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Suppression of spiral waves and spatiotemporal chaos by generating target waves
in excitable media
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A method for suppressing spiral waves and spatiotemporal chaos in excitable media is proposed. Applying
suitable periodic force to a single point, we can successfully suppress spiral waves as well as spatiotemporal
chaos by generating target waves. After we turn off the external force, target waves finally disappear and the
whole system which was in the state of spiral wave or spatiotemporal chaos goes to the spatially homogeneous
steady state. It is shown that our control method is not sensitively model dependent. It works for a model for
catalytic CO oxidation on platinum as well as for a model for cardiac muscle.
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Spiral waves and spatiotemporal chadefect-mediated dvlat=F(u)—v, (1b)
turbulence exist popularly in excitable media, such as car-
diac muscle, the oxidation of CO on platinum, and reacting . ] 5
chemical systems, for example, the Belousov-Zhabotinsky/nere f(u)=0 if 0<u<1/3; f(u)=1—-6.75(u—1)" if
(BZ) reaction[1]. In some cases spiral waves and spatiotem/3=U=1; andf(u)=1 if u>1. Hereu andv describe the
poral chaos are undesirable because of their harmfulness. Fagtivator and the inhibitor variables, respectively. The spa-
example, spirals in cardiac muscle play an essential role iHoztemzporazl d)/znanglcivye consider two-dimensional case,
heart diseases such as arrhythmia—ventricular fibrillationY = ¢°/9x”+ d°/dy”] is investigated by varying and fixing
the major reason behind sudden cardiac death, is turbulefi"0-84 andb=0.07. In the range 0.81¢<0.06, suitable
cardiac electrical activity in which rapid, irregular distur- initial conditions lead to steadily rotating spiral waves. e\t
bances in the spatiotemporal electrical activation of the heart 0-06, the spiral waves undergo a transition from steady
make it incapable of any concerted pumping action. Theretotation to meandering. In the range-0.07, spiral waves
fore, suppression of spiral waves and spatiotemporal chaos ill break up and the system will quickly fall into a turbu-
excitable media is of much practical interégt-17. Aran-  lence state.
son, Levine, and Tsimrin§9] suggested a method of spa-  We first take €=0.04, where systenil) can have a
tiotemporal turbulence control in a model for catalytic cO Steadily rotating spiral wavgFig. 1(a)]. Our task is to sup-
oxidation on Pt110) by developing a spiral wave with local Press this undesirable spiral pattern. To control system
feedback injection. In Ref[10], the authors used time- ©One can add an external field to E¢$) [4,6,9,11,14 Here
delayed feedback signals injected into uniformly distributedOUr strategy is to apply a periodic signal to a small fixed area
local point, to prevent spiral wave from breaking up to spa-n the system for the control purpose, i.e., add to tht_a _rlght—
tiotemporal turbulence. Using low pulses over a coarse meshand side of Eq(1a) the terml'5; ,,6; ,cos{wt), wherei,
of lines, Sinha, Pande, and Panflifl] achieved control of are the integer numbers corresponding to the discretized
spatiotemporal turbulenceventricular fibrillation in a e_md y varlable_s asxj=(i—1)Ax, y;=(j—1)Ay, respec-
model for cardiac muscle. Experimentally, Kiet al. [12] tively; w,v are integer numbers. The control area is taken as
successfully suppressed chemical turbulence in catalytic CO
oxidation on Pt110) by global delayed feedback. In this pa- V s (b)
per, we will consider the suppression of spiral waves and
spatiotemporal turbulence in excitable media via periodic
forcing (open loop contrglat a single point by developing
target waves.

