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019 M, 0.1 M, and 0 M, The fiter was then
incubated for 60 minutes in buffer A supplement-
ed with § percent dehydrated Carnation mitk and
0.05 percent NP-40 and for ancther 60 minutes in
the same buffer containing 1 percent rather than 5
percent dehydrated Carnation milk. The binding
reaction was carried out by adding 32P-labeied
fusion protein to the buffer (105 cpm/ml) and
incubaling for 12 hours. For iabeling fusion pro-
tein, the bacterial cells were collected by centrif-
ugation and lysed by repeated freeze and thaw-
ing in buffer (20 mM Hepes-KOH, pH 7.5, 50 mM
NaCl, 2 mM EDTA, and 0.2 percent deoxycho-
iate). in most cases the fusion proteins represent-
ed at least 10 percent of the total bacterial protein.
Protein preparations obtained after centrifugation
at 12,0009 for 20 minutes or further purification
steps were incubated at 37°C tor 90 minutes in a
solution of 20 mM Hepes-KOH, pH 7.5, 100 mM
NaCl, 12 mM MgCl,, 1 mM dithiothreitot (DTT),
100 pCi of [v-32P]ATP, and 25 U of heart muscle
kinase catalytic subunit (Sigma). The solution
containing the phosphoproteins was then dia-
yzed against a buffer (10 mM Hepes-KOH, pH
75 60 mM KCI, 1 mM EDTA, 1 mM bTT) to
remave the unincorporated radioactivity. The spe-
cific activity of the ¥P-labeled profein was esti-
mated to be 2.5 1o 5.0 x 10* cpm/pmol of the
polypeptide.
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For immunobilots protein was fractionated by
SDO8-PAGE and transferred onto a nitroceHulose
titer. The filter was incubated in a blocking solu-
tion [10 mM tris, pH 8, 150 mM NaCl, 1 percent
Tween 20, 2 percent bovine serum albumin
(BSA), 3 percent normal goat serum] for 30 min-
utes at room temperature. Binding to primary
antibodlies was effected by adding the rabbit
antiserum to the blocking solution and incubating
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for 30 minutes at room lemperatire. The excess
unbound antibodies were removed with TST so-
lution (blocking solution without BSA and normal
goat serurn}. The binding fo secondary antibodies
[horseradish peroxidase (HRP)—conjugated goat
antibodies to rabbit immunoglobulin G (Amer-
shamj] was performed in TST solution with a
dilution of 1:10,000. The specific antibody binding
was visualized by chemiluminescence (ECL sys-
femn, Amersham).

29 The bactena cell pellet was resuspended in buffer
of 50 mMt Hepes-KOH, pH 7.5, 100 mM KCI, 2 mM
EDTA, 1 mM DTT, and 0.5 percent deoxycholate
The cell lysate was prepared by sonicating the
cell suspension at medium scale twice for 30
seconds. Nucleic acid in the fysate was precipi-
tated by polyamine and cleared by 20 minutes of
centrifugation at 10,000g. This starting matenal
was than fractionaled on a Fast Protein Liquid
Chromatography (FPLC) Monc Q (Pharmacia
LKB) colurnn with a 50 mM toc 500 mM linear
gradient of KCI. The activity was monitored by
immunoblot {28) and the aclivity pocl was then
fractionated on FPLC phenol Sepharose with a 2
M o 100 mM linear gradient of (NH,},SO, or
directly purified through affinity column containing
antibodies ta the FLAG peptide tag (18)), which
recognize the peptide sequence DYKD (Fig. 1A)
The activity was then concentrated by hydroxy-

lapitite chromatography. This material was th
analyzed on a FPLC Superosa 6 colurnn witt
buke. containing 25 mM Hepes-KOH, pH 7.5, 0.
M KCI, 2 mM EDTA, 2 mM DTT, and 5 percenl
(wiv) giycerol. The fraction collector was activated
o collect 500 ul per fraction after the first 5-mi
elution. The activity was foliowed by membrane
binding analysis with 32P-labeed NShB and
quantified by spectrometry.
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Controlling Cardiac Chaos

Alan Garfinkel, Mark L. Spano, William L. Ditto, James N. Weiss

The extreme sensitivity to initial conditions that chaotic systems display makes them
unstabie and unpredictable. Yet that same sensitivity also makes them highly susceptible
to control, provided that the developing chaos can be analyzed in real ime and that analysis
1s then used to make small control interventions. This strategy has been used here to
stabilize cardiac arrhythmias induced by the drug ouabain in rabbit ventricle. By admin-
istering electrical stimuli to the heart at irreguiar times determined by chaos theory, the

arrhythmia was converted to periodic beating.

The realization that many apparently ran-
dom phenomena are actually examples ~f
deterministic chaos offers a better way «-
understand complex systems. Phenomena
that have been shown to be chaotic include
the transition to turbulence in fluids (1),
many mechanical vibrations (2), irregular
oscillations in chemical reactions (3), the
rise and fall of epidemics (4), and the
irregular dripping of a faucet (5). Several
studies have argued that certain cardiac
arrthythmias are instances of chaos {6, 7).
This is important because the identification
of a phenomenon as chaotic may make new
therapeutic strategies possible.

Until recently the main strategy for
dealing with a system displaying chaos was
to develop a model of the system sufficiently
detailed to identify the key parameters and
then to change those parameters enough to
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of Medicine {Cardiology), University of California, Los
Angeles, CA 90024

28 AUGUST 1992

SCIENCE = WVQL. 257 »

take the system out of the chaotic regime.
However this strategy is limited to systems
for which a theorerical model is known and
that do not display irreversible parametric
changes (often the very changes causing the
chaos) such as aging.

Recently a strategy has emerged that
does not attempt to take the system out of
the chaotic regime but uses the chaos to
control the system. The key to this ap-
proach lies in the fact that chaotic motion
includes an infinite number of unstable
periodic motions (8). A chaoctic system
never remains long in any of these unstable
motions but continually switches from one
periodic motion to another, thereby giving
the appearance of randomness. Ott, Gre-
bogt, and Yorke (OGY) (9) postulated that
it should be possible to stabilize a system
around one of these periodic motions by
using the defining feature of chaos, the
extreme sensitivity of chaotic systems to
perturbations of their initial conditions.

The OGY theory was first applied exper-
imentally to controlling the chaotic vibra-
tions-of a magnetoelastic ribbon (10) and
subsequently to a diode resonator circuit




1) and to the chaotic output of lasers
(12). We have found that it is possible to
" control a chaotic cardiac arthythmia using
the same basic properties of chaotic systems
that were exploited by OGY but that are
here employed in a new method of chaos
control suitable for use in systems where no
systemwide parameters can be readily ma-
nipulated as required by the OGY method.
Experimental arrhythmia model. Our
cardiac preparation consisted of an isolated
well-perfused portion of the interventricu-
lar septum from a rabbit heart, arterially
perfused through the septal branch of the
left coronary artery with a physiologic oxy-
genated Kreb's solution at 37°C (13). The
heart was stimulated by passing a 3-ms
constant-voltage pulse, typically 10 to 30
V, at twice the threshold between platinum
electrodes embedded in the preparation, by
means of a Grass SD9 stimulator triggered
by computer. Electrical activity was moni-
tored by recording monophasic action po-
tentials with Ag-AgCl wires on the surface
of the heart. Monophasic action potentials
and a stimulus marker tracing were recorded
on a modified videocassette recorder (Mod-
el 420, A. R. Vetter, Inc.) and one of the
monophasic action potential traces was si-
multaneously digitized at 2 kHz by a [2-bit
A-D converter board (National Instru-
ments model AT-MIO-16). The digitized
trace was processed in real time by a com-
puter to detect the activation time of each
beat from the maximum of the first deriva-
tive of the voltage signal.
Arrhythmias were induced by adding 2
to 5 pM ouabain with or without 2 1o 10
M epinephrine to the arterial perfusate.
The mechanism of ouabain-epinephrine—
induced arrhvthmias is probably a combina-
tion of triggeted activity and nontriggered
automaticity caused by progressive intracel-
lular Ca’* overload from Na* pump inhi-
bition and increased Ca’* current (14, 15).
We reasoned that this arrhythmia might
progress to chaos because in cardiac myo-
cytes intracellular Ca®* is regulated by sev-
eral interactively coupled processes whose
delicate balance is disrupted by ouabain.
The resultant osciflations in intracellular
Ca’* cause spontaneous beating by activat-
ing arrhythmogenic inward currents from
electrogenic  Na*-Ca?*  exchange and
Ca?* -activated nonselective cation chan-
nels (14). Typically the ouabain-epineph-
rine combination induced spontaneous
beating, initially at a constant interbeat
interval and then progressing to bigeminy
and hipher order periodicity before devel-
oping a highly imregular aperiodic pattern of
spontaneous beating in -85 percent of the
preparations. The duration of the aperiodic
phase was variable, lasting up w several
minutes before spontaneous electrical activ-
ity irreversibly ceased, probably correspond-
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Fig. 1. Recordings of monophasic action potentials (MAPs) (A, C, £, and G) and their respective
Poincaré maps of interbeat intervals (B, D, F, and H) at various stages during arrhythmias induced
by ouabain-epinephrine in typical rabbit septa. Typically the arrhythmia was initially characterized
by spontaneous periodic bealing at a constart interbeat nterval (A and B}, then developed
bigeminal or period 2 patterns (C and D) or higher order periodicities such as a period 4 pattern (E
and F), and lastly a completely aperiodic pattern (G and H). Note that in the Poincaré map of the final
stage the points form an extended structure that is not point-like or a set of points {that is, not
periodic) and is not space-filling {that is, not random). This is a sign of chaos.
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Flg. 2. (A) The Poincaré map of the aperiodic
phase of a ocuabain-epinephrine-induced ar-
rhythmia in a typicat heart preparation illustrat-
ing the structure of the chactic attractor. (B)
Blowup of the Poincaré map in the region of the
unstable fixed point illustrating schematically
the idealized chaos control method. (C) A sche-
malic of the actual implementation achieved
with chaos control. Note that the stable mani-
fold has shifted, a commoen varialion among
cata runs. The circles in (B) and (C) enclose the
region about the fixed point in which chaos
control 1s enabled.
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ing to progressive severe membrane depn-
larization from Na* pump inhibition. The
spontaneous activity induced by ouabain-
epinephrine in this preparation showed a
number of features symptomatic of chaos.
Most important, in progressing from spon-
taneous beating at a fixed interbeat interval
to highly aperiodic behavior, the arrhyth-
mia passed through a series of transient
stages that involved higher order periodic-
ities. These features are illustrated in Fig. 1,
in which the nth interbeat interval (I} has
been plotted against the previous interval
(I, ) at various stages during ouabain-
epinephrine—induced arthythmias. Such a
Poincaré map (5) allows us to view the
dynamics of the system as a sequence of
pairs of points (I _,, I ), thus converting
the dynamics of cur system to a map. This
map has several special features. The first is
thac a periodic motion appears as a finite set
of points in such a plot (Fig. I, A to C).
When the arrhythmia progressed to the
aperiodic stage, truly random aperiodicity
would have demonstrated no structure in
the Poincaré map. Chaotic aperiodicity
however is represented by an extended
structure that is not a single point {or finite
set of points) and ver is not space-filling.
Figure 1D illustrares that the aperiodic
phase of the ouabain-epinephrine-induced
arthythmia fell into the latter category,
supporting a chaotic rather than a random
process. . In 11 preparations the Poincaré
maps consistently showed patterns similar
to Fig. 1D, and these patterns are consis-
tent with chaotic apertodicity. Figure 1, A
to D, as shown are from different prepara-
tions. However virtually all preparations
exhibited at least one period doubling be-
fore the arthythmia became chaotic {al-
though it is not clear whether the transi-
tions to chaos in our preparations are the
result of a period doubling route to chaos).

Method of chaos control. The control
of chaos begins with the realization that,
where the attractor crosses the line of iden-
tity (I = I, _,), it must contain an unstable
periodic motion of period 1. (If it were
stable, the attractor would be only a single
point lying on the diagonal of Fig. 1}. Such
a crossing point is called an unstable fixed
point and represents constant interbeat in-
tervals (with period 1). These unstable
fixed points have associated directions
along which the trajectory approaches and
diverges from the fixed point. These direc-
tions are called the stable and unstable
manifolds, respectively. A typical sequence
of interbeat intervals during aperiodic beat-
ing induced by ouabain-epinephrine in a
rabbit septum is indicated in Fig. 2A
{points 163 through 167). From point 163
to 164 the state of the system (or state
point) moves toward the unstable fixed
point. Thus point 163 must lie close to the
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stable manif-'d (direction). Points l64
through 167 diverge from the unstable fixed
point and hence reveal an unstable mani-
fold (direction}. In the chaotic region un-
stable fixed points on the attractor possess
at least one unstable and one stable mani-
fold (16). Thus the local geometry around a
fixed point in a Poincaré map plot is that of
a saddle. In this case the saddle is a flip
saddle; that is, while the distances of suc-
cessive state points from the fixed point
increase in an exponential fashion along
the unstable manifold (one of the signs of
chaos) the state points alternate on oppo-
site sides of the stable manifold (17). The
flip saddle appears as a short interbear in-
terval followed by a long interval and vice
versa.

Our method of chaos control, which we
call proportional perturbation feedback
(PPF), consists of delivering a perturbation
(near the desired fixed point) thar forces
the system state point onto the stable man-
ifold of the desired fixed point. Conse-
quently the system will naturally move
toward the unstable fixed point rather than
away from it. Contrast this with the OGY
method, which moves the stable manifold
to the current system state point rather
than vice versa. Both methods use a linear
approximation of the dynamics in the
neighborhood of the desired fixed point.
OGY then varies a systemwide parameter to
move the stable manifold o the system
state point; our method perturbs the system
state point to move it toward the stable
manifold. Thus the magnitude of our per-
turbation is the same as predicted by the
OGY equations, but the sign is opposite.
We developed the PPF method when it
became obvious that our cardiac prepara-
tion possessed no systemwide parameter
that could be changed sufficiently quickly to
implement classical OGY control.

The procedure begins by determining
the location of the unstable fixed point &,
as well as its local stable and unstable
contravariant eigenvectors, f, and f, respec-
tively. If £, is the current position of the
system on the Poincaré map and p is the
predicted timing of the next natural bear,
the required advance in timing 8p is pro-
portional to the projection of the distance
€, — & onto the unstable manifold (the
unstable contravariant eigenvector):

8p = ClE, — &)-f, (1
where:

A, 1
A, — g,
The constant of proporticnality C depends
on the unstable eigenvalue A . This eigen-
value determines the rate of the exponen-

tial diverpence of the system from the fixed
point along the unstable manifold and is

C= )

- e —— v W w » W
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~ Control of Spatiotemporal Chaos

Several groups have studied the control of spatiotemporal chaos. Although a good
definition of spatial chaos does not exist, these groups have examined spatially coupled
systems which are chaotic in isolation.

(Sepulchre, Babloyantz: 1993) extended the OGY technique to stabilize the chaotic
oscillations of a 9x9 network of coupled oscillators in a numerical experiment. At
nonzero coupling the dimensionality of the network was determined not to be low,
suggesting a very large number of unstable degrees of freedom. Several unstable
periodic motions of the network were found and subsequently stabilized by small
periodic microkicks to every oscillator. (As in the PPF technique, the perturbations were
applied to the vanables, not to the parameters.)

[s distributed control necessary to control a network of oscillators? Is a
subnetwork of controlling nodes sufficient? Three numerical experiments suggest
that global control of certain convectively unstable media may be achieved locally.
(Gang, Kaifen: 1993) successfully employed negative feedback to control an
anisotropic one-dimensional open system described by a partial differential equation.
One technique was to inject a monochromatic wave (feedback in k-space). A second
technique was to pin the system at one place in space (feedback in x-space). In each
case, the local control propagate throughout the entire system. Similarly, (Auerbach:
1994) succeeded in controlling a chain of asymmetrically coupled quadratic maps.
Controllers were distributed periodically in space, each perturbing a local parameter
based on local measurements. The local control was convected downstream: Finally,
(Aranson, Levine, Tsimring: 1994) proposed a technique for controlling certain
isotropic convectively unstable media. These media include unstable defects which
can break up and nucleate more defects. (Certain models of cardiac tissue are
examples.) Control was obtained by stabilizing one such defect which then swept all
chaotic fluctuations away. Thus, to date, local control begets global control only in
special media.

TOPIC: Controlling Chaos - Catalogue of Methods -Page B27 -
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Gleick, Chaos: The Making of a New Science
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Peterson, Newton’s Clock: Chaos in the Solar System

Intro

Baker & Gollub, Chaotic Dynamics: An Introduction
Moon, Chaotic and Fractal Dynamics

Percival & Richards, Introduction to Dynamics

Advanced

Ott, Chaos in Dynamical Systems

Tabor, Chaos and Integrability in Nonlinear Dynamics
Cvitanovic, Universality in Chaos
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Abstract

The concepts of chaos and its control are reviewed. Both are discussed from an experimental as well as a
theoretical viewpoint. Examples are then given of the control of chaos in a diverse set of experimental systems.

Current and future applications are discussed.

1. Introcduction

Chaos - A rough, unordered mass of things.

Ovid. " Metamorphoses”

Shakespeare once asked, “What's in a name?”
The answer is nothing and everything. Nothing
because A rose by any other name would smeli
as sweet.” And yet, without a name Shakespearc
would not have been able to write about that
rose or to distinguish it from other flowers that
smell less pleasant. So also with chaos. The
dynamical phenomenon we call chaos has always
existed, but until its naming we had no way of
distinguishing it from other aspects of nature
such as randomness or order. And lacking any
way 1O treat it as a separate entity, we would not
even be able to conceive of manipulating it or con-
trolling 1t. Thus the naming of chaos by James

Yorke {1} in 1977 was an essential first step to-
wards identifying it and learning to control it.

From this identification came the recognition
that chaos is pervasive in our world. Chaos was
first suspected in the weather patterns |2] that
govern our lives. It is casy to make simple
electronic circuits that are chaotic [3]. Mechani-
cal systems on such wildly different scales as
laboratory pendula (4] and orbiting planets |5]
have been shown to exhibit chaos. Laser emis-
sions [6] can fluctuate chaotically. The human
heart shows evidence [7] of beating to chaotic
rhythms. Chemical reactions [8,9] oscllate in
chaotic fashion. Of these diverse systems, we
have learned to control all of those that are on
the smaller scalec. Systems on a more universal
scale such as the weather and the planets remain
heyond our controk.

In what follows we will discuss the concept of
chaos, from both a theoretical and a laboratory
viewpoint, always with an eyc towards methods

0167-2789/95/$09.50 © 1995 Eisevier Science BY. Al nights reserved
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of controlling and exploiting it. Afterwards we
will look at the application of these methods to
the systems mentioned above.

2. The concept of chaos

A violent order is disorder; and
A great disorder is an order. These
Two things are one.

