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Controlling spatiotemporal chemical chaos using delayed feedback
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Control of chemical chaos in a spatially extended system mimicking CO oxidation on a Pt~110! single-
crystal surface is achieved using delayed feedback techniques. For appropriate parameter values the uncon-
trolled model system exhibits both amplitude and phase turbulence. Superimposing a delayed feedback on the
natural dynamics, suppression of spatiotemporal complexity is attained via stabilization of ordered states
consisting of stable patterns.
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I. INTRODUCTION

The suppression of turbulent behavior observed in s
tially extended nonlinear systems is of much practical int
est. The growing interest in this field stems from the pione
ing work done by Ottet al. @1# in controlling chaos. Since
then temporal chaos has been controlled in various exp
mental systems@2–5#. These efforts have been naturally e
tended to tame complex behavior observed in distributed
namical systems@6–10#. This control of spatiotempora
chaos is an extremely complicated problem due to the e
tence of numerous unstable spatial modes. However, it
serves to be addressed because of its numerous applica
in plasma, laser devices, and various chemical and biolog
systems where both spatial and temporal dependencies
to be considered.

In this report we propose using delayed feedback te
niques@11# to control high-dimensional chaotic behavior.
Sec. II, we describe the model system chosen for implem
tation of the delayed feedback control method. Numeri
results indicating successful suppression of complexity in
model system are presented in Sec. III along with an ev
ation of the control techniques.

II. NUMERICAL MODEL FOR CO-OXIDATION

We choose the following model with one spatial dime
sion used for the description of CO oxidation on a Pt~110!
single-crystal surface under ultrahigh vacuum conditio
@12,13#. The CO oxidation on Pt~110! proceeds via the
Langmuir-Hinshelwood mechanism and associated sur
structural changes. The underlying dynamics are determ
by the surface coverages of CO and O and their interact
with the surface structurev. Spatial coupling of adjacen
regions on the catalyst is provided by the surface diffusion
CO @12#. Since the CO and O coverages are always stri
anticorrelated for realistic parameters, they can be comb
to a single coverage variableu that exhibits anS-shaped
nullcline. For efficient numerical integration this nullclin
can be simplified to aZ-shaped nullcline resulting in th
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following system of equations after rescaling of space a
time:

] tu52
u~u21!

e S u2
v1b

a D1D“

2u, ~1!

] tv5 f ~u!2v, ~2!

whereu and v are activator and inhibitor variables, respe
tively. The continuous and differentiable functionf (u) ex-
hibits the following threshold values~‘‘delayed inhibitor pro-
duction’’!:

u,1/3→ f ~u!50;

1/3<u<1→ f ~u!5126.75u~u21!2;

u.1→ f ~u!51.

The function f (u) was fitted to experimental low-energ
electron diffraction and scanning tunneling microscopy d
such that the simulations are consistent with experime
observations@14#.

Under appropriate parameter values in one spatial dim
sion, the model system exhibits transition to spatiotempo
chaos via backfiring of pulses. A bifurcation analysis reve
that the model system may exhibit traveling pulse behav
amplitude turbulence, and phase turbulence@12,13#. To inte-
grate associated PDE’s@Eqs.~1! and~2!# the system size was
chosen to be 100 dimensionless units and then divided
200 grid elements for simulation using explicit integratio
algorithm with constant time and space~100/200! steps sub-
jected to periodic boundary conditions.

III. NUMERICAL RESULTS

The spatially extended system exhibits amplitude tur
lence dynamics for the following set of parameter valuesa
50.84, e50.12, b520.045, andD51/5.2. Results from
three distinct control strategies are presented in different
tions.

A. Local feedback superimposed on one site

In this case, one of the sites of the spatially extend
system is perturbed. The feedback involves sampling
©2001 The American Physical Society01-1
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FIG. 1. Control of chemical complexity via
stabilization of traveling pulse train solutions fo
the spatially extended system using the control
discussed in Sec. III A. The system paramete
are a50.84, e50.12, b520.045, and D
51/5.2 and the control parameters areg520.8
andt5125 ~No. of integration steps!. ~a! Space-
time portrait prior and subsequent to~indicated
by ‘‘ON’’ ! implementation of the control signal
Every 20th step is plotted along the time axis.
illustrates induction and subsequent propagat
of global order by virtue of a local perturbation
~b! The local time series of the 100th cell prio
and subsequent to the implementation of the co
trol. The controlled time series is a period-on
oscillation indicating inception of order.
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time series for one of the 200 coupled oscillators at t
different times (t2t,t) and superimposing the differenc
onto the evolution equation of the same oscillator

] tu52
21u~u21!

e S u2
v1b

a D1D“

2u

1g@u~ t !2u~ t2t!#d i1 , ~3!

