). In the network (20) each oscillator
has different parameters ¢; = € + Ag¢;, where A¢; = 10~* x
{0.3,-1.7, 0.9, 2.1, 1.5, —2.6, —1.1, 0.8}, and without con-
trol (K = 0) it possesses phase synchronization if ¢ is above
the threshold &y, = 3.6 x 107%. Figure 5 shows a numerical
simulation of the FHN network (20) when the mismatches
AT; = 0. Again, analytical results coincide with numerical
simulations.

IV. CONCLUSION

We present a framework for controlling synchrony in
weakly coupled oscillator networks by delayed feedback
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control. We show that, when the delay time is close to
the period of a particular oscillator, the network’s phase
model almost coincides with the uncontrolled network’s phase
model. The only difference is that effective coupling strengths
and effective frequencies depend on control parameters. By
appropriate choice of the control parameters the magnitude of
the effective coupling strength can be selected arbitrarily, while
the sign cannot be changed. Unlike the coupling strength, the
sign of the effective frequencies can be inverted.

In this work we restricted ourselves to the case when
the control term appears as an external force applied to the
oscillator. However, it can be simply generalized to the case of
arbitrary functional dependence of the oscillator on the control
signal.

ACKNOWLEDGMENTS

Author would like to thank Vaidas Juknevicius, Julius
Ruseckas, and Artiras Novicenko for careful reading and
correcting the manuscript of this paper, and Irmantas Ratas
for fruitful discussions.

[1] Y. Kuramoto, Chemical Oscillations, Waves, and Turbulence
(Springer-Verlag, Berlin, 2003).

[2] A. T. Winfree, The Geometry of Biological Time (Springer,
Berlin, 2001).

[3] A. Pikovsky, M. Rosenblum, and J. Kurths, Synchronization: A
Universal Concept in Nonlinear Sciences (Cambridge Univer-
sity Press, Cambridge, 2001).

[4] E. M. Izhikevich, Dynamical Systems in Neuroscience: The
Geometry of Excitability and Bursting (MIT Press, Cambridge,
2007).

[5] J. Buck, Q. Rev. Biol. 63, 265 (1988).

[6] L. Glass and M. C. Mackey, From Clocks to Chaos: The Rhythms
of Life (Princeton University Press, Princeton, 1988).

[7] E. Varela, J.-P. Lachaux, E. Rodriguez, and J. Martinerie, Nat.
Rev. Neurosci. 2, 229 (2001).

[8] K. Wiesenfeld, P. Colet, and S. H. Strogatz, Phys. Rev. E 57,
1563 (1998).

[9] I. Z. Kiss, Y. Zhai, and J. L. Hudson, Science 296, 1676 (2002).

[10] S. H. Strogatz, D. M. Abrams, A. McRobie, B. Eckhardt, and E.
Ott, Nature (London) 438, 43 (2005).

[11] A. E. Motter, S. A. Myers, M. Anghel, and T. Nishikawa, Nat.
Phys. 9, 191 (2013).

[12] F. Dorfler, M. Chertkov, and F. Bullo, Proc. Natl. Acad. Sci.
USA 110, 2005 (2013).

[13] A. L. Benabid, P. Pollak, C. Gervason, D. Hoffmann, D. M. Gao,
M. Hommel, J. E. Perret, and J. de Rougemont, The Lancet 337,
403 (1991).

[14] A. L. Benabid, A. Benazzous, and P. Pollak, Mov. Disord. 17,
S73 (2002).

[15] F. Dorfler and F. Bullo, Automatica 50, 1539 (2014).

[16] A. Arenas, A. Diaz-Guilera, and C. J. Pérez-Vicente, Phys. Rev.
Lett. 96, 114102 (20006).

[17] P.S. Skardal, D. Taylor, and J. Sun, Phys. Rev. Lett. 113, 144101
(2014).

[18] Y. Kuramoto and D. Battogtokh, Nonlinear Phenom. Complex
Sys. 5, 380 (2002).

[19] D. M. Abrams and S. H. Strogatz, Phys. Rev. Lett. 93, 174102
(2004).

[20] M. G. Rosenblum and A. S. Pikovsky, Phys. Rev. Lett. 92,
114102 (2004).

[21] M. Rosenblum and A. Pikovsky, Phys. Rev. E 70, 041904
(2004).