Wallace Stevens. “Connoisseur of Chaos™

Before its discovery and naming., chaos was
inevitably confused with randomness and in-
determinacy. Because many systems appeared
random, they were actually thought to be ran-
dom. This was true despite the fact that many of
these systems seemed to fall into periods of
almost periodic behavior before returning to
more “random” motion. Indeed this observation
leads to one of the definitions of chaos: the
superposition of a very large number of unstable
periodic motions. A chaotic system may dweli
for a brief time on a motion that is very nearly
periodic and then may change to another motion
that is periodic with a period that is perhaps five
times that of the original motion and so on. This
constant evolution from one (unstable) periodic
motion to another produces a long-term impres-
sion of randomness, while showing short-term
glimpses of order. These glimpses are not mis-
leading, since chaos is deterministic and not
random in nature.

A second definition of chaos is this: the
sensitivity of a system to small changes in its
initial conditions. This is the “butterfly effect” of
legend. The story goes as foltows: the small
breeze created by a butterfly’s wings in China
may eventually mean the difference between a
sunny day and a torrential rainstorm in Califor-
nia. If you visualize the motion of a chaotic
system in phase space, you soon See that all
these unstable periodic motions have corre-
sponding trajectorics in phase space. And since
there are a very large number of these unstable

motions in a bounded space, the trajectories
corresponding to each unstable periodic motion
must be packed quite closely together. Thus only
a very small perturbation may push the system
from one unstable periodic motion to any of a
farge number of others.

This last is both the hope and the despair of
those who have to deal with chaotic systems. It is
the despair because it effectively renders long
term prediction of these systems impossible. For
instance. in a computer simulation a smali per-
turbation may be mtroduced by numerical roun-
d-off. while, in the real world, systems arc
invariably perturbed by noise. Thus, if a system
is chaotic, these small perturbations quickly
(indced. exponentially) grow until they com-
pletely change the behavior of the system.

Paradoxically, the cause of the despair is also
the reason to hope. Because if a system is so
sensitive to small changes, could not small
changes be used to control it? This realization
led Ott. Grebogi and Yorke [10] (OGY) to
propose an ingenious and versatile method for
the control of chaos, the details of which are
given in the foliowing section.

3, The idea of control

Al which the universal host up sent
A shout that tore hell's concave, and beyond
Frighted the reign of Chaos and old Night.

Juhn Milton, © Paradise Lost™

The starting point for the control of chaos is
the phase space of the system. Dynamical sys-
tems trace smooth trajectories in phase space as
they proceed forward in time. For periodic
systems these trajectories are Curves that are
traced repeatedly every period of the system.
For example, the phase space of a driven simple
pendulum consists of one dimension for its
position and onc dimension for its momentum.
The trajectory of the pendulum in this space is
simply a circle which is traced over and over, as
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P (a) {b)

x Period 1 Orbit Period 1 Section

e © (d)

Y

| x Period 2 Orbit | Period 2 Section

P= (e ‘ ‘ N

I

Chaos Section

X Chaos \

Fig. 1. Phase space trajectories {a}, {(¢).{e) and their corre-
sponding Poincaré sections {b), (d}, (I} for period [, period 2
and chaotic orbits.

in Fig. 1a. This trajectory contains all the in-
formation that is nceded to predict the future
dynamics of the system. In fact it contains too
much information. A more useful representation
can be obtained by cutting through this phase
space with a plane which intersects the circle in
two places. The infinite number of points on the
circle trajectory has been reduced to merely two.
If we further confine ourselves to direcred picrc-
ings of the plane, we arc left with only a single
point (Fig. 1b). Such a Poincaré section reduces
our information to a manageable level.

If our experiment were more complex, per-
haps a driven pendulum with two masses placed
at different points on a flexible string or the
simple pendufum driven well beyond its linear
regime, more complex motions might occur. One
such might be a motion in which the trajectory
traced a double loop in its phase space (Fig. 1¢).
A Poincaré section through this trajectory would
show two points (Fig. 1d). This pendulum could,
of course, still execute a simple, single loop

trajectory given the right initial conditions and
parameters. This single loop defines the period
one trajectory of the system. The double loop
trajectory takes twice as long and is accordingly
dubbed period two. The usefulness of the Poin-
car¢ section is now apparent: the number of
points in the section immediately reveals the
underlying periodicity of the system. Generally,
any periodic system of period n will have a
section which consists of a finite set of n distinct
points which reflect the fundamental periodicity
of the system.

By way of contrast. a truly random system will
behave in such a way that the trajectories in
phase space wander over the entire volume of
space available to the system. Its corresponding
section will be filled uniformly and densely.

Chaos falls between these two extremes. If
chaos were merely a superposition of a number
of periodic motions, one might expect to see a
finite number of points indicating severat period-
ic motions characteristic of the chaotic section.
However, since chaos is better thought of as the
superposition of an infinite number of periodic
motions, the number of points in the section is
also infintte. In general, these points form an
extended geometric structure, called the system’s
chaotic arttractor, which is not a finite set of
points (i.e., does not represent periodic motion)
and which also does not fill space {i.e., is not
random), as shown in Fig. if. (Generally a
chaotic attractor s a fractal object.) Knowledge
of this attractor and of its response to a small
perturbations of the system are the only ingredi-
ents that are necessary for the control of chaos.

In order to control chaos according to the
OGY scheme, it 1s only necessary to identify an
unstable periodic point in the attractor, to char-
acterize the shape of the attractor locally around
that point and to determine the response of the
attractor at that point to an external stimulus.
Let’s look at each of these three steps in detail.

The identification of unstable periodic motions
is fairly straightforward process of looking for
close returns in the Poincaré section. {Of course



it is easier to find points with low order period-
icity (small n), but chaos control has been
successfully implemented to select periodic mo-
tions of order up to about 90!) This is one of the
strengths of the OGY method of control: the
ability to control on any period motion from the
infinity of motions present in the system. This
capability would allow an engineering to design
highly flexible systems employing chaos control.

Characterizing the shape of the attractor 18
also easy. Once we have determined which
unstable fixed point we wish to control about, we
observe the motion of the point representing the
current state of the system (system state point) on
the attractor. In low dimensional chaotic sys-
tems, this point will occasionally apptoach the
vicinity of our chosen unstable fixed point and
then move away again. It turns out that, in the
neighborhood of the unstable fixed point, the
approach is consistently along the same direction
(called the stable direction) and the departure
along another direction (called the unstable di-
rection), as indicated in Fig. 2. These two direc-
tions, one of which is stable (incoming) and the
other of which is unstable (departing), form a

4.5

F

f

Unstable
Fixed Point

4.0

&

" a5 l

Stable
Direction

3.0

s 4.0 4.5

Xa-1

Fig. 2. The geometry around an unstable fixed point on a
chaotic attractor. The shape is that of a saddle.
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saddle around the unstable fixed point. These
eigenvectors, along with the speed with which the
system state point approaches or departs the
vicinity of the unstable fixed point (stable or
unstable eigenvalues respectively), are all that is
necessary to characterize the shape of the attrac-
tor locally around our chosen point.

The final criterion, determining the response
of the attractor to an external stimulus, is per-
haps the most difficult of the three to learn. Here
we must introduce a change into the system by
varying one of the system parameters. The
difficulty lies in first identifying the system pa-
rameters and then locating one that may be
quickly changed. (More on this will be discussed
in the experimental scction below.) Once such an
identification has been made, the position of the
unstable fixed point is measured for several
values of the parameter just slightly different
from the nominal value (Fig. 3). These megsure-
ments tell us the change of the attractor position
with respect to a change in the system parameter
and complete the knowledge of the system

T

25 3.0 3.5 4.0 45
-1

Fig. 3. Determining the response of a chaotic attractor to a
change in a system parameter. H,. The change in the
unstable fixed point positon with a change in the parameter
yields the vector quantity g.



202 W.L. Ditto et al. | Physica D 86 (1995) 198-211

needed for control. We now have all the in-
formation needed to control chaos.

4. The fundamental equations for the control of
chaos

The fundamental error of their matrimonial
union; thar of having based a permanent
contract on a temporary feeling.

Thomas Hardy, “Jude the Obscure”
4.1, Perturbing a fixed point
Consider a two dimensional space
x:[i;] or x' =[x, x,]. (1)

In this space there is a map that depends on a
parameter p,

(a)

(b}

Fig. 4. {a} Movement of unstable fixed point due to parameter chunge.

x, =flx,. p). (2)

This map has a fixed point whose location also
depends on the parameter p:

xF=f(vap)' (3)
Change the parameter every iteration and the
fixed point changes:

x:(p,) = flxe(pa) Pa) - (4)

This is shown graphically in Fig. 4a. The
perturbed, or shifted, fixed point can be esti-
mated with the aid of the following shift vector s:

X AP ) xl(P) Y (P T PR)S (5)
_ xF(an)_xF(pn)
S=a;xF(P)\,, , T : (6)

4.2. Linearize about a fixed point

Represent the map in the vicinity of the fixed
point by a two dimensional square matrix.

{<)

(d)

{b) The eigenvectors around the unstable fixed point

which may be nonorthogonal, ele, # 0. The eigenvalues satisfy [A] < 1<|A]. (¢} New “perpendicufar™ basis vectors {f, £} in
terms of old “‘parallel” basis vectors {e,, e } found by demanding fle.=1=f.e, and fle. =0 =f:e“, {d) Graphical representa-
tion of an iterate of the map near the unstable fixed point. Control is achieved by changing a system parameter such that the

projection of x, ~ x_

onto £, is zero as shown. In words this is simply the requirement that there be no relative motion between

the fixed point x, and the mapped point x,,, perpendicular to the stable direction.

D




The matrix M is characterized by its eigenvectors
and eigenvalues:

Me, = Ae, (9a)
Me = Ae, (9b)

where the subscripts u and s correspond to the
unstable and stable directions respectively. The
eigenvectors are normalized, ele,=1and ele =
1, but may be nonorthogonal, el e # () as shown

in Fig. 4b. The eigenvalues satisty [A,] < 1 <[A,}.

4.3. Manipulate block matrices to solve for M

[Me, Me]|=[Ae, Age], (10}
A, O
M[eu es] = [eu esl[o /\ ] v (11)
A, O .
l" = [eu eq][(} ,\..][eu es] " (12)

4.4. Introduce new basis vectors at the fixed
point

Define new “perpendicular’” basis vectors
{£,. £} in terms of old “parallel” basis vectors
{e,.e,} by demanding fTe,=1=fle, and
fle.=0=fle, as shown in Fig. 4c. These basis
vectors are simply related:

U 1. e~]=[ﬁ]leu ‘.
N B PO E R
[ﬁ]ﬂeu el (14)

This matrix equation may be solved to explicitly
relate components.
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X —x.)~Mx, —x). 7
( n+l F) ( " F) ( ) [f;l sz] _ [eul e,
X, ~XxptMx, —xp). (8) fo fo €y o

1 e, —&
=_____'___[ﬁ 52 . 1] , (15)

eules?_ - esleu2 e“2 ul
€5 —€5
ful = .i e and fuZ = e .e _se e ’
€,1€5 7 € €0 u1€s2 s1€u2
(16a)
—e €
2 1
fa= —ue e and - fp =2 -u-e €
€u1€s2 s1€u2 ut€s2 s1€u2
{16b)

M may be expressed in terms of the parallel and
perpendicular basis vectors,

A, 0 ][f)
wete, e 7]
“le, el[i” el FAesl. ()
This implies the following useful result:  *
FiM=fI(A e f, +heS))
=M Sle S, tASef)
=AML AL = AS (18)

Thus fI is a left eigenvector of M with the same
eipenvalues as e,

4.5. Determine value of control parameter

To achieve control we demand that the next
iterate fall near the stable direction. This yields
the following condition (as illustrated as Fig. 4d):

fol —xe(p,)) =0, (19)

That is the vector displacement from the fixed
point to the next iterate has no component along

fT
4.6. OGY formula
For concreteness, imagine shifting the fixed

point just before applying the mapping. That is,
consider the following sequence:
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s: x(pa) 2 Xl Pasi) (20)
M. x,—x, ... (21)
Expand the shift and the map:
Fpor = Xe(Paa ) ~Mx, — xe(p,.1)) (22)
Using Eq. (5) we find
(per = X)) = Py —PAIS
~M(x, = xe(p,) = Py~ P2)8) - (23)
Project this result on I
Fi, = (p) = (pa—p)S)
~ Ao, i p ) P s 24

Using Eq. (19) and defining dp, =p,..; — P, and
axrr Exn - xl-'(pn):

0—dp, fls~ASfLax, ~dp A S8 (25)

80, (A, — D bs = A S, B, (26)
/\U f:l axn

Bpn - Au _— l fls t (27)

this is the formula of Ott, Grebogi, and Yorke

110].
4.7. Alternate formula
Alternately, imagine shifting and mapping
simultaneously.
(xrr+l 7IF(pn+l))m"'u'(xn 7xf'(nnu)) (28))

(compare Eqs. (28) and (22).) As before, ex-
pand the shift and map, project onto fI, and
simplify:

(xr1+l _-"F(P,,) ﬁ([)n ey P,,)S)

~M'(x,—x AP, (29)
Fla,. = xe(p) = (Pui — P)S)
AL f N x, - x(p))
0 Sp,f. s~ AL f. Bx,. (31)
fulax,
dp ~ —A T 32
pn u f;lis ( )

30y~

This is the alternate, slightly simpler formula of

Dressler and Nitsche [13].
4.8. Summary and discussion

The control formulas can be summarized by
the following:

apn = Cf:. a'rn' 4 (33)

dp, is the amount one needs to change the
system parameter from its nominal value in
order to control the system. The perturbation 8p,
is updated once every period of the system. It is
proportional to the distance of the system state
point, x,. from the fixed point. xg. projected
onto the perpendicular unstable direction, f,.
The constant C is itself calculable from the shift
of the attractor position with respect to a change
in the system parameter, §, projected onto the
perpendicular unstable direction f, and from the
value of the unstable eigenvalue, A,. All of these
are known from our earlier measurements.

A simplified example may serve to clanfy the
matter. Fig. Sa shows an unstable fixed point
with its stable and unstable directions. The
system state point, x,, is shown approaching the
fixed point near the stable manifold. 1f left to
itself, the natural motion of the system would be
to approach the unstable fixed point along the

Fig. 5. An outline of the OGY control method: (a) the
system state point approaches the unstable fixed paint. Tt will
naturally tend 10 move in along the stable direction and out
along the unstable direction:; (b) the saddle point {unstable
fixed point) is positioned so that the system state point tends
1o move back toward the original unsiable fixed point; (c) the
system state point rcaches the original unstable fixed point
and the perturbation is turned off, In real-world systems with
noise. the control would have to applied continuously to
halance the state point onto the stable direction and hence
onto the unstable fixed point,
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stable direction and then move away from the
fixed point along the unstable manifoid (towards
the upper right). However, if we introduce the
OGY perturbation into the system, we move the
unstable fixed point and its accompanying mani-
folds to the other side of the system state point
(Fig. 5b). The new motion of the system state
point will still be along the stable manifold with
motion away from the new fixed point along the
unstable manifold (towards the lower left). How-
ever this is motion towards the old unstable fixed
point. Thus the OGY scheme has controlled the
system exactly onto the original stable mantfold
and thus into the unstable fixed point (Fig. 5c).
In a perfect world, it would remain there
forever. However if there is even the slightest
error in the calculation of ¢ it will only move
close to the fixed point. Or in the presence of
noise it will be perturbed from the fixed point
after it has reached it. Both of these problems
are easily handled by repeating the OGY control
once each period of the system.

This act of moving the saddle point to control
the motion of the system state point is similar to
balancing a baseball on a saddle. Small move-
ments of the saddle keep the ball at the point of
unstable equilibrium; it is not necessary to
' change the shape or nature of the saddle itself.

Many methods of ‘“‘control” have been pro-
posed. Those related to the OGY method [9,11]
use perturbations that are typically small (a few
percent of the magnitude of the accessible sys-
tem parameter). Thus it is easy to design systems
that implement this control. This is in sharp
contrast to the model-based methods [12] which
seek to fundamentally change the nature of the
chaotic system under study by introducing *‘per-
turbations™ to the adjustable parameter that are
comparable to its size. Such methods are more
properly named the “removal of chaos” rather
than ‘‘control” because they fundamentally
change the nature of the system under study.
The gentle nudges prescribed by OGY control
leave the fundamental dynamics of the system
essentially unchanged. The fixed point and its

manifolds are only shifted slightly by the per-
turbation and, between perturbations, the mo-
tion of the system remains chaotic, moving on an
attractor that differs little from the original. It is
only in the long term, when averaged over many
periods and over motion on several slightly
different attractors, that the motion is non-cha-
otic. In this sense the OGY method is truly a
control of chaos and hence it is able to select any
of the periodic orbits that are embedded in the
chaotic motion.

5. Experimental realities

In all chaos there is a cosmos,
in all disorder a secret order.

Cari Jung

An experimental physicist’s first reaction to
the OGY scheme might well be one of horrar; in
any real-world system the number of degrees of
freedom (positions plus momenta) may be quite
large, possibly even infinite and the OGY
scheme requires the measurement of all of them!
Two facts conspire to make the OGY method
not only possible but also simple to implement.

The first 1s that many physical systems, whiie
technically infinite dimensional, actually only
express a small number of these dimensions.
Thus even though the magnetomechanical rib-
bon (discussed below) is a distributed mass
system and therefore technically infinite dimen-
sional, its motion i1s quite low dimensional and its
attractor is well represented in a three dimen-
sional phase space and hence a two dimensional
Poincaré section. Thus only two experimental
variables need to be measured to correctly char-
acterize its chaotic attractor.

The second fact of importance to the ex-
perimentalist is that the Poincaré section may be
replaced in the OGY scheme by a delay coordi-
nate embedding. This embedding relies on the
intuition that the information obtained by
measuring all the system variables (positions and
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momenta) at one given time may also be ob-
tained by measuring only one system variable at
several subsequent times. The system state vec-
tor (the set of all the positions and momenta,
£ = (1), XY P ) Pl) NS
replaced by a delay coordinate vector, (x'(f,),
x'(t, — A1), x'(t, =2 AN, x'(t, — 34, .. ), where
the superscript i indicates one particular ex-
perimental measurable and where Ar is some
appropriately chosen delay, (For the section, if
the systern is periodically driven, At is usually
chosen to be the period of the driving force. In
non-driven systems the appropriate delay is
usually related to some fundamental time scale
inherent in the system.) In fact it may be shown
that the attractor as represented in the phase
space and the attractor reconstructed from the
delay coordinate embedding have the same 10po-
logical properties, thereby allowing one 1o be
substituted for the other with (relative) impunity
(13}

With these two simplifications in hand, control
of low dimensional chaotic systems becomes
straightforward. In fact it turns out that the
OGY method is also cxtremely robust. By this
we mean that, as long as the perturbation dp 1S
sufficient to move the saddle point to the oppo-
site side of the system state point as shown in
Fig. Sb, it does not matter if the saddle is moved
well past the state point of just barely past it.
The corollary to this is that the control scheme is
quite resistant to external noise and to errors
arising from imprecision in the measurement of
the position and shape of the atiractor.