Let us begin with an activator controller two-variable
reaction-diffusion model for catalytic CO oxidation on
P{(110) [13]:

au/n?t=—%u(u—l)[u—(v+b)/a]+V2u, (13 k

FIG. 1. Spiral wave suppression by developing target waves
with a periodic signal injection of modell). e=0.04, n=5, I’
* Author to whom correspondence should be addressed. Electronie 1.0, w=1.807.(a) t=0, (b) t=400 time units. The system size
address: hzhang@zimp.zju.edu.cn or jinlinone@sina.com is 100x 100, Grid 256< 256 points, and\t=0.02. No-flux bound-
TElectronic address: ganghu@bnu.edu.cn ary conditions are imposed.
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FIG. 2. Suppression of spatiotemporal chaos by local periodic FIG. 3. The Stat_ESt(= 1000 t.u.) of Egs(1) with €=0.085,n
injection of system(1). e=0.085,n=5, I'=2.0, w=1.205. (a) t =5, I'=2.0 for different control angular frequencie$a) w
=0, (b) t=200 time units, (c) t=400 time units, and(d) t  =1.084,(b) ®=1.114,(c) ®=1.205, andd) w=1.265.

=1000 time units. the defects out of the systefmee Fig. 2c)]. Finally, in Fig.

2(d) the whole space is firmly controlled by the target waves
a square in the space center withk n sites(for n=1, u,»  while the system parameters remain in spatiotemporal chaos
=128; forn=2, u,r=127,128 etg. Generally, an external regime. The control efficiency in Fig. 2 is surprisingly high
injection into a small local region cannot essentially changeand the approach is rather simple. We use only one single
the pattern of Fig. (), the spiral remains the same with signal, which is not very largéhe forcing amplitudd’ is of
slight deformation only. We have tested the local control efthe same order as the v variable value injecting into 5
fects for wide ranges df andw, and find that under certain X5 space sites ar¢axtremely small in comparison with the
conditions, the system state can be dramatically changed Byhole turbulent region of 256256 site$ which turns the
the local periodic forcing, specifically, target waves can beviolent turbulence to a perfect regular target wave.
generated in replacing the original spiral wave. In Fig. 1, we It is then interesting to understand the mechanism under-
inject a local periodic signal into a perfect spiral. The spirallying the above high control efficiency, and the facts affect-
tip is gradually driven out of the boundary, and the system {49 the control results. First, spatlotemporal chaos can be
finally dominated by target waves. In some other realisticcontrolled successfully by local control in anxn space
cases, it is important to suppress spiral waves and realiz&¢@ withn varying in a wide range. In particular, we can
stationary homogeneous state in excitable mfgligs). with ~ control the defect-mediated turbulence, as in Fi@),2by
our control approach we can readily do so by releasing théhecting only one site among the 28@&56 sites. Second,
control after target wave state is realized. After we turnfor successful control of tUrbUlence, the amplitude of exter-
off the external force from Fig. (b), no new target waves nal forcel’ should not be small. This can be easily accepted
can be generated afterwards and the former target wavédnce too weak control signal cannot inject enough “energy”
will move out of the boundary. Finally, the whole system t0 generate target waves and to annihilate violent spatiotem-

evolves to the spatially homogeneous steady stat@oral chaos. We have numerically test different control

[u(x,y,t)=0p(x,y,t)=0]. strengths for various control areaskn. For eachn, there
n

We now turn our attention to spatiotemporal chaos, or sa@xists a minimal amplitudé&'t;;,, and successful turbulence
defect-mediated turbulende=0.085, Fig. 2a)], and apply  control can be achieved only fér>T";,. For example, we
the local periodic forcing method for the turbulence control.havel'>, =30.1,T5,,=0.92, andl':% =0.34 for w=1.205.

For certain suitabld’ and w, we can again generate target Third, the angular frequenay of the signal should be prop-
waves and develop them to annihilate spatiotemporal chaasly chosen. In Fig. 3 we show the system stateEat.0,

in the whole system. Taking=0 [see Fig. 2a)] as the initial n=5 for different w’s. The successful control can be
condition and injecting a periodic signal with=5, T’ achieved only for certain resonant frequefEjg. 3(c)]; too
=2.0, andw=1.205 into the central point of the system, we small[Figs. 3a) and 3b)] and too largdFig. 3(d)] frequen-

find that a small target wave moving outward is generatecties do not give good control results. Our numerical results
near the central pafsee Fig. 2)], and target waves gener- show that the mechanism is integer-times-frequency reso-