[22] S. Brandstetter, M. A. Dahlem, and E. Scholl, Philos. Trans. R.
Soc., A 368, 391 (2009).

[23] P. Hovel, M. A. Dahlem, and E. Scholl, Int. J. Bifurcation Chaos
Appl. Sci. Eng. 20, 813 (2010).

[24] P. Hovel, M. A. Dahlem, and E. Scholl, in 19th International
Conference on Noise and Fluctuations, ICNF 2007, edited by
M. Tacano, Y. Yamamoto, and M. Nakao, AIP Conf. Proc.,
Vol. 922 (AIP, New York, 2007), p. 595.

[25] E. Scholl, G. Hiller, P. Hovel, and M. A. Dahlem, Philos. Trans.
R. Soc., A 367, 1079 (2009).

[26] V. Novicenko and K. Pyragas, Phys. D 241, 1090 (2012).

[27] K. Kotani, I. Yamaguchi, Y. Ogawa, Y. Jimbo, H. Nakao, and
G. B. Ermentrout, Phys. Rev. Lett. 109, 044101 (2012).

[28] K. Pyragas, Phys. Lett. A 170, 421 (1992).

[29] K. Pyragas, Philos. Trans. R. Soc., A 364, 2309 (2006).

[30] E. W. Hooton and A. Amann, Phys. Rev. Lett. 109, 154101
(2012).

[31] V. Novicenko and K. Pyragas, Phys. Rev. E 86, 026204
(2012).

[32] V. Burd, Method of Averaging for Differential Equations on an
Infinite Interval (Taylor & Francis Group, Boca Raton, 2007).

[33] J. A. Sanders, F. Verhulst, and J. Murdock, Averaging Methods
in Nonlinear Dynamical Systems (Springer, Berlin, 2007).

[34] R. A. FitzHugh, Biophys. J. 1, 445 (1961).

[35] J. Nagumo, S. Arimoto, and S. Yoshizawa, Proc. IRE 50, 2061
(1962).