We note in passing that Eq. (33) give rise to
two variant methods of control. In the first
method, one completely measures all the items
mentioned above, calculates the constant C. and
then proceeds to control the system. The alter-
native arises from the fact that. although many
values (A, f, and g) are needed to characterze
the attractor, they are all folded into the single
constant C. Thus, if a period of adjustment can
be tolerated, one might simply guess a value of C
and then adjust it empirically until control 18

achieved. This latter method, requiring knowl-
edge only of the location of the desired fixed
point and an educated guess at C makes this
quite suitable for incorporation into automatic
control systems.

6. Implementations of control

Not chaos-like together crushed and bruised
But. as the world, harmoniously confused.

Alexander Pope, “Windsor Forest”

6.1, Mechanics

The first experimental control of chaos was
achieved in a magnetoelastic ribbon experiment
{4]. This system is sketched in Fig. 6. The
ribbon, an amorphous magnetic material about
100 mm long by 3 mm wide by 0.025 mm thick,
is extremely nonlinear in its response to a mag-
netic field. In zero field it is stiff enough to
support its own weight in an upright position.
When a small magnetic field is applied, its
stiffness dec:eases by an order of magnitude and
the ribbon buckles under its own weight. At still
larger fields, the material again becomes stiff and
resumes an upright position. If a magnetic field,
H, . is applied to starl the ribbon in the soft
regime and to that is added an ac magnetic field,
H,., that alternately takes the ribbon from soft to
stiff and back again at some frequency, f, the
ribbon will oscillate about its equilibrium point.
At high enough values of H,_ and f, the ribbon’s
motion will become chaotic.

The positions of the ribbon is measured once

Ribbon
)= Fldc+l:lm-cos(2nt't) B
Fotonic Sensor

Fig. 6. Schematic of the magnetoelastic ribbon experiment.
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each period, T = 1/f~1Hz, of the driving field
by means of a beam of light directed at a small
spot on the ribbon. The intensity of the reflected
light varies as 1/r°, yielding highly accurate and
noise-free measurements of the ribbon position.
These are sent to the computer controlling the
experiment, which also control the strengths of
the magnetic fields. In theory, either of the three
system parameters, H, , H, . or f, could be used
to control the chaos. We choose to use H, . The
gray data in Fig. 7a show the position of the
ribbon as a function of time when the ribbon is
moving chaotically. When the computer initiates
the period 1 control, the position of the ribbon
(measured once each period T; i.e., stroboscopi-
cally) is shown in black in Fig. 7a. The corre-
sponding attractor (plotted as a delay coordinate
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Fig. 7. (a) Ribbon position as a function of time for chaotic
motion {grey) followed by controlled motion (black). (b) The
same data presented as a delay coordinate embedding.

embedﬁng and with the same color coding) is
shown in Fig. 7b. -

As mentioned above the OGY mcthod may
select any of a number of periods from the
chaotic signal. Fig. 8 shows the same system
switching from chaos to period 4 to period 1 to
period 2 to period 1 and finally back to period 4.
There are interludes of chaos between each
section of control because the computer must
wait for the ribbon’s position to approach the
v:cmnty{ of the new unstable fixed point. This
time &n actually be decreased by a new tech-
nique called targeting [14,15], in which the
sensitivity of the chaotic system to small per-
turbations plus a global (but still empirical)
knowledge of the chaotic attractor are employed
to direct the system rapidly to any desired point
on the attractor.

The question arises as to whether one might
control about a point that does not lie on the
chaotic attractor. It turns out that the difficulty
in such a case lies not in the control itself, but in
getting the system to the vicinity of the desired
point. For if the point in question is not on the
attractor, it will never be visited. However, once
control is established at a ‘“normal” unstable
fixed point, it is often possible to adjust some
system parameter (in this case the temperature)
so that the attractor smoothly changes to one
that does not include the point in question. Yet it
has been shown experimentally that the control
will be maintained about this point. The reason
is that, although the point is no longer part of
the attractor, the local geometry about the point
has not changed appreciably and thus the algo-
rithm still calculates the proper control perturba-
tions. This is an important result for understand-
ing the robustness of the method even under
iarge changes to the system itself.

6.2. Electronics
In an experiment {3] of great potential impor-

tance for our electronics-based world, Earle
Hunt of Ohio University also used the empirical
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Fig. 8. The ability of the OGY method to select out various periodic motions from those comprising the chaotic motion. (Note
that the fact that the motions presented here are all a power of two is purely coipcidental; the control could have as easily been

performed about the period 3 or period 5 motion instead.)

version of the OGY scheme to control the
chaotic oscillations of a diode resonator. The
significance of his experiment lies in the exten-
sion of the applicability of the method to high
frequencies (53 kHz) and in his ability to control
high periods (his current record is period 871).

6.3. Lasers

In conjunction with Hunt, Rajarshi Roy et al.
[6] of Georgia Tech controlled the chaotic oscil-
lations of a chaotic multimode laser. This laser
would autonomously become chaotic at pumping
levels exceeding a certain threshold. The system
is somewhat higher dimensional than the previ-
ous systems, making the control more difficult to
obtain. Additionally the system is not period-
ically driven, making 1t necessary to choose a
“natural periodicity characteristic of the system”’

as the time scale for analyzing their data and
applying the control signals. A third intricacy is
that the natural frequency mentioned above is on
the order of hundreds of kilohertz. They de-
veloped a method related to the OGY method to
control of the system up to period 9. Thus the
laser could be operated stably at power levels
exceeding by as much as a factor of 15 those
which might be attained without chaos control.

6.4. Biology

The authors have recently extended the tech-
niques of chaos control to the field of biology [7].
In this experiment a section of a rabbit's heart
was induced to beat chaotically by the injection
of the drug ouabain. The measurable quantity
here is the interval between heartbeats, which is

e |
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about 0.8 sec in the healthy tissue. The effect of
the drug is to accelerate the heartbeat and to
cause the interbeat intervals to vary chaotically.
The chaotic attractor for this situation is shown
in Fig. 9a.

There are several factors that distinguish this
experiment from the earlier successes at chaos
control. The first is that the data for the delay
coordinate embedding are no longer equally
spaced in time, but are rather intervals between
events. The second factor is that there are no
adjustable system parameters that may be modi-
fied quickly enough to implement the unmodified
OGY control scheme. The authors accordingly
developed a method whereby the perturbation is
applied directly to the system variables, rather
than to some system parameter. This method
uses the same local linearization around the
unstable fixed point as used by OGY, but instead
of moving the saddle point to the system state
point, this method moves the system state point
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back to the saddle by giving the state point small
nudges equal in magnitude but opposite in sign
to those yielded by egs. 1 and 2. To calculate
these nudges it was necessary to use the ob-
served chaotic attractor to predict the time of the
next heartbeat. Then an electrical stimulus was
used to induce a heartbeat before the predicted
natural beat could occur, thereby shortening the
next interbeat interval. The amount of time to
advance the next beat was calculated so as to
place (the system state point (Fig. 9b) directly
onto the stable direction of the attractor. Thus
the succeeding beat would tend to naturally
move toward the desired unstable fixed point
rather than away from it.

The results are shown in Fig. 10. It was not
possible in these early experiments to achieve a
good period 1 (i.e., “normal”) heartbeat. But it
was possible to control the chaos consistently
into a period 3 beat, which, while not optimal, is
better for pumping blood than chaotic l;eating.

Iy = lng

(b)

lll-1

versus previous interbeat interval. I, . for the rabbit heart experiment. (a) Starting with
e fixed point along the stable direction and then leaves it along the unstable
ints to alternate above and below the unstable

tal fashion. as is typical of chaotic motion.) (b)
. The next point would naturally tend to
d thereby shortening the next interbeat
I will tead 1o move along the stable manifold toward the fixed point.
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Fig. 10. (a) Interbeat intervals as a function of time for the rabbit heart experiment. (b} Delay coordinate embedding for the
same data. The pre-control data is grey, while the controlled data is shown in black.

As for the relevance to human heart arrhyth-
mias, there is evidence that atrial and ventricular
fibrillation may be examples of chaos. Thus
future work may be able to present strategies for
dealing with these serious and widespread at-
rhythmias.

6.5, Chemistry

The best known oscillatory chemical reaction,
the Belousov—Zhabotinsky reaction, may exhibit
either periodic or chaotic signatures, depending
on the flow rates of the reactants into the tank.
These rates comprise the system parameters to
be used for control. The variable that is mea-
sured is the voltage of a bromide electrode
inserted into the tank. Using the OGY method,
Petrov et al. (8] at West Virginia University were
able to stabilize both period 1 and 2 oscillations
in their reactor. '

Rollins et al. [9] at Ohio University have also
applied chaos control to a chemical system. They
developed a recursive method (based on the
Dressler and Nitsche modification of the OGY
method) that makes available a wider choice of
accessible system parameter for use in controi-
ling the chaos.

7. Future of control

Chaos often breeds life, whcn.order
breeds habir.

Henry B. Adams, “The Education of Henry Adams"

7.1. Theory

Two fundamental questions dominate future
chaos control theories. The first is the problem
of controlling higher dimensional chaos in phys-
ical systems. A start has been made in this
direction in a recent paper by Auerbach, Gre-
bogi, Ott and Yorke {16} on controlling chaos in
systems of arbitrarily high dimensions. The
method can be “implemented directly from time
series data, irrespective of the overall dimension
of the phase space.” Although applied in nu-
merical studies, this method has yet to be tested
experimentally.

The second question has yet to be addressed:
the problem of control in a spatiotemporal
system. Many fluid dynamical and biological
systems may be modeled as a multi-dimensional
array of osctllators connected to each in some
complex fasihion. Such systems exhibit both
spatial as well as temporal chaos. The study of

Cr e e b b vA -
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such systems, while of obvious importance for
real-world applications, is as yet in its infancy.

7.2. Experiment

The importance of chaos control in electronic
circuits was mentioned above and should be
stressed once again. In a worid dominated by
electronics, the ability not only to remove chaos
where it is not wanted, but also to make more
flexible circuitry by exploring chaos and its
control could have a tremendous impact on our
lives. The control of chemical reactions is no less
important, since an increase of only a few
percent in the efficiency of a commercial chemi-
cal reaction could conceivably save millions of
dollars. The 15-fold increase in the power at
which a laser can be operated stably promises
new applications for these modern tools. And
the ability to control one of the great diseases of
modern times could be a boon beyond reckon-
ing. The challenge for experimentalists now lies
not only in achieving control of higher dimen-
sional and spatiotemporal chaos, but also in
guiding the achievements of the past three years
out of the laboratory and into our lives.
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Abstract

We find that an increase in the disorder of an array of Josephson junctions can lead to significant improvement in the
synchronization of the array. Both this effect and the opposite, more expected behavior are seen over a broad parametet

range.

Synchronizing a population of non-identical oscil-
Jators i3 a problem that arises in a variety of contexts
in physics and biology [1,2]. The question is, given a
set of coupled nonlinear oscillators with a distribu-
tion of natural frequencies, to what degree will the
oscillators exhibit frequency and phase locking? Here
we present a simple example, where we find the
unexpected result that disorder can significantly in-
crease the synchronization of a coupled array.

The problem of mutual synchronization is of par-
ticular relevance in the study of Josephson junction
arrays [3], where (in one application) the goal is to
generate high power, high frequency voltage oscilla-
tions with a narrow linewidth. A single Josephson
junction can convert a dc bias current into voltage
oscillations as fast as a teraheniz {4], an extraordinar-
ily high frequency for an clectronic device; however,
the power output is rather small (typically about 10
nW). To generate higher powers, one can employ an
array of junctions, with the hope that the individual
elements will execute synchronized (in-phase) oscil-

lations. Both series and parallel one-dimensional ar-
rays have been studied in this regard, as have two-di-
mensional arrays. While the in-phase state is the
most desirable, in principle it exists only when the
elements are identical. It is natural to assume that the
more nearly identical the elements, the better will be
the observed synchronization.

The problem with this assumption is that even if
the junctions are physically identical, the in-phase
state may be dynamically unstable and the system
must evolve to a different, symmetry-broken state.
Depending on parameter values the attracting state
may have very poor synchronization, as in the exam-
ple shown in Fig. la. In such a situation, the intro-
duction of disorder can significantly improve the
synchronization of the system. Fig. lb shows an
example of what happens when the identical ele-
ments are replaced by a set of elements with a spread
of +3.5% in the natural frequency, keeping un-
changed the value of the average critical current. In
this paper we investigate the conditions under which

0375-9601 /95 /309.50 © 1995 Elsevier Science B.V. All rights reserved
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disorder-enhanced synchronization will occur, and
describe the underlying mechanism which leads to

this effect.
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so that

by + yh, + {cos ¢,,(1) +2k[1— cos(mk/N)]}h,

= 0. (3)

Consider first the case of a parallel array of
identical current-biased Josephson junctions coupied
via inductors. The governing dynamical equations in
dimensionless form are

b+ yd, +sin b, =I+x(d;,, —2¢,+ ),
(1)

where j=1, 2,..., N, and we used free end bound-
ary conditions ¢, = ¢, and ¢, ,, = . Here, ¢, is
the phase difference in the macroscopic wave func-
tion across the jth junction, y=(2RC) ', k=
(2LCY ', ' =4amel_/hC, R is the junction re-
sistance, € is the junction capacitance, L is the
coupling inductance, ¢ is the electronic charge, A is
Planck’s constant, and [ is the bias current. Current
is measured in units of the critical current {_, time is
in units of £27!. In these units the voltage across the
jth junction is ¢/ in units of Af2/4me.

Physically, x plays the role of a coupling con-
stant. Of course, in the uncoupled limit « =0, the
initial conditions completely determine the relative
phases of the voltage oscillations, and there is no
possibility that the dynamics wiil drive the system
into the synchronized state. On the other hand, with
x # 0, Eq. (1) admits the so-called in-phase state,
defined by ¢ (¢) = ¢,,(¢) for all j. However, for a
broad range of parameter values, the in-phase state is
unstable, and the array evolves to some stable sym-
metry-broken solution. We can determine the local
stability of the in-phase state by setting ¢, = ¢, +
n;, where the 7; are small, and lincarizing Eq. (1) (a
stability analysis for the continuum limit of this
problem may be found in Ref. [5])

:':fj + ‘Yﬁ, + 7; COS d’m = K(T]}_” - 2"} + n}‘!)'
(2)

with m, =, and 75,,, = ny. These equations can
be decoupled via the following transformation,

7, = E:;m cos[(mk(j~ 1)/N)].

Local stability of the in-phase state requires that all
h, decay asymptotically in time. If we write
cos ¢, (1) =c,+ c(t), where ¢, is the time average
part of cos ¢,, and introduce h, = exp(— 3ythy,,
Eq. (3) becomes
G+ {—57¥7 + co + 2x[1 — cos(wk/N)] s,

() g, =0. (4)
Eq. (4) is known as Harper's model [6]. This equa-
tion has been widely studied in relation to electron
motion in a magnetic field [7], the dynamics of an
electron in one-dimensional random and quasiperi-
odic systems [8] and the Anderson model [9]. For
values of bias current I just above unity, c(¢) is a
narrow-peaked function, so the overlap integral of
(¢} with ¢, is negligibly small. In this approxima-
tion the eigenfrequencies are given by w} = — ;y?
+ ¢y + 2k[1 — cos(mk/N)]. The condition for sta-
bility of the in-phase state is that Re w, < 1 for all
k. Since x> 0, the condition for stability reduces to
Re w, < 1y. We have tested the validity of the
above approximation numerically for N =5, 7, 9 and
bias curents 1.01 <7 < 1.05 (these values make the
effective nonlinearity targe). The numerical and ana-
Iytical values of the critical values of x agree to
within a 10% error over this range of bias current.
For high values of the bias current (so the effective
nonlinearity is small) we can make a different ap-
proximation. Namely, ¢,(t)} overturns at a nearly
constant rate w, so ¢(t) can be approximated as
cos{ wt). {Note that w is equal to the time-averaged
voltage in these dimensionless units.) Eq. (4) then
takes the form of the Mathieu equation. The behavior
of ¢, depends on the ratio between — ¢y + ¢y +
2k{1 — cos(mk/N)} (the constant coefficient) and
unity (the coefficient of the time-dependent term).
We have found numerically that there is a broad
parameter range where all of the 4, are bounded,
which is sufficient to ensure that A, goes to zero,
which in turn means that the in-phase solution is
stable. Similarly, there is a broad parameter range
over which the in-phase state is unstable.

We now tum to the effect of disorder, i.e. the
situation where the elements are no longer identical.
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While there are a number of ways to introduce
disorder into the system, we choose to modify Eq.
(1) to read

&, + yd; + 1, sin ¢; =1+ k(b1 — 28+ 1)
(%)

That is, we introduce ! a spread in the critical cur-
rents [, = 1+ efj, where §; is a random number
uniformly distributed between —0.5 and +0.5. The
effect of critical-current variations on the coherence
of Josephson junction arrays was studied in Ref.
[10]. In our numerical simulations we used a 4th
order Runge—Kutta algorithm, with initial conditions
for the ti),- randomly distributed between 0 and 27
and for the ¢, randomly distributed between 0 and 1.
We define a temporal measure of the synchroniza-
tion, o, as the standard deviation from the average

signal,
1 Ee @)
T/ () l

o(e)=limy_,

’

(6)
where (d)=N"'EY d')j(t). We consider ¢ be-

-1

cause it is a natural pjhysical variable for this system,
i.e. the voltage. For an in-phase state, o=0, in
general an increase in synchronization results in a
decrease of o. In Fig. 2 we show o(€) for three
different realizations of the disorder. The other pa-
rameters are the same as in Figs. 1. In each of the
three cases the initial conditions were identical, thus
the only parameter which is varied here is the amount
of disorder €. In one case (the middle curve) a(e)
decreases smoothly with &, in another (the Towest
curve), o(e) remains constant at first and then
decreases abruptly at € = 0.06 so that the dynamics
is best synchronized for a finite level of disorder; for
the other realization (the upper curve) the synchro-
nization is slowly degraded as the level of disorder is
increased. These three cases are representative of all
the cases we observed in our simulations; all three
types can be considered typical. For example, for an

! Strictly speaking we should also introduce different v values
for different elements, but we expect the basic phenomenology to
be the same.

array of 21 junctions and a fixed set of parameters

(exclusive of the disorder), in roughly half of the

runs a low level of disorder resulted in a significant
improvement in synchronization; in the other cases
the disorder either had little effect or degraded the
output, For sufficiently large levels of disorder the
synchronization always diminishes. To make certain
that the improvement in o (¢) is not simply due to a
change in the average critical current, we also tested
the behavior of an identical array subject to smali
variation of the critical currents [, (we used only

.29 variations in the average critical current in nu-

merical simulations of the disordered array). The
inset in Fig. 2 shows o (¢) (the upper curve) and the
average voltage V,, (the lower curve) of the identical
amray as a function of I.. To obtain this curve we
started with the initial conditions corresponding to
the asymmetric orbit of the identical array and then
smoothly varied the critical currents of all the ele-
ments in array. One clearly observes that (a) for the
identical array o(€) is not as sensitive to changes in
critical current as compared to the effect of disorder
for the disordered array and (b) an ingrease in aver-
age voltage (oscillation frequency) does not automat-
ically imply an increase in synchronization.