ated continuously from the forced point can ceaselessly driveance. The single frequency resonanae=() where(} is
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the angular frequency of generated target wavefations  spatiotemporal chaos stafeorresponding to fibrillation in
between external force and target waves are clearly shown icardiac muscle, see Fig(&5]. Applying a periodic signal to
Fig. 4. We can also obtain successful control of spatiotema small fixed aredadding to the right-hand side of E(Ra)
poral chaos for doubled{=2()) and triple (w=3Q) fre-  the termI['§; ,6; ,cosf{wt)], we find similar control results
guency resonances. Now the mechanism of our control agsee Fig. 5 and a successful control is obviously achigved
proach of suppressing spatiotemporal chaos can be wehlfter we turn off the control signdlt=4100 time units, see
heuristically understood. By injecting periodic force into a Fig. 5b), as the initial conditiofy target waves will not break
small space area, one can generate certain target wave centgr. All of them move towards the system boundary and fi-
via various resonant stimulations. This center plays a role ofally disappear. The final state of the whole system is the
target wave source, which continually emits outward targespatially homogeneous steady stqefx,y,t)=04g(x,y,t)
waves. Target waves have a property to propagate the motica0]. So, we also realize controlling spatiotemporal chaos to
of source region along the radial direction. With this propa-the spatially homogeneous steady state with local injection.
gation, the target wave state itself can transmit the effect oft will be significant to realize our simple control method
control signal from the forcing region to far away along the (local periodic forcing in controlling ventricular fibrillation

radial direction, and fully suppress spatiotemporal chaos invhich is the leading cause of sudden cardiac death.

the whole space.

We also check whether our method is against noise be-

To check whether our control method is sensitively modelcause there are many realistic situations in which noise can-
dependent, we apply our method to a model for cardiacmot be neglected16]. For confirming this conclusion, we

tissue[15,11]:

delgt=V?e—f(e)—g, (2a)

dglot=e(e,g)(ke—Q), (2b)
with f(e)=C,e whene<e;; f(e)=—C,e+a whene;<e
<e,; f(e)=C4(e—1) whene>e,, ande(e,g)=¢&; when
e<e,; ¢(e,g)=¢, whene>e,; ¢(e,g)=e3 whene<e;
and g<g,. Heree;=0.0026, e,=0.837, C;=20, C,=3,
C3:15, a:0.0G, k:3, 91:1.8, 81:1/75, 82:1.0, and
£3=0.3. With these parameter values, syst&hnis in the

-

FIG. 5. Elimination of spatiotemporal cha@ibrillation) in the
model for cardiac muscl€2) with local injection,n=6, I"=6.0,

0=0.82. (a) t=0, (b) t=4100 time units. The system size is

250% 250, grid 500< 500 points, and\t=0.01.

add spatiotemporal white noise(x,y,t)[{o(X,y,t))=0,
(a(xy,a(x"y" ,t'))=Do(x=x")s(y—y")o(t=t")] to
the right-hand side of Eq1a). Though noise is applied to all
the system while periodic forcing is applied to only a very
small area, turbulence is still successfully replaced by target
waves with slight irregular deformatigsee Fig. §. Numeri-

cal simulations show that our control method works well
when noise amplitud® <0.01.

Sinha, Pande, and Panditl] achieved controlling spa-
tiotemporal turbulence in cardiac mus¢tee same model as
used in this paper, Eq$2) with same parameter valu®
spatially homogeneous steady state. For the system in Fig.

@ ®

N 4

FIG. 6. Spatiotemporal chaos suppression by local periodic in-
jection of model(1) with spatiotemporal white noise=0.085, n
=5, I'=24, w=1145 D=0.008. (& t=0, (b t
=1800 time units.
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5(a), they need to apply a pulse to tledield, a mesh com- state or to the spatially homogeneous steady state by releas-
posed of eight lines of width 8x, i.e., total 12000 (8 ing the injection after the target waves are achieved. The
X500x 3) sites, while we apply a signal to only 36 sites of high efficiency of our control method is due to the fact that
the system in Fig. 5. Another interesting work is done bythe locally stimulated target waves can transmit the control
Aranson, Levine, and Tsimrin@], who realized suppressing effect from the injected region to the injection-free regions
spatiotemporal chadshe same model as used in this paper,during their outward propagation. Our control method is not
Egs. (1) with €=0.08] by developing a spiral wave with model dependent and it works for the model for catalytic CO
local feedbacKclose loop contrglinjection. However, there  oxidation on PtL10) (1) as well as for the model for cardiac