] tv5 f ~u!2v. ~4!
03720
oThe appropriatet is chosen by observing the uncontrolle
time series of the global average@(1/N)( i 51

N ui(t)#. By con-
structing a temporal return map (Tn vs Tn21) and monitoring
the time elapsed~T! between successive extrema in the
cinity of the line of identity and doing a linear least-squar
fit, one can approximate the appropriatet5T @11#. The t
calculated using this temporal return map merely provide
first-order estimate for the appropriate delay (t) and perhaps
could be obtained using trial and error. Thed i1 part of the
feedback ensures that only the first site~site No. 1! is being
perturbed. Figure 1~a! shows the space-time plot for the e
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FIG. 2. Space-time portrait prior and subs
quent to~indicated by ON! implementation of the
local feedback indicating suppression of sp
tiotemporal chemical chaos via stabilization of
spatially homogeneous and temporally period
state for the spatially extended system. The s
tem parameters are same as Fig. 1 and the con
parameters areg520.2 andt5125. Every 20th
step is plotted along the time axis.
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FIG. 3. Space-time portrait prior and subs
quent to~indicated by ON! implementation of the
global feedback indicating control of chemica
chaos via stabilization of a spatially homog
neous and temporally periodic state. The syst
parameters are same as Fig. 1 and the con
parameters areg520.11 and t5125. Every
20th step is plotted along the time axis.
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tended system under the effect of this local feedback.
model dynamics exhibit an inception of order at the point
stimulation and its subsequent propagation, up until co
plete suppression of spatiotemporal complexity, is achiev
The stabilized state consists of pulse trains traversing
excitable media@15#. Figure 1~b! shows the local time serie
for the site No. 100 furthest~since we have periodic bound
ary conditions! from the point of stimulation. It indicates
control of chaos locally via conversion to a period-one os
latory state. The control feedback to the perturbed site
though, small, remains nonzero. The smallest value ofg for
which global suppression of complexity could be achiev
was g50.8. It is a powerful technique since for the appr
priate choice oft and g, one can achieve global order v
nonzero local perturbations.

B. Local feedback superimposed on all sites

Feedback of this type involves taking the difference b
tween the instantaneous local value@ui(t)# and the past
value of one of the predesignated sites@site No. 1; u1(t
2t)# and superimposing it on all sites. Under the influen
of this feedback, the controlled dynamics are represente

] tu52
21u~u21!

e S u2
v1b

a D1D“

2u

1g@ui~ t !2u1~ t2t!#, ~5!

] tv5 f ~u!2v. ~6!

For the control of the type in Eqs.~5! and~6!, t is chosen as
described in the previous section. Figure 2 shows the g
coded space-time evolution of the model system. Under
influence of an oscillating feedback, the turbulent dynam
are converted to spatially homogeneous yet temporally p
odic solutions. This is different from the traveling pulse tra
solutions stabilized in the previous section. Using differe
values ofg and t a whole spectrum of periodic dynamic
can be targeted and subsequently stabilized.

C. Global feedback superimposed on all sites

This involves continuous computation of the global av
age@(1/N)( i 51

N ui(t)# of an observable at two discreet time
(t2t,t) and subsequently superimposing it on to the d
namical evolution of each site in the model system:
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] tu52
21u~u21!

e S u2
v1b

a D1D“

2u

1gF 1

N (
i 51

N

ui~ t !2
1

N (
i 51

N

ui~ t2t!G , ~7!

] tv5 f ~u!2v. ~8!

For the control of the type in Eqs.~7! and~8!, t is chosen as
described in the Sec. III A. Figure 3 shows the space-ti
plot for the extended system indicating the control of turb
lent dynamics. This technique could be implemented in
periments as the global observables required to compute
controlling feedback are easily accessible.

Numerical results involving different methods of imple
mentations of delayed feedbacks indicate successful sta
zation of naturally unstable periodic dynamics. Upon su
pression of complexity, the control signal, although sm
~less than 10% remains nonvanishing. The strategy of S
III A involves the induction of global order via local pertur
bations. This is applicable to experimental situations a
moreover is of interest in an information theoretic context
biology. Local temporal information of biological relevanc
could be encoded in a meaningful@15# ordered spatial pat-
tern that creates corresponding temporal signals at dis
sites. Furthermore, pattern formation inside a cell could
as a biologically relevant encoding mechanism to trans
extracellular signals to targeted sites of biochemical acti
For the control strategy of Sec. III B the correctional fee
back superimposed on a site is related to the local dynam
at that site. It is possible to envisage a setup~for example,
using optical illumination as the control parameter! where
the effect of control on different sites of an extended syst
is a function of the local state of individual sites making
relevant to experimental situations. The strategy of Sec. I
involves using experimentally accessible global observab
and hence makes it a suitable candidate in efforts to ta
spatiotemporal chaos in real systems.
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