To better quantify the effect, we measured the
probability P(¢) that for a given level of disorder ¢,
o is less than its nominal value for the case of
identical junctions. The results for an array with
N =721 are shown in Fig. 3: the resulting curve
passes through a broad maximum at around € = 0.1.
For each value of € we used 200 different realiza-
tions of critical currents and initial conditions. We
used only such realizations of the critical currents
which obey [, =1+ INTIEN,, (- 1] <002,
thus allowing 2% spread in the average critical cur-
rents. The initial conditions were chosen at random
with the phases uniformly distributed between 0 and
27, and the phase derivatives uniformly distributed
in between 0 and 1. We can interpret Fig. 3 as
showing that there is an optimum level of disorder
leading to maximum ‘ performance’’. Stated in this
way, the effect is reminiscent of the phenomenon of
stochastic resonance [11].

We now turn to the dynamical mechanism respon-
sible for this disorder-enhanced synchronization. Ex-
tensive numerical simulations for a reasonably large
array (N =21) over the parameter range used in
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solution for the uniform system is a stable symmetry-broken solution.
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08
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€

Fig. 2. Temporal measure of synchronization o as a function of disorder € for three different realizations of critical currents. The lowest
curve (circles) shows a sharp increase in synchronization (decreasing o ); the middle curve (triangles) shows a smooth increase in
synchronization, while the upper curve (squares) shows a modest decrease in synchronization. The other parameters are N = 21, x = 3.0,
I =1.02, y=1.1. The inset shows the behavior of o(€) (the upper curve) and V,, (the lower curve) as a function of I, for the identical

array.

Figs. 1-3 have led us to the following scenario.
Recall that we begin with a disorder-free system
(e=0) in a parameter regime where the in-phase
stite is unstable; on the other hand, the array has (at
least) two distinct (stable) coexisting attractors. The
different stable orbits have different degrees of syn-

10

1 i 1
%.0 01 0.2 03 0.4
£
Fig. 3. Percentage P of realizations showing improved synchro-

nization as a function of disorder €. The curve shown is for
guiding the eye. The other parameters are as in Fig. 2.

chronization o. We observe disorder-enhanced syn-
chronization when the pootly synchronized attractor
has a large basin of attraction while the highly
synchronized attractor has a small basin. This comes
about in one of two ways as we now describe. Let us
call the poorly synchronized orbit A and the better
synchronized orbit B. Owing to the relative sizes of
their basins of attraction, for most initial conditions
the array settles onto orbit A. Introducing a small
spread in critical currents does not significantly alter
the geometry of the orbits {i.e. it may change the
detailed dynamics of each element, but does not
affect the synchronization properties of the array as a
whole). On the other hand, the disorder does change
the basins of attraction of A and B. It may also lead
to the creation of new merged attractors: the geome-
try of these orbits is effectively the union of A and
B, so we will refer to these orbits as AB. In Fig. 4
we show the phase behavior of the first junction
together with the time series of all 21 elements of the
array. Fig. 4a shows an example of the orbit A
(poorly synchronized), Fig. 4b shows the orbit B,
and Fig. 4c shows the orbit AB which appears after
A and B have merged. Depending on the realization
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Fig. 4. Time series &, of all elements (left) and phase space plot
(¢, versus cos ¢} of the first junction (right) demonstrating
three orbit types: (a) orbit A (poorly synchronized), (b) osbit B
(highty synchronized), and (c) orbit AB (merged orbit). The
parameter values for {a), (b), and {c) are the same (see Fig. 2)
except for the realization of critical currents and initial conditions.
The amount of disorder is ¢ = Q.15

of critical currents, the disorder may either increase
the basin size of B or create the orbit AB, in either
case increasing the probability that the orbit is at-
tracted to a state with improved synchronization.

These two cases (shown in Figs. 4a and 4b)
correspond to two different signatures (upper and
lower respectively) shown in Fig. 2. Recall that Fig.
2 was generated by varying € while leaving the
initial condition fixed such that it lies in the basin of
A when €= 0. The lowest curve in Fig. 2 shows a
sudden transition when the initial condition crosses
the basin boundary from A to B. The middle curve
shows a more gradual decrease in o as the system
goes from A to the merged orbit AB. Looking again
at Fig. 4c, one sees the roughly intermittent character
of AB as it ‘‘switches™ between the two original
behaviors.

The effect of increased synchronization with dis-
order also can be also achieved by choosing a regu-
lar variation in critical currents along the array. To
demonstrate this we ran simulations where we
changed the critical currents of just two junctions,
f;=1—¢€ and I, =1+ ¢, thereby keeping the aver-
age critical current equal to unity. Interestingly, we
found that decreasing the critical current of the mid-
dle junction (while increasing the critical curreats of
an edge junction) caused the synchronization to in-
crease; for the opposite realization we observed no
significant change in synchronization. We also per-
formed simulations in which we changed the critical
current of just one junction, keeping the critical
currents of all the other junctions unaltered. When
the critical current of the disordered junction j was
less than unity (/ < 1), the synchronization was
increased; the greatest effect was when this was the
middle junction. In contrast, for /; > 1 no significant
change in synchronization was observed.

In summary, we have shown that disorder may
lead to an increase in the temporal synchronization
of a 1-D array of nonlinear coupled oscillators. We
have observed this effect in a particular oscillator
array; however, the mechanism responsible for disor-
der-enhanced synchronization is general enough that
we suspect it will be observed in other systems, and
may well be common.
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Experimental Maintenance of Chaos

Visarath In,' Susan E. Mahan,! William L. Ditto,' and Mark L. Spano®"
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We present a method for the anticontrol or maintenance of chaos designed for easy application to
physical and biological systems. The method is based on the return map of the experimental data
and requires only small, very infrequently applied time-dependent perturbations of a single system
parameter and does not require any model equations for or a priori knowledge of the system dynamics.
The method is shown to be able to reliably sustain chaos in a magnetomechanical ribbon experiment.

PACS numbers: 05.45.+b, 75.80.+q

Since Ott, Grebogi, and Yorke (OGY) [1] published
their paper on the theory of the control of chaos, a
major thrust of the work in experimental chaos has been
to convert the chaos found in various physical systems
into periodic motion. Since the experimental control of
chaos was first demonstrated [2] in a mechanical system
(a magnetoelastic ribbon), the control of chaos has bf:cn
implemented in lasers (3], electronic circuits{4], chemical
reactions [5), and biological systems (6.7]. Although
chaos control may be very advantageous in many systems
[8], it has been suggested that pathological destruction
of chaotic behavior (possibly due to some underlying
disease) may be implicated in heart failure [9] and some
types of brain seizures [7]. Thus some systems may
require chaos and/or complexity in order to function
properly. Another situation in which the maintenance
of chaos might be useful is the mixing of fluids [10}.
Experimental work by Schiff er al. [7) demonstrated an
ad hoc method for increasing the complexity (decreasing
the periodicity) of an in vitro hippocampal rat prain
slice preparation. Recent theoretical and computat.lonal
work by Yang et al. [11] indicates that intermittent
chaotic systems can be made to exhibit continuous chaotic
behavior (no intermittent periodic episodes).

The main contribution of this Letter is a general theo-
retical method for the maintenance of chaos, which is then
implemented experimentally in a magnetomechanical sys-
tem demonstrating intermittency [12]. This imerrn?ttency
appears as chaos interspersed with long periodic episodes.
This method is readily applicable to experiment and re-
lies only on experimentally measured quantities for its
implementation. _

As opposed to the ad hoc method for increasing the
complexity implemented by Schiff er al. 7] (which they
term anticontrol), the method of chaos anticontrol proposed
by Yang et al. {11] is based on the observation that a
map-based system in a regime of transient chaos, such as
that near a transition periodicity into chaos, has special
regions in its phase space that they term “loss regions.”
If the system enters such a region it immediately ceases
its chaotic motion. Yang ef al. [11] identify these regions

4420 0031-9007/95/74(22)/4420(4)$06.00

along with n preiterates of each loss region. If the system
enters a preiterate, they apply a small perturbation to
an accessible system parameter in order to interrupt the
progression of the system toward a loss region. The
perturbation places the system in a region of phase space
that is neither a loss region nor a preiterate of one. This
requires explicit knowledge of the map of the system
and is accordingly difficult to accomplish. Thus the lack
of generality of the Schiff method and the difficulty of
experimental implementation of the Yang method are the
motivation for the present work.

We propose a general anticontrol method that is more
readily applicable to experiment and that relies only on
experimentally measured quantities for its_implementa-
tion. To start we make only the following assumptions
about the system: (1) the dynamics of the system can be
represented as an n-dimensional nonlinear map (e.g., by a
surface of section or a return map) such that points or it-
erates on such a map are given by €, = f(£,_, p), where
p is some accessibie system parameter; (2) there is at least
one specific region of the map (termed a loss region) that
lies on the attractor into which the iterates will fall when
making the transition from chaos to periodicity; and (3)
the structure of the map does not change significantly with
small changes 6p = p — pg in the control parameter p
about some initial value py.

On the return map derived from a system, the locations
of loss regions are determined by observing immediate
preiterates of undesired points which correspond to peri-
odic orbits. Clusters of these preiterates are identified as
the loss regions. The extent of each loss region is deter-
mined by the distnibution of points in that region (Fig. 1).
The time evolution of each region may be traced back
through m preiterates, as desired.

Next, in a fashion similar to the OGY chaos control
method 1], we change p slightly, observing the resulting
change in each loss region’s location, and estimate the
local shift of the atrractor g for each loss region with
respect to a change in p as follows:

N = af‘(gn-p) . Af(énvp)
& ap Ap

© 1995 The American Physical Society
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FIG. . Return map constructed from experimental data show-
ing the loss region and its preiterates (circles). Region (R} de-
notes the loss region, region (R, _,) denotes the first preiterate
of the toss region going back in time, and region (R,) denotes
the period | orbits clustering on the diagonal of the map. The
other four circles denote the (R;_,.) preiterate regions. Any
orbit that falls into any one of the R._, regions will proceed
directly into the R, ., region and then proceed onto the loss re-
gion followed by the unwanted periodic orbit.

As an approximation we take g 10 be the same for all loss
regions on the attractor for sufficiently small parameter
changes 8p (otherwise calculation of g for each loss
region is required). This is not strictly necessary in order
to implement the method but is simply a convenience that
is approximately true for many systems (including our
magnetoelastic ribbon) and for small ép’s.

Anticontrol can be applied once the systemn has entered
the mth preiterate of the loss region. Since the map
is constructed as a return map (or delay coordinate
embedding) with £, vs £,-1, the y coordinate of the nth
point becomes the x coordinate of the (n + 1)st point.
Since we know the x coordinate of the next point and
the size of the region that this (n + I)st point would
normally fall into, we calculate a minimum distance that
we must move the attractor so that this next point falls
outside of that region. This distance d is translated into
the appropriate parameter change &p by 8p, = dn+1/ lel.
where the direction of the motion is along g.

If each of the m preiterates of the loss region is circum-
scribed by a circle of radius r, (the worst case), we have
8p, = 2rm/lgl where it is understood that the (n + 1)st
point falls into the mth preiterate region. This is the
maximum perturbation needed to achieve anticontrol and
guarantees that the next point will fall outside the mth pre-
iterate region by moving the point one full diameter of the
circle surrounding the loss region. We can improve upon

this worst case. With a 1.:um map, we know the x co-
ordinate of the next point. Because we have the choice
of whether to apply the perturbation in either the positive
or the negative g direction, we can select the sign of the
perturbation to move the next point to the left if this x co-
ordinate is in the left half of the preiterate region and vice
versa. Thus the minimum distance to move is reduced to
rm and, consequently, 8p, = rn/lgl, a significant reduc-
tion in the strength of the perturbation.

Additionally, if the shape of the preiterate region of
interest is approximately linear (linelike) and its slope
is perpendicular to g, then 4 is at most r,, and may
approach the thickness of this linear segment (8p, «
ralgl). Thus, while not necessary to achieve anticontrol, a
detailed knowledge of the shape of the loss region and its
preiterates can further reduce the size of the perturbation
required to achieve anticontrol.

The experimental system [13] consists of a gravita-
tionally buckled magnetoelastic ribbon driven parametri-
cally by a sinusoidally varying magnetic field. The ribbon
is clamped at its lower end and its position is measured
at a point a short distance above the clamp. The Young
modulus of the ribbon can be varied by more than a fac-
tor of 10 by application of an external magnetic fieid.
We apply an ac magnetic field of amplitude H,. and fre-
quency f added to a dc field of amplitude Hy., such
that Happlica(t) = Hae + Hae sin(2#7 fr). We choose f =
0.95 Hz, H,. = 0.961 Oe, and Hg. = —1.221 Oe in order
to put the system in a state of intermittent chaos. We con-
struct a return map by measuring the position &, of a point
on the ribbon once every driving period and by then plot-
ting the current position £, v8 £,—(.

On the return map, we identify the loss region and
its preiterates (circles in Fig. 1). The loss region (R,)
is denoted by the circle just to the left of the diagonal.
Its first preiterate (R;- ) lies to the right of the diagonal.
The other circles denote earlier preiterates (R, _,.). Points
that enter any of these regions will eventually go to
the region R;_,. Once there they will proceed into the
loss region R, on the next iterate. Then the system
becomes periodic. This appears as a cluster of points (R,)
on the diagonal of the map. The points that enter the
preiterate regions mediate the intermittent transition from
chaos to periodicity [12]. During anticontrol we apply a
perturbation when an orbit enters the region R; _, so that
the next orbit will fall out of R;.

The extent of the mth preiterate region is determined
by observing the set of points that after m iterations fall
into the loss region, as well as neighboring points that
do not fall into the loss region after m iterations. The
boundary of the loss region lies between these points.
The g vector is determined by changing py by *0.0068
Qe. Asllustrated in Fig. 1, the two loss regions are very
close to the cluster denoting the periodic orbit. Rarely
during anticontrol the orbit is kicked into the period 1
region. This requires us on the succeeding iteration to
implement anticontrol for the periodic region as well in
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(a)

(b

FIG. 4.

3D histograms of (a) the unperturbed and (b) the
anticontrolled data distributed over the attractor (return map)
of Fig. 1. The scale of (a) is enhanced by a factor of 10 in
order to make visible the chaotic transients present in the data.
The pertod { peak (which lies on the diagonal line) is so strong
that it would be off the scale even had the vertical scale not
been enhanced by this factor of 10.

unstable periodic motions that compnse the chaos itself.
Hence it is not removed. To reiterate, we interrupt only the

sequence of preiterates that lead 1. ~ntrapment in a periodic
motion. It is because we take this approach, rather than the
approach of completely excluding the system for the region
of phase space around the unstable periodic motion, that we
are able to maintain the chaos with only rare interventions
(~0.12% of the time).

In summary, we have presented a general method for
the anticontrol of chaotic systems which is straightforward
to implement and need be rarely applied to keep a system
chaotic. This method has been demonstrated to work in a
magnetomechanical experiment with no failures.

Mark L. Spano is supported by the NSWC Independent
Research Program and the Office of Naval Research (Di-
vision of Physics & Chemistry). W.L. Ditto is supported
by the ONR Young Investigator Program.
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Creatures, Corsis, and Colors —David L. Bull
and Ann Scarborough-Bull. A celebration of the
seafloor's colorful pageantry, from the chilly kelp
forests off W %m tom
ychedelic gardens of ibbean.
?:h. spectmﬂaﬂyimatedwithmen_\an 150
cokor photographs, explo:esli\anatqal higtory of
eralreadertomeaeanmoftmaeepm
examining their mysterious coaxistence. Audu-
bon Pk Pr, 1990, 132 p., color #us., hardcover,
$35.95.

The Discovery of the Bismarck — Robert D.
Ballard. it took two years and a painstaking sonar
survey of 100 square miles of seafioor bafore
Ballard and his crew located the Bismarck,
Hitler's greatest battleship. This gripping account
of the Bismarck’'s maiden journey, her sinking,
Ballard's search, her discovery and her explora-
tion is generously iliustrated with historical and
underwater as woll as artists’ ren-
derings. Wamer Bks, 1980, 231 p., color/bdw
Mus., hardcover, $35.00.

The First Weeks of Life—Miriam Stoppard. This
comprehensive guide begins by familarizing
mothers with their newbomn’s appearance and
behavior and continues through care and feeding
in the hospital and at home. Chapters are exten-
sively ilustrated with photographs and diagrams,

to clean and change newboms and how to warm
botties or remove a nursing baby from the breast.
Includes a chapter on women's postpartum
changes, both physical and emational. Originally
published in Great Britain in-'1989. Ballantine,
1990, 160 p., color/o&w ilus., hardcover, $17.95.

Lonely Hearts of the Cosmos: The Story of
the Scientific Quest for the Secret of the
Universe — Dennis Overbye. A history of cos-

— the scientific effort to determine the
origin and fate of the universe — and an introduc-
tion to cosmologists who have probed phenom-
ena ranging from black holes to an expanding
universe. Writing for the general reader; Overbye
conveys the inspiration, exciternent and frustra-
tion of this cosmic quest. HarperCollins, 1990,
438 p., hardcover, $25.00.

Overcoming Bladder Disorders:

tion of the most common bladder problems.
includes an index of fests and a
glossary of drug treatments. Har-Row, 1990, 338
p., #kis., hardcover, $19.95. -

The Second Fifty Years: Promoting Health
and Preventing Disability — Robert |.. Berg and
Joseph S. Casselis, Eds. This report, compiled by
the Institute of Medicine, examines 13 health
ttweats to the elderly and offers policy and
research recommendations to improve the qual-
ity of life and health care for the aging U.S.
population. Extensively referenced chapters ad-
dress, among other thraats, poor nutrition, ostec-
porosis, depression, physical inactivity and sen-
soty loss. Natl Acad Pr, 1990, 332 p., charts,
hardcover, $29.95,

What Light Through Yonder Window
Breaks? More Experiments in Atrmospheric
Physics — Craig F. Bohren. In this sequel to
Clouds in a Glass of Beer, Bohren continues to
explore the world ot atmospheric physics, ex-
plaining such everyday phenomena as highway
mirages and winter frost on the insice of win-
dows, Written for science enthusiasts interested
in the physics of everyday fife, the book reflects
both the curiosity and the skepticism with which
scientists approach the . Wiiey, 1931, 190
p., illus., paperback, $12.95.

Sorting out fact from fiction and myth from reality in schizt_)phrenia is
no easy task. In Schizophrenia Genesis, one of the world's leading experts
presents an absorbing account of what is actually known about the

subject.

irving I. Gottesman draws on the latest genetic and environmental
research, and on recent findings from neurob!ology, to investigate the
origins of schizophrenia. He argues that the disorder can be understood
only by considering both the genetic evidence and the faimha} and societal
pressures associated with schizophrenias onset and course. Included are
discussions of the diagnostic controversies that have sw1r|e§l around
schizophrenia, genetic counseling and social policies affecting all those

touched by the disorder.