is a key difference between spiral waves and target wavesissue(2). We have found that our control scheme also works
target waves are not topological defects while spiral wavesgr the oscillatory mediuniwhenb< —0.01 in Egs(1)] and

are topological defectavhich sometime are harmful, for ex- the complex Ginzburg-Landau equation which can be de-
ample, in cardiac muscleAnother significant difference is rived universally in the vicinity of a homogeneous Hopf bi-
the final state of the system after we turn off the signalyrcation in extended systenig7]. We hope our work will
starting from well-controlled spiral waves and target wavespe of interest in some important practical applications, such
As it is known, after we turn off the control signal used in as controlling chemical turbulence in catalytic CO oxida-

Ref.[9], spiral wavedqthe parameters of the system is in the tion on P{110) [12] and ventricular fibrillation in cardiac
turbulence regionwill not be stable and will break up. And  muscle[11].

the system will come back to spatiotemporal chaos. On the
contrary, target waves will not break up and the whole sys-
tem will evolve to the spatially homogeneous steady state
after we turn off the external force.

In conclusion, we have developed a different and practical This work was supported in part by the grants from the
method for suppressing spiral waves and spatiotempordfiong Kong Research Grants Coun@&IGC), the Hong Kong
chaos in excitable media. Our method has the attractive fedBaptist University Faculty Research GraifRG), the Na-
ture that a periodic force is applied to the two-dimensionatltional Nature Science Foundation of China, and the Nonlin-
spatiotemporal system only at a single point. By generatinggar Science Project of China. We would like to thank Profes-
target waves with local injection, we have realized control-sor Qi Ouyang, Dr. Hongliu Yang, and Dr. Jinhua Xiao for
ling spiral waves and spatiotemporal chaos to target wavegseful discussions.

ACKNOWLEDGMENTS

[1] Chemical Waves and Patternedited by R. Kapral and K.
Showalter(Kluwer, London, 1995 A. T. Winfree, The Geom-
etry of Biological Time2nd ed.(Spring-Verlag, Berlin, 2001

[2] O. Steinbock, J. Schiee, and S.C. Miler, Phys. Rev. Lett68,
248 (1992.

[3] A. Mikhailov, V. Davydov, and V. Zykov, Physica OO, 1
(19949.

[4] G.V. Osipov and J.J. Collins, Phys. Rev6H 54 (1999.

[5] G. Hu, J. Xiao, L.O. Chua, and L. Pivka, Phys. Rev. L8@,
1884(1998.

[6] P. Parmananda and J.L. Hudson, Phys. Rew4E037201
(2001.

[7] J. Xiao, G. Hu, J. Yang, and J. Gao, Phys. Rev. L&1}.5552
(1998.

[8] P.-Y. Wang, P. Xie, J.-H. Dai, and H.-J. Zhang, Phys. Rev. Lett.

80, 4669(1998.

[9] I. Aranson, H. Levine, and L. Tsimring, Phys. Rev. Létg,
2561 (1994).

[10] W.-J. Rappel, F. Fenton, and A. Karma, Phys. Rev. L&8}.
456 (1999.

[11] S. Sinha, A. Pande, and R. Pandit, Phys. Rev. 186t.3678
(2001.

[12] M. Kim, M. Bertram, M. Pollmann, A. von Oertzen, A.S.
Mikhailov, H.H. Rotermund, and G. Ertl, Scien@92 1357
(2002.

[13] M. Bar and M. Eiswirth, Phys. Rev. B8, R1635(1993; M.
Hildebrand, M. Ba and M. Eiswirth, Phys. Rev. Let{75,
1503(1995.

[14] V.S. Zykov and H. Engel, Phys. Rev. @, 016206(2002.

[15] A.V. Panfilov and P. Hogeweg, Phys. Lett.1X6, 295(1993.

[16] J. Garca-Ojalvo and J. M. Sanchdyoise in Spatially Ex-
tended System&pringer, New York, 1999

[17] I.S. Aranson and L. Kramer, Rev. Mod. Phyz&l, 99 (2002.

026134-4