022919-5


http://dx.doi.org/10.1086/415929
http://dx.doi.org/10.1086/415929
http://dx.doi.org/10.1086/415929
http://dx.doi.org/10.1086/415929
http://dx.doi.org/10.1038/35067550
http://dx.doi.org/10.1038/35067550
http://dx.doi.org/10.1038/35067550
http://dx.doi.org/10.1038/35067550
http://dx.doi.org/10.1103/PhysRevE.57.1563
http://dx.doi.org/10.1103/PhysRevE.57.1563
http://dx.doi.org/10.1103/PhysRevE.57.1563
http://dx.doi.org/10.1103/PhysRevE.57.1563
http://dx.doi.org/10.1126/science.1070757
http://dx.doi.org/10.1126/science.1070757
http://dx.doi.org/10.1126/science.1070757
http://dx.doi.org/10.1126/science.1070757
http://dx.doi.org/10.1038/438043a
http://dx.doi.org/10.1038/438043a
http://dx.doi.org/10.1038/438043a
http://dx.doi.org/10.1038/438043a
http://dx.doi.org/10.1038/nphys2535
http://dx.doi.org/10.1038/nphys2535
http://dx.doi.org/10.1038/nphys2535
http://dx.doi.org/10.1038/nphys2535
http://dx.doi.org/10.1073/pnas.1212134110
http://dx.doi.org/10.1073/pnas.1212134110
http://dx.doi.org/10.1073/pnas.1212134110
http://dx.doi.org/10.1073/pnas.1212134110
http://dx.doi.org/10.1016/0140-6736(91)91175-T
http://dx.doi.org/10.1016/0140-6736(91)91175-T
http://dx.doi.org/10.1016/0140-6736(91)91175-T
http://dx.doi.org/10.1016/0140-6736(91)91175-T
http://dx.doi.org/10.1002/mds.10145
http://dx.doi.org/10.1002/mds.10145
http://dx.doi.org/10.1002/mds.10145
http://dx.doi.org/10.1002/mds.10145
http://dx.doi.org/10.1016/j.automatica.2014.04.012
http://dx.doi.org/10.1016/j.automatica.2014.04.012
http://dx.doi.org/10.1016/j.automatica.2014.04.012
http://dx.doi.org/10.1016/j.automatica.2014.04.012
http://dx.doi.org/10.1103/PhysRevLett.96.114102
http://dx.doi.org/10.1103/PhysRevLett.96.114102
http://dx.doi.org/10.1103/PhysRevLett.96.114102
http://dx.doi.org/10.1103/PhysRevLett.96.114102
http://dx.doi.org/10.1103/PhysRevLett.113.144101
http://dx.doi.org/10.1103/PhysRevLett.113.144101
http://dx.doi.org/10.1103/PhysRevLett.113.144101
http://dx.doi.org/10.1103/PhysRevLett.113.144101
http://dx.doi.org/10.1103/PhysRevLett.93.174102
http://dx.doi.org/10.1103/PhysRevLett.93.174102
http://dx.doi.org/10.1103/PhysRevLett.93.174102
http://dx.doi.org/10.1103/PhysRevLett.93.174102
http://dx.doi.org/10.1103/PhysRevLett.92.114102
http://dx.doi.org/10.1103/PhysRevLett.92.114102
http://dx.doi.org/10.1103/PhysRevLett.92.114102
http://dx.doi.org/10.1103/PhysRevLett.92.114102
http://dx.doi.org/10.1103/PhysRevE.70.041904
http://dx.doi.org/10.1103/PhysRevE.70.041904
http://dx.doi.org/10.1103/PhysRevE.70.041904
http://dx.doi.org/10.1103/PhysRevE.70.041904
http://dx.doi.org/10.1098/rsta.2009.0233
http://dx.doi.org/10.1098/rsta.2009.0233
http://dx.doi.org/10.1098/rsta.2009.0233
http://dx.doi.org/10.1098/rsta.2009.0233
http://dx.doi.org/10.1142/S0218127410026101
http://dx.doi.org/10.1142/S0218127410026101
http://dx.doi.org/10.1142/S0218127410026101
http://dx.doi.org/10.1142/S0218127410026101
http://dx.doi.org/10.1098/rsta.2008.0258
http://dx.doi.org/10.1098/rsta.2008.0258
http://dx.doi.org/10.1098/rsta.2008.0258
http://dx.doi.org/10.1098/rsta.2008.0258
http://dx.doi.org/10.1016/j.physd.2012.03.001
http://dx.doi.org/10.1016/j.physd.2012.03.001
http://dx.doi.org/10.1016/j.physd.2012.03.001
http://dx.doi.org/10.1016/j.physd.2012.03.001
http://dx.doi.org/10.1103/PhysRevLett.109.044101
http://dx.doi.org/10.1103/PhysRevLett.109.044101
http://dx.doi.org/10.1103/PhysRevLett.109.044101
http://dx.doi.org/10.1103/PhysRevLett.109.044101
http://dx.doi.org/10.1016/0375-9601(92)90745-8
http://dx.doi.org/10.1016/0375-9601(92)90745-8
http://dx.doi.org/10.1016/0375-9601(92)90745-8
http://dx.doi.org/10.1016/0375-9601(92)90745-8
http://dx.doi.org/10.1098/rsta.2006.1827
http://dx.doi.org/10.1098/rsta.2006.1827
http://dx.doi.org/10.1098/rsta.2006.1827
http://dx.doi.org/10.1098/rsta.2006.1827
http://dx.doi.org/10.1103/PhysRevLett.109.154101
http://dx.doi.org/10.1103/PhysRevLett.109.154101
http://dx.doi.org/10.1103/PhysRevLett.109.154101
http://dx.doi.org/10.1103/PhysRevLett.109.154101
http://dx.doi.org/10.1103/PhysRevE.86.026204
http://dx.doi.org/10.1103/PhysRevE.86.026204
http://dx.doi.org/10.1103/PhysRevE.86.026204
http://dx.doi.org/10.1103/PhysRevE.86.026204
http://dx.doi.org/10.1016/S0006-3495(61)86902-6
http://dx.doi.org/10.1016/S0006-3495(61)86902-6
http://dx.doi.org/10.1016/S0006-3495(61)86902-6
http://dx.doi.org/10.1016/S0006-3495(61)86902-6
http://dx.doi.org/10.1109/JRPROC.1962.288235
http://dx.doi.org/10.1109/JRPROC.1962.288235
http://dx.doi.org/10.1109/JRPROC.1962.288235
http://dx.doi.org/10.1109/JRPROC.1962.288235