‘SCHIZOPHRENTA
GENESIS

i b dlic s

— from the publisher
I P,
“For anyone who has ever had an interest !'n pages, :l-txgs 4
understanding schizophrenia [this book] is the paperback,
definitive source book. It is a clearly written book Science Nets Books

that is, nevertheless, so packed with infor{:lation
about all aspects of schizophrenia, ii_!dudu_ig first-
person accounts by patients and their families,

Please send mo

SchizGenesia

79 N Street, NW, Washington, DC 20036

copy(ies) of Schizophrenia Genesis. | include a check
payable to Science News Books for $14.95 plus $2.00 postage and handling
{total $16.95) for each copy. Domestic orders only.

that readers will find themselves going back agciin Name
and again to absorb the full fare that is offered. Address
— L. Erlenmeyer-Kimling (slit:vm '
Columbia University Deytine Poone ; Zip
El-ei ony for problcms with erder) 05
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Letters
Reef richness and risks

In_“Bleached Reefs™ (SN: 12/8/90, p.36d), |
was erroneously cited as saying that coral
reefs may support more species than all other
marine ecosystems combined. What | said was
that they may have more species than any
other individual marine ecosystem.

This is an important difference, because |
agree with marine species-diversity authority
Howard Sanders in feeling that the two most
species-rich marine ecosystems are coral
reefs and the deep-water community living at
the base of the continental slope. In both
ecosystems, the great majority of species have
yet to be scientifically described, so it is
premature to say which has the targest num-
ber. But coral reefs certainly have the highest
biomass and productivity per unit area. In
addition, they are under the greatest threat.
Deep-sea communities should be the last to be
aflected by global change.

The risk at which coral reefs are now placed
by the record seawater temperatures of 1990
and preceding years may become irreversible

JANUARY 26, 1991

within a few years unless prompt steps are
taken to protect them by halting global warm-
ing, treating sewage, reforesting watersheds,
halting unsustainable harvesting of corals,
reef organisms or sand, and developing mar-
iculture as an atternative to overfishing, Other-
wise, tropical marine countries will soon face
large economic costs from depletion of their
fisheries, reduced nourishment of beach sand
for tourism, loss of shoreline protection from
hurricanes, and destruction of the capacity to
adapt to rising sea levels,
Thomas J Goreay
President
Global Coral Reef Alliance
Chappaqua, NY

Data differentiation

While MANSCAN images did successfully
differentiate among people using varying de-
grees of short-term memory in a “memory”
experiment at EEG Systems Laboratory, these
data were not used to predict eventual accu-
racy of response, as suggested in “Shadows of
Thoughts Revealed” (SN: 11 /10790, p.297). Pre-

dictability of performance accuracy was stud-

ied in an earlier experiment focusing on visuo-
motor responses,

Judy ldes

Research Neuropsychologist

EEG Systems Laboratory

San Francisco, Caltf

On labels and learning

In his reply to my letter on the origin of
seemingly paradoxical behaviors such as al-
truism (SN:9/15/90, p.163; 12/8/90, p.362), Tom
Cole objected, in effect, that | was sneaking
religion in through the back door and that it
had no place in a scientific discussion.

It's curious that Mr. Cole could assert so
confidently that my views were “obviously
hased on a fundamentalist interpretation of
the Bible" considering that my letter men-
.ioned neither Christianity nor the Bible —and
Reither did the particutar ideas of C.S. Lewis
that | paraphrased. Also, Mr. Cole’s character-

Letters continued on p.58
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S!NG M of the week

Quasar Clumps Dim Cosmological Theory

A research satellite launched last June
has allowed astronomers to peer deeper
into space with X-ray eyes than ever
before. And the distant vistas they've
glimpsed show evidence of what appear
to be giant clusters of quasars eight to 12
billion light-years from Earth — more
than halfway to the edge of the observ-
able universe. These clusters suggest the
universe began getting lumpy earlier —
and on a larger scale — than previous sky
maps had indicated, researchers re-
ported last week.

Combined with other recent observa-
tions of large-scale clumping (SN:

1/12/9), p.22), cosmologists say the per-
plexing new finding, if confirmed, may
force them to abandon a standard theory
—known as the cold-dark-matter model —
of how the universe evolved. “This may
be the start of the death krieil for the cold-
dark-matter theory” says physicist Paul
Steinhardt, at the University of Pennsyl-
vania in Philadelphia.

Scientists proposed the theory as away
of reconciling two snapshots of the uni-
verse — one representing the distant past
and another of the present. Several meas-
urements indicate that the ubiquitous
background microwave radiation, be-

Heavenly bodies make their UV film debut

When the space shuttle
Columbia landed last
month after a nine-day
research mission called
Astro, one anxious scientist
still didnt know if his
shuttle-borne experiment
had worked. Theodore P
Stecher of NASA's Goddard
Space Flight Center in
Greenbelt, Md., had to
retrieve and develop 900
frames of ultraviolet-sensi-
tive film from the payload
before he could assess the
success of the Ultraviolet
Imaging Telescope, the
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mission's sole picture- Faise-color ultraviolet image of the globular cluster

taking instrument.

Omega Centauri. The brightest areas denote regions

Last week, at the Amer- of highest light intensity; the darkest areas denote the
ican Astronomical Society lowest intensity

meeting in Philadelphia,

Stecher announced that the telescope
had performed well indeed, and he pre-
sented several images to prove it

The central region of the globular clus-
ter Omega Centauri (pictured here) oc-
cupies a region of the Milky Way some
17000 light-years from Earth and houses
nearly a million stars. Until now, none of
those stars had been photographed in the
ultraviolet. Optical pictures of the cluster,
taken by ground-based telescopes, detect
mainly red giant stars and yellow main-
sequence stars, whereas the ultraviolet
image primarily spotlights hotter, less
common stars that evcived from red
giants by ejecting their outer atmos-
phere.

Stecher points out that the ultraviolet
photograph, in contrast to optical im-
ages, does not show a strong concentra-
tion of stars at the very center of the
cluster. Whether the apparent dark areas
or “holes™ in the core represent light-
obscuring dust clouds, stars too dim to
detect or an actual gap in the cluster
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remains unclear, says Goddard astrono-
mer Susan G, Neff.

Neff notes another curious feature: an
unusually large variation in stellar light
intensity, indicated by the presence of
several different hues in the false-color
image. She says that Omega Centauri may
have coilided at some earlier time with
another cluster to create the mix of
ultravioletintensities and the lower-than-
expected core density apparent in the
globular cluster today.

The Ultraviolet Imaging Telescope also
captured on film the spiral galaxy M8I,
about 12 million light-years from Earth.
Bright spots in the galaxy's curving arms
reveal areas where starbirth concen-
trates. Some of these bright regions form
aring—barely visible in optical images of
M8l — about 19,500 light-years from the
galactic center. Neff suggests that gravita-
tional pull from ancther galaxy that
passed nearby, perhaps the irregular gal-
axy M82, could have helped form the
ring-shaped feature. —R. Cowen

lieved a remnant from the Big Bang, has
the same intensity everywhere in space.
This suggests the universe began as an
incredibly smooth and uniform soup of
matter and energy (SN: 1/20/90, p.36).
The conundrum is how it evolved into its
current lumpy collection of stars and
galaxies. ‘

Because the observed mass in the
cosmos is too small to gravitationally
bind large objects, cosmologists at first
suspected that the universe contains a
large quantity of invisible, ordinary dark
matter to supply the needed gravitational
glue.

But the garden-variety dark matter —
composed of protons, neutrons or other
familiar building blocks — interacts
strongly with light. During the early his-
tory of the universe, this interaction
would have suppressed gravity's tug and
prevented tiny lumps or fluctuations in
the density of primordial matter from
growing fast enough to account for the
present large-scale structures.

To solve the problem, theorists turned
to the concept of coid dark matter, which
postulates a type of hidden material that
interacts weakly with light and has more
time to expand the size of primordial
lumps. But the simplest form of this
model —in which all hidden matter is cold
— still cannot explain the picture of the
universe emerging from recent observa-
tions, Steinhardt and others say.

Next month, the US.-European Roent-
gen Satellite (ROSAT) will complete its
first sky survey. Up to this point, it has
resolved X-ray sources in greater detail
and detected sources about 2.5 times
fainter than other X-ray-probing satel-
lites.

One of ROSAT's detectors imaged very
dense, fuzzy patches of low-energy X-rays
from dimmer sources about 8 to 12 billion
light-years from Earth, Guenther Has-
inger of the Max Planck Institute for
Extraterrestrial Physics in Garching, Ger-
many, reported last week at a meeting of
the American Astronomical Society in
Philadelphia. Based on this intensity, the
rough shape of the fuzzy images and their
proximity to individual quasars, he spec-
ulates that the X-ray emissions originate
from clusters of quasars with a diameter
of 15 to 75 million light-years.

Hasinger adds that further ROSAT ob-
servations with the same detector, ex-
pected to resume this August, may con-
firm the validity of the quasar-cluster
interpretation. Stephen 5. Holt of the
NASA Goddard Space Flight Center in
Greenbelt, Md., notes that ROSAT offers a
prime tool to discern quasars, since many
radiate 100 times more intensely in X-ray
than in visible light. —R. Cowen
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Ultrasound reveals sickle-cell stroke risk

A new ultrasound method may help
identify children and teenagers with
sickle cell anemia who run a high risk of
stroke, alerting physicians in time to
begin preventive treatment.

Sickle cell anemia js a genetic disorder
in which the normaily round, puffy red
blood cells contain defective oxygen-
carrying molecules and sometimes be-
come rigid and crescent-shaped. The
disease cauges frequent painful episodes
when the distorted red blood cells block
blood flow through tiny caplilaries.

But an even greater threat lurks for
sickle-celled children and teens if the
arteries carrying biood to the brain be-
come narrowed with a buildup of scar
tissue. Researchers don't know what trig-
gers the deposits, but they do know that
these youngsters risk suffering a stroke —
which can cause potentiaily lethal brain
damage — when their abnermal red cells
pile up in the already narrowed arteries,
reducing the blood flow to the brain.

Physicians caring for sickle ceil pa-
tients have had no way to tell which
individuals possessed this added vul-
nerability until after signs of blood-flow
restriction appeared. By that time, irre-
versible brain damage may already have
occurred. Strokes can cause menta retar-
dation, paralysis, coma and even death.

Scientists at the Medical College of
Georgia in Augusta have now developed
an ultrasound method, called trans-
cranial Doppler, that uses sound waves to
gauge the speed of blood flow to the
brain. Neurclogist Robert j, Adams and
his colleagues reasoned that blood would
travel at a higher velocity in narrowed
arteries than in heaithy ones, providing
an early warning of impending stroke.

Their preliminary findings suggest the
technique holds promise as a screening
tool, Adams reported last week at the
American Heart Association’s annual sci-
ence writers forum in Savannah, Ga. His
team studied 250 children and teens with
sickle cell anemia, using transcraniai
Dopper imaging to identify 40 individuals
with higher-than-normai blood velocities
(more than 160 centimeters per second).
Six patients in that high-risk group suf-
fered strokes within months of the ultra-
sound test, while only one stroke oc-
curred among the 210 chijldren with
normal blood velocities, Adams says,
suggesting that bhlood velocity can in-
deed foreshadow vessel occlusion,

The team then focused on seven of the
youngsters who showed no discernible
symptoms of stroke but whose ultra-
sound tests had indicated abnormally
high blood velocities. Adams says such
children may experience slight reduc-
tions in blood flow to the brain, which
could lead to subtle brain damage that
goes undetected during clinical examina-
tion. Using a magnetic resonance imaging
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device to visualize damaged tissue, the
researchers discovered abnormal brain
areas in three of the seven, whereas a
group of 17 other Youngsters who had
normal ultrasound test values showed no
brain injuries in the same type of images.
Only further research wiil tell whether
the three with brain abnormaiities had
suffered a “silent stroke,” Adams says.

“This test may predict [sickle celi)
patients at risk for stroke,” says neuroio-
gist Steven G. Paviakis at the Cornell
University Medical Cotlege in New York
City. If additional evidence confirms its

predictive power, physicians might re-
duce these children’s stroke threat by
giving them blood transfusions every
three to four weeks, he adds. Such trans-
fusions would help prevent stroke by
substituting normal blood cells for the
sickling cells, Paviakis says.

It's unciear whether the ultrasound
method can uncover stroke jeopardy in a
wider Population, says John R. Marler at
the National Institute of Neurological
Disorders and Stroke in Bethesda, Md.
Adams says he believes the technique
hoids promise for detecting stroke risk in
the general population, but agrees that
additional studies must establish its
range of usefulness. - K 4. Fackelmann

Climate test: Hum heard round the world

From remote Heard Island far off the
Antarctic coast, scientists next week will
send sound waves throughout the world’s
oceans as part of an experiment to deter-
mine whether greenhouse gases are in-
deed warming the planet,

A simple physicai fact underlies their
technique: Sound travels faster through
warm water than through coid water, By
measuring changes in the speed of sound
over a decade, scientists hope to obtain a
clear answer about global warming,

Investigators will test the feasibility of
this idea into early February A dozen
listening stations scattered around the
giobe will monitor the Heard Island
transmissions in an attempt to measure
the time it takes for the sound to cross the
seas. [f the experiment proves successful,
scientists plan to begin routinely measur-
ing sound speed in the ocean within the
next few years. Walter H. Munk of the
Scripps Institution of Oceanography in
La Jolla, Calif, organized the Heard
Island experiment.

This is the first attempt to establish a
monitoring program over such vast dis-
tances, says Ted Birdsall of the University
of Michigan in Ann Arbor, a principal
investigator in the experiment. Re-
searchers have used similar techniques
to measure the speed of sound along a
4,000-kilometer stretch between Hawaii
and North America, but next week'’s ex-
periment will seek to more than quad-
ruple that length. Sites on the east and
west coasts of North America lie about
18000 km — nearly halfway around the
world — from Heard Island.

The experimenters will make their sig-
nal heard in such far-off Places by exploit-
ing a natural sound channel in the
oceans. The channe! exists in the region
where sound travels the slowest — a layer
sandwiched between the warm surface
waters and the extremely dense layer
below. When acoustic waves traveling
through the sound channel begin to stray
into the “faster” adjacent layers, refrac-
tion sends them back into the channel, In
a 1960 experiment, sound waves from a

single explosion off western Australia
traveled through the sound channe! and

were clearly recorded at Bermuda.,
In the Heard Island experiment, a

transmitter lowered from a ship to a
depth of 200 meters wiil create a low-
frequency hum of about 57 hertz, The
signal will be extremely faint by the time
it reaches listening stations, so investiga-
tors will use complex processing tech-
niques to isolate it from other noises,

Because marine mammals can hear
sounds of that frequency, the experiment
also involves biologists, who will observe
the behavior of whales aroungd the ship.

Computer climate models estimate
that greenhouse gases should cause the
world’s oceans to warm by about 0.005°C
per year at a depth of 1,000 meters. Direct
measurements of ocean temperatures
would not reveal such a smail rise within
atew years, but a program monitoring the
speed of sound could detect clear signs of
a greenhouse warming over five to 10
years, says project coordinator Robert
Spindel of the Universi ty of Washington in
Seattle. Over 10 Years, the estimated
warming would cut a few seconds off the
signal’s 3.5-hour trip from Heard Island to
the Pacific coast of North America, he
says.

In the past few years, climate experts
have vigorously debated the meaningofa
global warming trend apparentin records
of continental and sea-surface tempera-
tures. Because the planet's surface cli-
mate can fluctuate naturaily, most scien-
tists say they cannot teil whether the
buildup of greenhouse poliutants in the
atmosphere has indeed caused the ob-
served warming trend.

The deep ocean, with its Raturally
stable climate, provides a means of side-
stepping those problems, says Aibert J.
Semtner Jr. of the Naval Postgraduate
School in Monterey, Calit., an oceanogra-
pher involved in the Heard Island experi-
ment. “We think this is a clean way, an
experimentally simple and clear way, to
look for global warming,” he says.

— R. Monastersky
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Beverages intoxicated by lead in crystal

Lead crystal, containing 24 to 32 per-
cent lead oxide, is revered for its bril-
liance and clarity. But preliminary exper-
iments by two New York City researchers
now indicate that extremely high levels of
lead, a toxic heavy metal, can migrate
from crystal decanters into the beverages
they hold. The team’s findings suggest
that “long-term storage of anything in
lead crystal is really to be avoided,” says
Joseph H. Graziano, who led the study.

Graziano, a toxicologist at Columbia
University's College of Physicians and
Surgeons, recalls that when internist
Conrad Blum first questioned him about
lead migration from glass, he thought
Blum was “crazy” But Blum's home tests,
showing the apparent leaching of lead
from crystal into wine, piqued his curi-
osity. The two Columbia researchers de-
scribe their subsequent investigation in
the Jan. 19 LANCET.

Blum supplied three lead-crystal de-
canters from home. He and Graziano
cleansed each decanter and poured in
port. Two days later, they began periodic
samplings of the wine. “When we an-
alyzed the first sample, | couldn't believe
it,” Graziano says. Lead showed a steady
increase, from an initial level of 89 micro-
grams of lead per liter to between 2,160

and 5,330 pg/1 four months later.

White wine doubled its lead concentra-
tions within an hour of being poured into
one lead-crystal glass, and tripled within
four hours, they found.

Alcoholic beverages in 14 lead-crystai
decanters brought in by colleagues
showed similar spikes. Two brandies
stored in tead crystal for more than five
years accumulated 19,900 to 21,500 pg/l
lead, the researchers found. (EPAs lead
standard for drinking water is 50 pg/1, and
there have been discussions of lowering
it to 20 ug/l.)

Because a singte glass of the contami-
nated brandy “contains as much lead as
you would ordinarily become exposed to
in a month from all other sources™ —
including air, water, diet and dust —
Graziano contends that consuming such
drinks would be “stupid.”

And in a letter submitted Jan. 8 to the
JourNaL OF PepiaTrics, Graziano, Blum
and Columbia colleague Vesna Slavkovic
report that apple juice and infant formula
leach lead from crystai as effectively as
alcohol does. In juice samples that sat in
lead-crystal baby bottles for four hours,
lead levels spiked from an initiat 1 pg/i to
166 pg/l. Warm formula attained compa-
rable levels in 15 minutes and reached

C,o: Definitely a beauty, maybe a beast

Since last August, physics graduate
student Lowell D. Lamb and his co-
workers at the University of Arizona in
Tucson have donned gloves and masks
when working with chemistry’s latest
darling, a soccerball-shaped molecule
known as buckminsterfullerene. That’s
when Henry K. Hall Jr, a chemist at the
university, alerted them to health hazards
that may lurk in the 60-carbon beauty.

No one has reported ill effects from
buckminsterfullerene, but Hall and
others urge researchers to proceed with
caution. If biologists were to happen upon
a new animal species with teeth and
claws, they would take precautions even
though the animal might turn out to be a
pussycat. The same should hold for sci-
entists probing new chemical species,
Hall warns.

By some estimates, hundreds of re-
searchers now spend at least part of their
time studying Cq, its molecular cousins
such as C,, and C,,, and the solid mate-
rials, called fullerites, into which these
cage-like molecules assemble (SN: 12/8/90,
p.357). The fullerites join diamond and
graphite as the third material form of
carbon atoms.

But the same structural symmetries
and physical oddities that render these
celebrity chemicals so intriguing may
represent the molecular equivalent of
teeth and claws, researchers are finding.
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Robert Whetten of the University of
California, Los Angeles, and his co-
workers have been cutspoken about such
possibilities. In the Jan. 9 JOURNAL OF
PHysicaL CHEMISTRY, they report that Cy,
in the presence of light, efficiently trans-
forms oxygen molecules into a so-called
singlet state, an especially reactive form
that can sabotage biochemical harmo-
nies underlying the health of cells and
tissues. The researchers do not yet know
if C¢y actually can initiate these processes
under physiological conditions, Whetten
notes. Besides pegging buckminster-
fullerene as a potential health threat, the
findings show how the molecule’s elec-
trons harness and shurt light-energy as
Ceo interacts with nearby molecules.

“The degree to which C, is present in
the environment becomes a very impor-
tant question,” the UCLA researchers
state in their paper. That the synthesis of
C,, vields fine powders only heightens
their concern. “We feel it is important to
warn researchers to take precautions
against skin contact and breathing of the
dusts, at least until the physioclogical
properties of the material have been
better characterized,” warn Whetten,
Francois N. Diederich and Christopher 5.
Foote of UCLA, and Fred Wudl of the
University of California, Santa Barbara,
in a letter in the Dec. 17, 1990 CHEMICAL &
ENGINEERING NEWS. — I. Amato

280 pg/t in four hours. Because infants
are more sensitive to lead's effects than
adults, the authors suggest “that the sale
of ttlese [crystal baby bottles] be forbid-
g]ejr:‘ and have sent the new data to the
According to a statement issued last
week by the Lead Industries Association
(LIA), the alcohol study suggests “there
is negligible risk” from placed
in lead-crystal barware “for short’pe-
riods of time, such as during a meal” LIA
and another industry group, the Interna-
tional Lead Zinc Research Organization,
plan a study of the risks posed by long-
term storage of alcohol in lead-crystal
d_ecanters. FDA is already conducting a
similar investigation. —J. Raloff

Asthma culprit cloned

It starts with some wheezing, a hoarse,
dry cough and a growing sensation of
pressure that leaves victims panicked
and gasping for breath. War in the Middle
East notwithstanding, this is not a poison
gas attack. These symptoms represent
common gccurrences for the more than 8
million Americans with asthma.

Despite decades of work, scientists
have yet to design the perfect asthma
drug — one that specifically targets the
potent biochemica! mediators of this im-
mune overreaction. But new research led
by a Japanese physiological chemist may
speed the development of such a drug.

Takao Shimizu at the University of
Tokyo, with colleagues there and at the
Protein Engineering Research Institute in
Osaka, has cloned the cell-surface recep-
tor for a blood compound called platelet-
activating factor (PAF) — one of the
body's most potent alarm chemicals and
the one responsible for much of the
biochemical mayhem underlying asthma
attacks and other inflammatory reac-
tions.

When released from blood cells in
response to an aliergic reaction or toxic
exposure, PAF triggers circulating plate-
lets to release substances that promote
bronchial spasms and leakage of fluid
into the lungs. The newfound ability to
mass-produce PAF receptors should help
medicinal chemists design drugs that can
calm the oversensitive receptors, the

researchers assert in the Jan. 24 NATURE.

“It's very good work, an important
development,” says Donald J. Hanahan, a
PAF biochemist at the University of Texas
Health Sciences Center in San Antonio.
He notes that PAF is made of fat rather
than protein, and says the new work
seems to mark the first cloning of a

receptor for a fat-mediated cellular sig-
nal. As such, Hanahan says, the new
research may also help explain how pros-
taglandins and leukotrienes — extremely
potent, fat-based mediators of pain and
inflammation — perform their biological
duties. O
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Fiftieth search honors student scientists

One young researcher cultivated
metal-enriched seaweed in his garage to
make methane; another found a correla-
tion between the number of calories her
classmates consumed and their stress
levels before taking school tests. A fledg-
ling computer scientist who loves base-
ball modeled the effects of spin and air
drag on the ball’s trajectory. These stu-
dent scientists are among the 40 finalists
in the 50th annual Science Talent Search,
4 nationwide competition designed to
identify, encourage and honor budding
talent in science, mathematics and engi-
neering.

Selected from among 1,573 high school
seniors who entered the competition, the
finalists completed projects in a diverse
range of fields, including mathematics,
behavioral science, chemistry, nutrition
and physics. Some went to research labo-
ratories, stayed by their computers, vis-
ited children’s play groups or ventured to
the seashore to conduct their scientific
inquiries. One finalist studied the impor-
tance of friendships in the well-being of
nursing-home patients, another exam-
ined number theory, and a third used sun-
blocking agents to help develop a tough,
weatherproof varnish.

The students, 17 females and 23 males,
will gather in Washington, D.C., on Feb. 28
for a five-day, all-expenses-paid visit,
where they will compete for a total of
$205,000 in science scholarships.
Through a series of interviews, a board of
judges wili select 10 top winners to re-

ceive four-year scholarships, which range
from $10000 to $40,000. Each of the re-
maining 30 will receive a $1,000 scholar-
ship. All finalists will have the oppor-
tunity to talk with scientists in the area,

The talent search is sponsored by
Westinghouse Electric Corp. and admin-
istered by Science Service, Inc.

This year’s finalists, aged 15 to 18, will
display their research projects to the
public on March 2 and 3 at the Washing-
ton Hilton Hotet in Washington, D.C,

The 40 winners are:

ALABAMA: Mehul Vipul Mankad, St.
Paul’s Episcopal School, Mobile; Weily
Soong, Vestavia Hilis H.S., Vestavia Hills,

CALIFORNIA: Wei-Jen Jerry Shan, John
W. North H.S., Riverside; Rageshree
Ramachandran, Rio Americano H.S.,
Sacramento; Tessa Lorrell Waiters, San
Gabriel H.S,, San Gabriel.

COLORADO: Mark Allen Larson, Hori-
zon Sr. H.S,, Brighton,

CONNECTICUT: Don H, Kim, Green-
wich H.5., Greenwich.

DISTRICT OF COLUMBIA: Joei Ellis
Moore, St. Albans School.

FLORIDA: Clifford Lee Wang, Vero
Beach H.S., Vero Beach.

ILLINOIS: Joseph Izak Seeger, Evanston
Township H.S., Evanston: Irwin Lee,
Naperville North H.S,, Naperville.

[OWA: Nupur Ghoshal, Ames H.S.,
Ames,

MICHIGAN: Lori Ann Stec, Detroit
Country Day School, Birmingham.

NEBRASKA: Kimberly Ann Chapman,

Marian H.S., Omaha.

NEW JERSEY: Denis Alexandrovich
Lazarev, Elmwood Park Memaorial Jr-Sr.
H.S., Elmwood Park: Dean Ramsey
Chung, Mountain Lakes H.S., Mountain
Lakes; Stanley Lu, Bridgewater-Raritan
H.S. West, Raritan.

NEW MEXICO: Cameron Rea Haight,
Santa Fe H.S., Santa Fe.

NEW YORK: Cheryl Lynn Pederson,
Byram Hills H.S., Armonk: Jim Way
Cheung, Bronx H.S. of Science, New York
City; Ciamac Moallemi, Benjamin N. Car-
dozo H.5., New York City; Ani Jean-Mee
Fleisig, Nuri Mehmet Kodaman, Town-
send Harris H.S., New York City; William
Ching, Riverdale Country School, New
York City; Tara Sophia Bahna-James, La
Guardia H.S. of Music and the Arts, New
York City; Petal Peari Haynes, Yves jude
Jeanty, Linda Tae-Ryung Kang, Sunmee
Louise Kim, Debby Ann Lin, Tien-An
Yang, Stuyvesant H.8., New York City:
Michael John Lopez, Ward Melviile H.S,,
Setauket,

NORTH CAROLINA: Ashley Melia
Reiter, North Caroiina School of Science
and Mathematics, Durham.

OHIO: Jeremy Randall Riddell, The
Miami Valiey Schoal, Dayton.

PENNSYLVANIA: Susan Elaine Criss,
Fox Chapel Area H.S,, Pittsburgh.

TEXAS: Wade William Butin, Klein H.S.,
Spring. .

VIRGINIA: Judson Lawrence Berkey,
Venkataramana Kuntimaddi Sadananda,
Daniel Moshe Skovronsky, Thomas Jeffer-
son HS. for Science and Technology,
Alexandria; Tatiana Tamara Schnur, Rob-
inson Secondary School, Fairfax.

Antibody injections can help stave off
severe bacterial diseases in some chil-
dren infected with the AIDS virus (HIV),
a new study shows.

Because children’s immune systems
have yet to reach full potency, HIvV —
which weakens immunity--leaves them
especially vulnerable to bacterial infec-
tions such as pneumonia and menin-
gitis. Noting that physicians already
prescribe classes of antibodies known
as immunoglobulins for other immune
deficiencies, researchers reasoned that
the same treatment might help HIV-
infected children fight these life-threat-
ening secondary infections.

Although the immunoglobulin injec-
tions did not improve children's
chances of surviving through the entire
2Ve-year study, they did reduce the
number of hospital stays among the
children with less severe HIV infec-
tions, reports study director Anne D.
Willoughby of the National Institute of
Child Health and Human Development.
She and her colleagues announced the
results at a press conference last week.

Antibody treatment joins AIDS battle

The study involved 372 children, 2
months to 12 years of age, at 28 medical
centers across the United States. All
showed immunologic or clinical symp-
toms of HIV infection when the study
began, and some met diagnostic criteria
for AIDS. About half received monthty
intravenous injections of purified im-
munoglobulins (400 milligrams per ki-
logram of body weight) obtained from
healthy adult donors.

To gauge the severity of HIV infection,
investigators measured biood levels of
white cells called CD4 lymphocytes,
which decline as the infection pro-
gresses. Among children whese CD4
counts exceeded 200 at the study’s be-
ginning, 68 percent of the immuno-
globulin-treated group escaped serious
bacterial infections for two straight
years, compared with 48 percent of the
placebo group, Willoughby says. The
injections did not appear to help chil-
dren with CD4 counts below 200.

During the study, many children be-
gan taking the antiviral drug AZT to
combat HIV or antibiotics to treat bacte-

rigl infections, but Willoughby says this
did not interfere with the interpretation
of the results.

Scientists have no indication that the
treatment can boost immunity in HIV-
infected adults. Children may benefit
from the injections because their im-
mune systems lack reserves of anti-
body-producing cells. A child's immune
system “needs to go to school in a
sense,” explains William T Shearer, a
pediatric immunologist at the Texas
Children’s Hospital in Houston.

In a separate study of children with
symptomatic HIV infection, researchers
led by Philip A. Pizzo of the National
Cancer institute focused on ddl, an
experimental drug that targets the vi-
rus. They report In the Jan, 17 New
ENGLAND JourNAL oF MEDICINE that ddi
appears safe and shows “promising™
anti-HIV activity in children. They note,
however, that its stability in the stomach
varied greatly from one child to the
next, making dosage requirements
tricky to determine, Physicians will
need to monitor patients’ blood levels of
ddl and adjust dosage accordingly, the
researchers conclude. — W Gibbons
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==——=A Melancholy Breach

Science and clinical tradition clash
amid new insights into depression

n the past decade, psychiatrists, psy-

chologists and others dealing with

depressed patients have experienced
an odd mix of optimism and unease.

Their optimism stems from a growing
confidence in various combinations of
talk therapies and drug treatments to
allay mild to extreme forms of depres-
sion. Their unease emanates from a harsh
exchange between two clinical camps
over how best to subdue the sometimes
life-threatening symptoms of “major” or
severe depression.

An increasingly powerful, research-
oriented camp trumpets scientific data
supporting a marriage of antidepressant
drugs with short-term psychotherapy
aimed at altering depression-inducing
thoughts and behaviors. A second group
of mental health workers, with a perspec-
tive grounded in Freudian psycho-
analysis, eschews the pursuit of scientific
data. Instead, they rely on decades of
clinical experience with long-term “psy-
chodynamic psychotherapy” focused on
unconscious conflicts and emotions.
These therapists grant medication a sup-
porting role at best.

A lawsuit launched in 1982 epitomized
this rift. A former patient at a prestigious
mental hospital in Rockville, Md., sued
the hospital for negligence because it had
failed to treat his severe depression with
antidepressant drugs. Hospital clinicians
had offered the man only intensive, four-
times-a-week psychodynamic psycho-
therapy. The case, known as Osheroff o
Chestnut Lodge, achieved considerable
notoriety in the mental health commu-
nity before an out-of-court settlement in
1987, for an undisclosed amount of money,
staved off a jury trial.

Friction between biologically and psy-
chodynamically oriented therapists
shows no signs of dissipating in the 1990s,
especially as insurance dollars for mental
health care dwindie. Another ongoing
and related dispute — involving both
mental health workers and organizations
of mental patients and their families —
concerns whether major depression and
other serious mental disorders primarily
represent diseases or stem in critical
ways from social and emotional factors.

As these issues continye to generate
heated debate, two new investigations
shine some precious light on depression’s
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causes and treatments.

omen suffer from all forms of
Wdepression at twice the rate of

men largely because of cultural
and social factors rather than biologica!l
predisposition, concludes the National
Task Force on Women and Depression in
its final report, released last December,
The 20-member task force, commis-
sioned by the American Psychological
Association (APA), spent three years
reviewing research and synthesizing the
findings.

Some investigators maintain that the
depression gender gap reflects women's
greater ease in talking about emotionai
distress and contacting mental health
workers. The APA report, however, ac-
cepts the gap as genuine and character-
izes it as a product of several risk factors —
predominantly social and cultural ones —
that promote depression among women.
Those factors, according to the report,
include physical and sexual abuse, un-
happy marriages, poverty and a cultur-
ally sanctioned tendency for women to
dwell on feelings of depression rather
than act to overcome them. Researchers
often neglect social factors that influence
depression among women, says report
coauthor Bonnie R. Strickland, a psychol-
ogist at the University of Massachusetts
in Ambherst.

In addition, hormonal changes related
to reproductive events, including men-
struation, pregnancy, childbirth and in-
fertility, may further influence women's
depression, according to the teport. In
the case of major depression, the task
force grants culture and upbringing equal
power with female physiology.

Bouts of major depression last for at
least two weeks. Some people suffer only
one or a few such episodes, while others
spend years dipping in and out of a dark
well of melancholy. Typical symptoms
include a loss of interest and pleasure in
virtually all activities, feelings of help-
lessness and hopelessness, sleep and
appetite disturbances, loss of energy, and
thoughts of suicide. An estimated 15
percent of severely depressed people kill
themselves, and many more attempt sui-
cide. A recent survey by the National
Institute of Mental Health indicates that

recurring, severe depression afflicts
about 2.5 million men and women in the
United States.

According to the task force report,
scientific studies show that two forms of
short-term psychotherapy — usually last-
ing a few months —provide help to women
suffering from mild to severe depression.
interpersonal therapy examines how
conflicts with others and disturbed rela-
tionships contribute to depression. Cog-
nitive-behavioral therapy attempts to
correct the distorted thinking, attitudes
and behaviors that characterize depres-
sion.

Many clinicians treat severely de-
pressed people with long-term psycho-
dynamic psychotherapy, but the task
force asserts that virtually no scientific
studies have charted the effectiveness of
this approach, leaving its supporters to
take guidance from clinical reports and
experience,

Antidepressant medication proves “at
least partially effective” for women with
major depression, according to the re-
port, particularly when physicians care-
fully monitor individual doses of these
powerful drugs.

However, the task force charges that
much antidepressant research suffers
from a “gender-related blind spot.” Com-
parisons of men’s and women’s responses
to the drugs rarely appear, and few
studies examine the effects of tailoring
women’s antidepressant doses to the
menstrual cycle — a strategy that may
improve medication effectiveness, ac-
cording to the report's authors.

egardless of gender, continued

high daily doses of imipramine —a

commonly used antidepressant —
quell most recurrences of major depres-
sion with remarkably few side effects,
according to a new study reported in the
December 1990 ARCHIVES OF GENERAL Psy-
CHIATRY,

Short-term psychotherapy, combined
with generous doses of imipramine or
chemically retated antidepressants, pulls
many individuals out of the depths of
depression, says study coauthor David J.
Kupfer, a psychiatrist at the University of
Pittsburgh School of Medicine. When
depression lifts after a few weeks or
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months, treatment with the same amount
of medication for at least three years
usually keeps mood on an even keel, he
contends.

Most clinicians currently reduce the
prescribed antidepressant dose or stop
drug treatment altogether once an indi-
vidual under their care sheds the cloak of
depression.

“We can now tell people, ‘The dose of
antidepressant that gets you well keeps
you well.'” says psychologist Ellen Frank,
aiso of the Pittsburgh School of Medicine,
who directed the investigation,

Frank and her colleagues studied 230
people who had experienced recurring
periods of major depression for an aver-
age of 12.5 years. All participants entered
the study during an episode of depres-
sion. For the first 17 weeks, they received
a relatively high daily dose of imipramine
— about 200 milligrams — and sessions of
interpersonal therapy every week or two.
This approach eased depression for 98
women and 30 men. The rest of

blood pressure, constipation and impo-
tence. But of the 22 volunteers who
dropped out of drug treatment during the
maintenance period, only four cited med-
ication side effects as the reason, Kupfer
observes.

He notes that general practitioners —
who see the bulk of severely depressed
patients — often refrain from prescribing
antidepressants out of fear that individ-
uals in the throes of melancholy will take
intentional overdoses. Yet no suicides,
and only one attempted suicide, oc-
curred among participants in the Pitts-
burgh study, Kupfer says.

With careful blood monitoring of high-
dose antidepressants, presumably in-
¢luding the new and widely touted fluox-
etine (Prozac), “the danger of suicides
and overdoses isn't what primary-care
physicians have been led to believe,”
Kupfer maintains.

Despite the growing evidence of anti-
depressants’ benefits and the absence of

versus evidence,” he maintains.

Alan A. Stone of Harvard University in
Cambridge responds that psycho-
dynamic psychotherapy promotes gains
in self-knowledge and emotional aware-
ness not captured by stringent scientific
studies. Many mental health workers still
rely on the psychodynamic approach to
treat mild to major depression because
the therapy passes clinical, if not scien-
tific, muster, he says.

Most scientific studies of treatments
for mental disorders remain preliminary
and should not “dictate to clinicians the
clinical standards of care,” he adds.

ome clinicians say the Osheroff
settlement has already cast a pall
over patient care. “It seems that if
we s0 much as inquire whether a depres-
sion might be related to the stresses or
losses of life before blasting it with a
chemical, we are virtually guilty of mal-
practice,” writes psychiatrist

the participants left the study,
mainly due to a lack of re-
sponse to the treatments or
intolerable side effects from im-
ipramine.

The remaining volunteers re-
ceived one of five maintenance
treatments for the next three
years. Twenty-eight partici-
pants stayed on the same daily
imipramine doses that helped
spur their recovery; 23 re-
ceived daily piacebo capsules;
26 attended monthly interper-
sonal therapy sessions; 26 got
interpersonal therapy and pla-
cebos; and 25 got therapy and
the full daily dose of im-
ipramine.

Of the 53 participants who
stayed on imipramine, 41 re-
mained free of depression for
the entire three years. The
combination of interpersonal
therapy and imipramine showed no clear
advantage over trnipramine alone, proba-
bly because the drug’s effects proved so
successful that psychotherapy added lit-
tle over the long haul, Kupfer says.

Only one-fifth of the placebo-only
group avoided depressive episodes dur-
ing the maintenance period. Volunteers
who went without imipramine but re-
ceived monthly interpersonal therapy
fared better, with about half remaining
well for the entire three years. Interperso-
nal therapy may thus offer a “window of
weliness” to many women who wish to
discontinue antidepressants during preg-
nancy, Frank notes.

No statistically significant difference
emerged between the responses of men
and women in :he maintenance study.

Imipramine and chemically related
antidepressants can cause a number of
side effects, including dry mouth, blurred
vision, weight gain, drowsiness, lowered
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scientific data to back psychodynamic
therapy as an effective treatment for
major depression, psychodynamic pro-
ponents and their critics continue to
skirmish in the aftermath of the Osheroff
case. Two psychiatrists at the center of
the debate squared off in the April 1990
AMERICAN JOURNAL OF PSYCHIATRY.

sychiatric patients have a right to
P treatments with a scientific stamp
of approval, which psycho-
dynamic therapy lacks, contends Gerald
L. Klerman of Corneil University Medical
College in New York City Klerman, a co-
developer of interpersonal therapy, be-
lieves substantial evidence exists for
treating severe depression with a combi-
nation of antidepressant drugs and short-
term therapy.
“The issue is not psychotherapy versus
biological therapy, but rather opinion

Matthew F Dumont in the Octo-
ber 1990 AMERICAN JOURNAL OF
ORTHOPSYCHIATRY.

Dumont, medical director of
the Chelsea (Mass.) Commu-
nity Counseling Center,
charges that psychiatry
“should openly declare its
identity as an arm of the drug
industry” Pharmaceutical
money now underwrites most
of psychiatry's academic re-
search, professional journals
and scientific conferences, he
argues. What's more, psychia-
trists and other physicians
each receive thousands of dol-
lars’ worth of logo-inscribed
reprints, coffee mugs, pens,
calendars and other gifts annu-
ally from drug company repre-
sentatives, creating a clear
conflict of interest when it
comes time to write prescrip-
tions, Dumont says.

His argument echoes testimony at a
Dec. 11 hearing convened by the Senate
Labor and Human Resources Committee.
Some participants, including a former
public relations official for a pharma-
ceutical firm, claimed that drug compa-
nies devise expensive giveaways to bribe
physicians into prescribing their prod-
ucts. Representatives of the pharma-
ceutical industry and the American Med-
ical Association denied the charge,
pleading the importance of quick com-
munication between drug companies and
physicians concerning the rapid ad-
vances in drug treatment.

Many psychiatric leaders defend their
profession’s ties to major drug companies
as a boon to research on mental disorders
such as major depression.

Meanwhile, back at the front lines of
depression treatment, optimism and un-
ease hang tough. O
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Letters continued from p.51

ization of Lewis makes me wonder how much
he really knows about him. Lewis was an
eminent professor of English literature at both
Oxford and Cambridge, a noted philcsopher
and a successful author of fiction and nonfic-
tion. He was highly respected for the lucid,
rigorous logic of his analytical thought. Al-
though well known as an orthodox Christian
apologist, he was nol a fundamentalist, a
creationist or a “young-Earther” as Mr. Cole
seems to be using those terms.

Mr. Cole's ietter raises a deeper issue, how-
ever. It is ironic that someone defending the
intellectual virtue of science should display
the very same knee-jerk rejection of unfamiliar
ideas, and pejorative labeling of those who
propose them, that religious fundamentalists
are so often accused ol. No scientist, even an
amateur one, should be so quick to conclude
that he has “nothing to learn in the way of
science” from anyone, much less from so
distinguished a scholar as C.5. Lewis.

Peter H. Shaw
Irving, Texas

When Seaator McCarthy wanted to black-
list someone he opposed, the label “commu-
nist™ was used to silence that person. Appar-
ently, “fundamentalist” is the label now in
vogue for that purpose.

Censorship, especially in the Letters sec-
tion, does not serve the advancement of knowl-
edge. Thank you for allowing your readers the
opportunity to hear Mr. Shaw for ourseives and
to decide on the validity of his thesis.

John N. Bowman
Macon, Ga.
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‘Astronomy

Ron Cowen reports from Philadelphia at a meeting of the American
Astronomical Society
Supernova yields cosmic yardstick

Observations of remnants of supernova 1987A by camera and
spectrograph have furnished new clues to the life of a star
whose catastrophic explosion —as a supernova —astronomers
witnessed four years ago. The observations may alsolead toan
even greater cosmic payoff —a more accurate determination of
the distance between Earth and the Large Magellanic Cloud,
the gataxy containing the burned-out star.

Astronomers say their new estimate of the distance to that
galaxy represents a first step toward developing a better yard-
stick for the age and size of the universe, says Nino Panagia of
the Space Telescope Science Institute in Baltimore. Attaining
such a yardstick, he betieves, might also lead to an eventual
recalibration with unprecedented accuracy of the Hubble con-
stant — the change in the expansion velocity of the universe
with distance.

Panagia and his colleagues, including scientists from Har-
vard University and the Space Telescope European Coordinat-
ing Facility in Garching, Germany, based their work on
observations by the International Ultraviolet Explorer (IUE)
satellite and Hubble Space Telescope.

Instruments  aboard
these craft examined nitro-
gen-rich gas ejected from
1987A thousands of years
before this heavenly body
exploded as a supernova.
Most of this wispy gas
envelope eventually col-
lapsed into a ring. But that
ring went undetected until
the supernova explosion
heated it, causing the gas
to radiate ultraviolet light.
Finding this ring, Panagia notes, ends a debate about the
geometry of the ejected gas.

A Hubble image of 1987A (see photo), taken in Augest and
released last week, shows the supernova core surrounded by a
ring of glowing gas tilted 47° from an imaginary plane cutting
through the Earth and the stellar core.

Once they glimpsed the ring, Panagia and his co-workers set
about precisely calculating its distance from Earth. From
Hubble data, they determined that the ring has an angular
diameter of 1.66 arcseconds — comparable to the separation of
two auto headlights viewed from 100 miles away. The astrono-
mers then measured the diameter of the ring, a second factor
needed to calculate its distance from Earth.

In analyzing spectroscopic IUE data, they found that light
from the edge of the ring closest to Earth reached the satellite
B0 days after the first detection of the supernova explosion.
Ultraviolet emissions from the ring's farthest edge did not
arrive until 340 days later. This time difference allowed the
researchers to calculate the ring’s diameter of 1.37 light years.
Using straightforward geometry, they then determined that the
supernova lies 169,000 light years from Earth. Previous esti-
mates ranged from 143,000 to 179,000 light years.

At the Cerro Tololo inter-American Observatory in La
Serena, Chile, other astronomers used a high-resolution spec-
trograph to deduce the speed at which 1987A’s gas ring is
moving out from the supernova's core. Based on this velocity
and the lecation of a still-wispy shell of gas about 12 light years
from the ring, Arlin PS. Crotts of Columbia University in New
York City and Stephen B. Heathcote of Cerro Tololo conclude
that 1987A began ejecting its gas cloud at least 400000 years
before it went supernova. They also estimate that the star
ended the ejection and evolved from a red supergianttoa blue
supergiant some 20000 years before it exploded.
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Biomedicine
Kathy A. Fackelmann reports from Savannah, Ga., af the American
Heart Associations I8th science writers forum

Proteins guide early heart development

During the first few months of development, a human
embryo’s single-chambered heart must somehow transform

itself into the four-chambered heart that, if all goes weltl, will
serve as a powerful pump throughout life, If embryonic heart
development goes awry, a life-threatening defect — such as a
hole in the heart — can result.

In a quest that may someday lead to treatments for infants
with heart defects, scientists are homing in on a set of proteins
that may guide this in uterc development.

The embryo’s single-cavity heart contains a layer of jelly-like
material sandwiched between an outer layer of muscle tissue
and an inner tissue layer known as the endocardium. Between
the fourth and eighth weeks of gestation, certain cells lining the
endocardium, called endothelial cells, break away and migrate
through the cardiac jelly, eventually forming tissue pads that
divide the heart into four chambers.

But what triggers the cellular journey? Roger R. Markwald, a
biologist at the Medical College of Wisconsin in Milwaukee, and
his colleagues suggested in 1989 that so-called adherons —
packets of proteins carrying a glue-like substance — adhere to
embryonic endothelial cells and somehow cause them to begin
their migration. The team reported experiments demonstrat-
ing that chick-embryo endothelial cells placed atop a gel layer
in a petri dish broke away froni their neighbors and started to
travel into the gel when exposed to adherons isolated from the
cardiac jelly of embryonic chick hearts.

The researchers have now begun to characterize the myste-
rious acherons. Their unpublished resuits suggest that cardiac
adherons contain at least five key proteins, Markwald told
Science NEws. The tearn now hopes to identify each of these
proteins and find out how they guide the cruciat transforma-
tion to a four-chamber heart. Ultimately, says Markwald, such
knowledge might enable researchers to develop drugs that
spur self-repair in a newborn’s defective heart.

Brain neurons blamed for dizzy spells

In a bygone era, fainting or dizzy spetls signified a response
to great passion or trauma. Modern science has since taken the
romance out of these episodes, ascribing many of them to the
mundane activity of standing up too quickly.

When a person stands up, a complex system called the
baroreflex kicks into action: Nerve endings in key blcod
vessels detect the resulting drop in pressure and send a
message to brain neurons, which respond by boosting blood
pressure. Scientists know that the baroreflex often begins
to fail with age, leading to dizziness, fainting spells and
even stroke. But the exact nature of this failure has remained
elusive.

George Hajduczok, a physiologist at the University of lowa in
lowa City, now reports evidence suggesting that the blame lies
with malfunctioning neurons. He and his colleagues studied 11
elderly purebred beagles and five young beagles. They in-
creased blood pressure within the dogs’ carotid arteries, which
contain pressure-sensing nerve endings. Young dogs quickly
sensed that change and lowered the activity of the sympathetic
nervous system — which boosts blood pressure — by 70 percent,
whereas elderly beagles damped such activity by only 20
percent, the researchers found.

A separate experiment showed that elderly dogs can lower
sympathetic nervous system activity as much as young dogs.
but only for a few seconds —a finding that suggests the problem
lies with the brain neurons rather than the nerve endings.

Such studies may help explain why some elderly people
experience dangerous swings in blood pressure. A faulty
baroreflex, says Hajduczok, can cause fainting when pressure
dips too low, or a stroke when pressure soars too high.
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stalk of grass, a paper-thin metal

ribbon begins to bend over. It bows
low, then straightens. It bends again, this
time making just a quick nod. Then it
does a string of low bows, a few brief nods
and another low bow, sometimes throw-
ing in a wiggle or two. Wavering unpredic-
tably, the ribbon's motion foilows no
apparent pattern.

Now a researcher adjusts the magnetic
field in which the ribbon dances. In a few
seconds, the ribbon's chaotic motion set-
ties into a repeating pattern: first a deep
bow, then a nod, then another deep bow, a
nod and so on. Instead of abruptly and
arbitrarily shifting from one type of mo-
tion to another, the ribbon endlessly
repeats the same combination of moves.

This laboratory demonstration marks
an unprecedented feat. For the first time,
researchers have controlled the chaotic
behavior of a real-world physical system
simpiy by making small adjustments to
one of the parameters governing the
system's behavior. Physicists William L.
Ditto, Steven N. Rauseo and Mark L.
Spano of the Naval Surface Warfare Cen-
ter in Silver Spring, Md., describe their
achievement in the Dec. 24, 1990 PHYSICAL
REVIEW LETTERS.

The first indication that such control
might be attained surfaced in the March
12, 1990 PHysicaL ReviEw LETTERS. In a
theoretical paper, Edward Ott, Celso Gre-
bogi and James A. Yorke of the University
of Maryland in College Park introduced
the notion that — just as small distur-
bances can radically alter a chaotic sys-
tem's behavior — tiny adjustments can
also stabilize its behavior.

The success of this strategy for con-
trolling chaos hinges on the [act that the
apparent randomness of a chaotic system
is really only skin deep. Beneath this
chaotic unpredictability hides an intri-
cate but highly ordered structure — a
complicated web of interwoven patterns
of regular, or periodic, motion.

Normaily, a chaotic system continually
shifts from one pattern to another, creat-
ing an appearance of randomness. In con-
trolling chaos, the idea is to lock the
system into one particular type of repeat-
ing motion.

In their paper, Ott and his co-workers

I nitially standing upright like a stiff
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RIBBON
OF CHAOS

By IVARS PETERSON

described their success in demonstrat-
ing the control of chaos in a numerical
experiment on a computer. The Navy
teamn has now matched this success inthe
laboratory. N

“Far from being a numerital curiosity
that requires experimentally unattain-
able precision, we believe this method
can be widely implemented in a variety of
systems, including chemical, biological,
optical, electronic, and mechanical sys-
tems,” Ditto, Rauseo and Spano write in
their paper.

heir experimental equipment

I looks rudimentary. The key com-

ponent —resembling a piece of stitf

tinsel — consists of a metal strip 65

miilimeters long, 3 millimeters wide and

25 micrometers thick, planted in a clamp

that keeps it upright. Three pairs of

electromagnetic coils the size of bicycle

rims generate the magnetic fields sur-
rounding the clamped ribbon.

But the metal ribbon, made from a
specially prepared iron alloy, has a re-
markable property: It changes its stiff-
ness in accordance with the strength of
an external magnetic field.

At first, the ribbon stands erect. In-
creasing the magnetic field along the
ribbon's length causes the strip to soften,
and the ribbon begins to droop under its
own weight. Once the magnetic field
reaches a certain value —only a few times
larger than Earth's modest magnetic field
— the ribbon abruptly begins to stiffen
again, causing it to straighten.

Using a slowly oscillating magnetic
field, the researchers can force the rib-
bon to droop and straighten in sync with
the field. “It’s like turning a dial and
making the ribbon stiffer or softer, then
letting gravity do the rest,” Spano says.

However, increasing the forcing field's
frequency or strength pushes the ribbon
into a chaotic regime in which its motion
becomes unpredictable. “[t clearly ex-
hibits the hallmark of a chaotic system -
that is, getting continuously thrown from
one periodic motion to another” Rauseo
says.

He and his co-workers can construct a
kind of map of this irregular motion by
monitering the ribbon's displacement at

Researchers develop
a lab technique for
snatching order

out of chaos

the end of each cycle of the oscillating
magnetic field. If the ribbon repeats the
same motion at regular intervals, then its
position will be the same at the end of
each cycle. The entire map then consists
of a single point. '

However, if its motion is irregular, then
the ribbon's position will vary each time,
and the map will show an array of scat-
tered points, which happen to fall into a
particular pattern (see cover). Such an
array is known as a chaotic attractor. As
the ribbon moves, a computer builds up
an image, point by point, of the system'’s
attractor.

researchers display the attractor

on a computer screen and select a
point that corresponds to a particular
type of periodic motion. Then they wait
until the ribbon’s motion, as represented
by successive dots on the computer
screen, shows up near the point they've
selected on the attractor. That close en-
counter triggers a simple computer pro-
gram that calculates how much and in
which direction to adjust the underlying,
steady magnetic field to keep the ribbon
trapped in the desired periodic motion.

Corralling the ribbon's motion is akin
to balancing a ball on a saddle, Spano
says. The ball won't roll off the saddle’s
raised front or back, but continual adjust-
ments —in the case of the ribbon, a steady
train of small magnetic nudges — are
needed to kick it back into position as it
begins rolling off at the sides.

By making slight adjustments approx-
imately every second to the steady, verti-
cal magnetic field acting on the ribbon,
the researchers can maintain the ribbon's
regular motion for as long as they want.
As soon as they relinquish control, the
ribbon resumes its chaotic dance. They
can then reestablish control, bringing the
ribbon back to the same periodic motion
it had belore, or, just as easily, putting it
into a different type of regular motion.

“We don't avoid the chaos; we stay in
the chaotic region,” Ditto says. “We take
advantage of the system's sensitive de-
pendence on initial conditions.”

The trick is to exploit the fact that a
chaotic system already encompasses an

T o control the ribbon's motion, the
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- infinite number of unstable, periodic mo-
tions, or orbits. That makes it possitle to
zero in on one particular type of motion,
or periodic orbit, or to switch rapidly
from one type of motion to another.

bogi and Yorke suggests that sci-

entists could use this technique
for controlling many different chaotic
systems. “The method is very general
and should be capabie of yielding greatly
improved performance in a wide variety
of situations,” they assert in their March
report.

Surprisingly, researchers don't even
need to know the mathematical equa-
tions describing the dynamical behavior
of a particular system in order to make
the control technique work. It's sufficient
to observe the system long enough to
map its chaotic attractor and to deter-
mine by experiment a few crucial quan-
tities necessary for establishing control.

“You don't need to have a deep theoreti-
cal understanding of what's going on,”
Rauseo says.

“All you need to know is, in effect, the
shape of the saddle, and that you can get
from observations of the system,” Spano
adds. “You don't need an equation.”

Te simplify matters further, re-
searchers need bother with only one
controi parameter. The Navy team, for
example, could control the magnetic rib-
bon's motion by making small adjust-
ments to the oscillating magnetic field’s
frequency or strength, to the steady mag-
netic field's strength, or even to the
ambient temperature. They chose the
parameter they could adjust most easily:
the steady magnetic field.

“We kirnd of expected this might be a
very difficult thing to do,” Ditto says. “It
was actually remarkably easy for us to
implement.”

Random disturbances persist, spring-
ing from an array of environmental fac-
tors such as temperature fluctuations and
errors in the measurements necessary
for characterizing the system’s attractor
and saddle. But so long as this “noise”™
remains small, a controlled system, kept
in line by a constant stream of nudges,
stays under control. “You can achieve
control even in the face of noise and
imperfect measurements,” Grebogi says.

T he theory developed by Ott, Gre-

n the past, most scientists and engi-

neers considered a chactic system’s

axtreme sensitivity to initial condi-
tions as something to be avoided. To
ensure that, say, a chemical reaction or a
bridge would function reliably and pre-
dictably, they tried to design systems that
shunned chaos. Both the Navy and Mary-
land groups now argue that chaos may
offer a great advantage, allowing system
designers greater flexibility and making
possible systems that adapt more quickly
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To confine the
chaotic oscillations
of a magneloelastic
ribbon (bottom) to a

single type of

repeating motion, as

small adjustments to
the steady magnetic
field acting vertically

on the ribbon.

to changing needs.

“This characteristic is often regarded
as an annoyance, yet it provides us with
an extremely useful capability without a
counterpart in nonchaotic systems,” con-
tend Troy Shinbrot, Ott, Grebogi and
Yorke in a new paper in which they
outline a shortcut for achieving control of
a chaotic system. That paper accom-
panies the Navy report in the Dec. 24
PHYsICAL REVIEW LETTERS.

“In particular, the future state of a
chaotic system can be substantially al-
tered by a tiny perturbation,” the Mary-
land researchers write. “1f we can accu-
rately sense the state of the system and
intelligently perturb it, this presents us
with the possibility of rapidly directing
the system to a desired state.”

It's like using a feather instead of a
sledgehammer to achieve a <certain re-
sult, Spano says.

The Navy team considers its magnetic
ribbon not only a fascinating vehicle for
vividly demonstrating the intricacies of
chaotic dynamics but also a candidate for
a “smart” material — one that automat-
ically responds to changes in its environ-
ment by changing its properties to
achieve a desired result (SN: 3/10/90,
p.152). “We would like to exploit the
chaotic behavior of the ribbon instead of
avoiding it,” says Ditto. “We want to make
a device that can adapt to the real world.
That’s where we're headed.”

The Navy is interested in using smart
materials, such as magnetoelastic rib-
bons, for designing quieter submarines,
controlling vibrations, detecting motion,
and improving tracking and pointing de-
vices.

As a potential peaceful application,
Grebogi envisions a hypothetical set of
chemicals that, when mixed in different
concentrations, reacts to produce dyes of
different colors. Chemical engineers
might design a factory for producing
various dyes by building separate chemi-
cal reactors, one for each color. But by

introducing and controlling chaos, they
could get away with building a single
reactor. If they adjusted the ingredient
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concentrations so that the system’s prod-
ucts would shift chaotically from one
color to another, then a simple control
scheme involving tiny adjustments in the
concentration of one ingredient would
suffice to stabilize the reaction so that it
produced only one color. The same con-
trol system would also allow them to shift
dye production rapidly from one color to
another.

“Thus, when designing a system in-
tended for multiple uses, purposely
building chaotic dynamics into the sys-
tem may ailow for the desired flexibility’
Ott, Grebogi and Yorke suggest.

A conventional heart pacemaker, for
example, supplies a steady beat, whereas
a person's heart varies its pace depending
on his or her exertions. A pacemaker
patterned on a chaotic phenomenon
might make such rapid adjustments to the
heartbeat when needed, Ditto says.

Indeed, the recent success in con-
trolling chaos raises the issue of how
common this control mechanism may be
in biological systems. For example, con-
trolied chaos may play a role in the
human ability to quickly produce strings
of different speech sounds.

“Such multipurpose [exibility is es-
sential to higher life forms, and we,
therefore, speculate that chaos may be a
necessary ingredient in their regulation
by the brain,” Ott, Grebogi and Yorke say.

“We think biclogical systems use
chaos, and the richness in chaotic behav-
jor, to change {their] behavior on the fly"
Ditto says. “We've provided some of the
first evidence that this type of mecha-
nism is possible.” O
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Are you someone who'd useaRAM chip as fertilizer? Do
you think that the best way to boot up a computer is
with a steel toe? Then The Devouring Fungus is the
book for you. Anyone who's ever had anything @ do
with computers — from the sophisticated hacker to the
confused office worker to the unsuspecting parent who
finally relented to the kids” demand for a PC — will find

something here to chuckie about. |
—from the publisher
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Harper Collins, 1990, 165 pages,
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Every new parent desperately wants to know what goes on in the mind of a baby. Now
a noted authority on infant p:ychology brings us closer than ever before to
penetrating a young child s consciousncss. In alternating sections of evocative prose
representing the baby's own voice, and explanatory text, Stern draws on the latest
research findings to recreate the baby’s world. By structuring the book as one child’s
“diary” from six weeks to four years, Stern personalizes the rich theoretical
information the book provides.

What does an infant actually see when he or she looks at a shaft of light ? What makes
a baby focus on his mother's face or avert his eyes? How does an infant come Lo see
herself as separate from the world around her? How does a baby's experience of an
event differ from our own? To answer such questions, Diary of a Baby takes us
through the small moments and simple exchanges in a baby's ife that result in life-
long patterns of development.

Diary of a Baby. I include a check
payable to Science News Books for
$18.95 plus $2.00 postage and han-
dling (total $820.95) for each copy.
Domestic orders only.
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State Zip

Daytime Phone ( ?
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?g;n;e SNEW: lixo‘?vks Each chapter focuses on an ordinary
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Please sen(‘l me copy(ics) of an outing among sirangers, momen-

tarily getting lost. The author first
describes what’s happening on the sur-
face, then retells the story from the
baby's vantage point, and finally ex-
plains how we know what we know
about this facet of infant behavior.

This unique work — a scientific tour de
force and a moving portrait of inner
experience — brings us closer to the
infant and invites a powerful commu-
nion between parent and child.
—from the publisher
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Ironing away a greenhouse wrinkle

An unusual strategy for slowing global greenhouse warming
— fertilizing the Antarctic Ocean with iron — has received
mixed reviews from scientists exploring its feasibility. While
one group suggests that fertilization won't do the trick, others
say their initial research indicates it might appreciably slow
carbon dioxide buildup in the atmosphere, although they
caution that scientists must still address many basic questions
about the strategy, including its potential to alter the ocean
ecosystem.

Oceanographers at the Moss Landing {Calit.) Marine Labora-
tories suggested last year that the Antarctic Ocean’s unusually
low concentrations of single-celled plants called phyto-
plankton result from an iron deficiency that keeps these
organisms from making full use of the rich supplies of available
nutrients. If so, the team theorized, [ertilizing the waters with
iron could enhance phytoplankton photosynthesis —an effect
that would puil large amounts of carbon dioxide from the
atmosphere, helping to counteract the buildup of this green-
house gas.

Now a thumbs-down response comes from Tsung-Hung Peng
of the Oak Ridge (Tenn.) National Laboratory and Wallace 5.
Broecker of Columbia University’s Lamont-Doherty Geological
Observatory in Palisades, NY. Using a computer mode! of the
world’s oceans, these researchers found that currents bring
water to the region too slowly for the fertilization scheme to
make a significant difference. If their model is correct, a
century's worth of iron fertilization would reduce the global
concentration of atmospheric carbon dioxide to a level only 5
to 15 percent below what it would be without fertilization, they
say “Even if iron fertilization worked perfectly, it would not
significantty reduce the atmospheric CO, content.” they assert
in the Jan. 17 NATURE.

Jorge L. Sarmiento, a mathematical modeler at Princeton
(N.1) University, argues that a 15 percent reduction would
represent a significant effect, dramatically slowing the rise in
carpon dioxide. What's more, he told SCIENCE NEWwS, his
computer simulations indicate that fertilization would lower
carbon dioxide levels by about double the amount calculated
by Peng and Broecker.

Nonetheless, he says, “it's very unlikely that iron fertilization
will have practical applications.” For one thing, oceanogra-
phers don't know whether an iron deficiency really limits the
Antarctic phytoplankton population; indeed, that theory runs
counter to traditional thinking about the region’s ecology. And
even if the strategy could lower carbon dioxide levels, its cost
might be prohibitive; once begun, the treatments would have to
continue forever. Moreover, scientists express concern that
fertilization could disrupt aquatic ecosystems — a threat that
hasn't escaped environmentalists, who vehemently oppose the
strategy. Environmentalists and other critics also worry that
the fertilization prospect might derail crucial attempts to
control the world’s use of fossil fuels, the source of most carbon
dioxide pollution.

“This is not to be viewed as a fix-it or cure-all to the CO,
problem,” says Oskar R. Zaborsky, director of the National
Research Council’s board on biology. Even if fertilization
worked, he says, it could not replace other actions such as
energy conservation.

He says scientists are proceeding with caution on the iron
question: “No one is suggesting initiating a treatment process
at this time.” Researchers are planning ship-board and labora-
tory experiments and are even discussing a small-scale field
study in which they would fertilize about 400 square kilometers
of the Antarctic Ocean. Ecologists and biologists say an
experiment of this size would not harm the aquatic system,
Zaborsky adds.
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Space Sciences

Why three planets radio the sun

When the solar wind, a continuous outpouring of electrically
charged particles from the sun, collides at supersonic speed
with the magnetic field of a planet, it creates a shock wave on
the sunward side. This in turn triggers the emission of radio
waves that radiate back toward the sun. The widths of the arc-
shaped shock waves responsibie for the radio signals from the
solar system's inner three planets — Mercury, Venus and Earth—
vary widely. The signals themselves, however, are quite similar,
according to a new analysis of spacecraft data more than 10
years old.

Earth and Mercury owe their shock waves to magnetic fields
generated by the dynamo at each planet's spinning core, says
Chris T, Russell of the University of California, Los Angeles. He
and two graduate students coauthored the analysis, which
appears in the December GEOPHYSICAL RESEARCH LETTERS. The
width of Earth's shock wave is about 10 times the planet’s
diameter. Owing to Mercury's roughly 50 percent smaller size
and weaker magnetic field, its shock wave is only 5 percent as
big as Earth’s.

Venus, nearly Earth's twin in size, derives its weak magnetic
field from a far different mechanism: the coilision of the solar
wind and that planet’s upper atmosphere. The resulting shock
wave is only about 10 percent as wide as Earths.

Sunward-radiating radio waves spawned by these vastly
different-sized shock waves share a number of common
properties, the space physicists found. For instance, all radiate
at extremely low frequencies —about 1 to 3 cycles per second.
They also leave the shock wave around each planet at
approximately the same range of angles. And the amplitudes or
strengths of the radio signals — which naturally Secrease with
distance — appear comparable when measured at about the
same distance from their source.

The new analysis also appears to have answered a long-stand-
ing question about which type of solar wind particles trigger
the radio waves: negatively charged electrons or positively
charged particles such as protons (ionized hydrogen atoms).

Previous studies, including one by Russeil himself, had
suggested that the solar wind ions took a “left-handed™ spiral
around the planetary magnetic field lines that captured them —
a sign that the ions were positively charged. But in the new
report, Russell's team concludes that the spiraling only
appeared left-handed owing to the spacecrafts’ motion relative
to the solar wind. By analyzing the spiral’s direction with re-
spect to the flowing solar wind, they have now determined that
it's actually right-handed, Russell says. This indicates the radio
waves are really spawned by electrons, his teamn now reports.

An asteroid’s offspring

Three classes of meteorites, all made of basalt but differing
in other mineralogical details, may come from three asteroids
that originally formed a single large asteroid. The three
meteorite types — the eucrites, howardites and diogenites —
came from an asteroid big enough for its surface rock to melt,
possibly from the heat of radioactive elements inside it,
concludes a team headed by Dale P Cruikshank of NASA's Ames
Research Center in Mountain View, Calif, in the January
ICARUS.

The team suggests that a “parent” asteroid shattered in a
collision with another such chunk, forming three smaller
asteroids now known as 3551, 3908 and 4055, whose orbits carry
them near Earth. Cruikshank’s group found the similarity
between the meteorite classes and the three asteroids by
comparing laboratory studies of the meteorites with infrared
spectral measurements and other observations of the aster-
oids, made with NASA's Infrared Telescope Facility on Mauna
Kea, Hawaii.
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Controlling chaos in high dimensions: Theory and experiment
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The main contribution of this work is the development of a high-dimensional chaos control method that is
cffective, robust against noise, and easy 1o implement in experiment. Assuming no knowledge of the model
equations, the method achieves conirol by stabilizing a desired unstable periodic orbit with any number of
unstable directions, using smail time-dependent perturbations of a single system parameter. Specifically, our
major results are as follows. First, we derive explicit control laws for time series produced by discrete maps.
Second, we show how to apply this control law (o continuous-time problems by introducing straightforward
ways to extract from a continuous-time serics a discrete time series that measures the dynamics of some
Poincaré map of the original system. Third, we illustrate our approach with two examples of high-dimensional
ordinary differential equations, one autonomous and the other periodically driven. Fourth, we present the result
on our successful control of chaos in a high-dimensional experimental system, demonstrating the viability of

the method in practical applications.
PACS number(s): 05.45.+b
I. INTRODUCTION

Chaotic phenomena arise ubiquitousiy in naturai systems
and in man-made devices [1]. Past work has focused mainly
on the discovery and characterization of chaotic behavior
occurring in situations where there is no goal-oriented inter-
vention. Recently, ideas and techniques have been proposed
to convert chaotic orbits to desired periodic ones by using
temporally programmed small controls [2-9). It is suggested
that by doing so onc improves the system’s performance
against some general classes of criteria {10]. This direction
of research opens the possibility of utilizing the rich proper-
ties of chaos in practical applications and has thus attracted a
great deal of interest. In the present paper we consider this
chaos control paradigm in systems where the equations of
motion are not known and the dynamical information is con-
tained in a time series obtained from observing a single sca-
lar function of the original phase space variables. Our main
results are as follows.

(i) Assuming that the time series is produced by a discrete
map we develop a high-dimensional chaos controi method
based on ideas proposed by So and Ott [7]. Here we use
map-generated time series to ensure that the coefficients
needed for the implementation of control are easy to estimate
from experimental data. In addition, the expression of the
control law involves only the knowledge about the unstable
directions of the to-be-stabilized periodic orbit. This is an
added practical benefit since such knowledge is often more
reliably obtained from time series. It is also worth emphasiz-

1063-651X/96/53(5)/4334(11)/$10.00 53

ing that in this method one only needs*to vary a single ex-
ternal parameter to control a system of arbitrary dimension-
ality with an arbitrary number of unstable directions.

(i1) We show that for a continuous-time system, as would
be encountered in most experimental problems, simple meth-
ods can be used to extract from the continuous-time series a
discrete-time series that probes the dynamics of some Poin-
caré map in the original phase space. Specifically, for an
autonomous system, this is done by measuring the times be-
tween successive crossings of some predetermined threshold
by the continuous-time series. We call these times interspike
intervals. For a periodically driven system, either the inter:
spike intervals or the more traditional stroboscopic sample:
can be used to form the discrete time series. In this fashior
the explicit control law mentioned in (i) applies directly
continuous-time systems. Other advantages of basing the
control method on discrete-time series generated by Poincar
maps are also discussed.

(iii) We illustrate our approach with two examples of or
dinary differential equations, one an autonomous chemica
reaction model of four variables and the other a pair o

“coupled Duffing oscillators with periodic forcing, a five

dimensional system. In the second example, the periodic of
bit to be stabilized has two unstable directions, and in th
second example, we consider the control of a period-2 orbi

{iv} We have applied the control method to a physicz
system of a magnetoelastic ribbon driven by a sinusoidall
varying magnetic field. We have successfully achieved th
control of high-dimensional chaos where other technique

4334 © 1996 The American Physical Societ



have failed to do so. We have also demonstrated the robust-
aess of the method by showing that it works effectively in
the presence of rather substantial random noise.

The rest of this paper is organized as foifows. In Sec. 11
we present the method of chaos control. Here we [eave some
of the detatled calculations to the Appendix. Section [l
shows how o extract 4 Poincare-map-generated discrete-
fme series from a continuous-time svstemn. We also discuss
aumencal cesults in this section. In Sec. IV we present the
control results tor the magnetoelastic ribbon experiment. We
summarize the paper in Sec. V.

11. THE CONTROL METHOD
A. Delay coordinates

Consider a k-dimensional map
X, =FX,.p). (1}

where X & R* and p is the chosen control parameter. Suppose
that for p=g Eq. (1) exhibits a chaotic attractor. Let the
scalar observation function be x=h{X). Assuming no a pri-
ori knowledge of the equations of motion F, we carry out the
system analysis and control by using the time series

Leab={h(X)). (2)

where n=1.23, ... . (In Sec. [II we shall describe ways to
extract such discrete-time series for both autonomous and
periodically driven continuous-time systems.) Employing de-
lay coordinates [11]. we reconstruct the high-dimensional
dvnamics from {x,} via

RN

;X [
Xpy-m-
I t-m-~ |

S0

KX om -2

mx i

where m is the dimension of the reconstructed phase space.
Results in [11] state that. for large enough m, z, is a global
one-to-one representation of the variable X, on the original
attractor. Since the application of control in this work entails
that we change the value of the parameter p according to a
control law at every iteration of Eq. (1), the discrete map for
1,is

zrr-I=G{lu'pn—m-l'pn‘m’2*"'*Pn)' (3)
where G generally depends on all the parameter variations
cHective during the time interval n—m+ 1 <:<n spanned
by the delay vector z, [6].

Below. by taking into account of the effect of the past
parameter changes specified in Eq. (3), we derive the control
laws that stipulates the choice of p, to convert the natural
chaotic dynamics of Eq. (1) to a periodic orbit selected from
an infinitely many contained in the chaotic attractor. The
Parameter variations are assumed to be small around the
Rominal value p = 7 so that no new orbits are expected to be
Cteated in the process. Thus we seek to exploit unstable pe-
fodic orbits already existing in the chaotic attractor. This
‘ontrol approach is also flexible in that by simply changing
10 a different temporal programming of the parameter p one

.

can switch the dynamics from one periodic behavior to an-
other without major alterations to the system.

B. Stabilizing 8 fAxed point

We begin by considering the stabilization of a saddle
fixed point that may have more than one unstable direction.
In this case. the control law 10 be derived admits an explicit
expression. Moreover, the simple seiting here allows us to
better illustrate the main ideas involved.

An unstable fixed pcint X in the original chaotic attractor
when p = p satisfies

5(*{5}=F(§(E).,61 (4

Reflected in the delay coordinate space we have

UD=G@D.5.5.....P) (5)

where 2(p)=[x(p).x(p).... . x(p)]". T denoting matrix
transpose, and x(p)=h(X(p)). The location of this fixed
point can be extracted from the time series. The procedure
for finding it is simplified by knowing that it lies on the
diagonal in the m-dimensional reconstructed phase space.

To describe the effect of control parameter variations on
the lingar dynamics near the fixed point, we introduce the
m X m Jacobian matrix

An:'Dz.G(znvpn—m+lan—m*z‘---'pn) (6)

and a set of m-dimensional column vectors [7]

B;M'=DP,.—,.-|G(zn'pn—m+l-pn—m*l-""'pﬂ'"

B:,M_HzDﬂ.gm-:G(zn'pn—m"-l'prl—m*z"‘“P")'
B‘..“=Dp,,G(Z,..Pn-m+|-Pn—m+1-‘-'*Pn" (7
Evaluating all the partial derivatives at Z(p) and

Pr-met =Pn-m+1=" =p,=p, we obtain near the fixed
point
2, ~UP) = AR~ U+ B (p, i —P)+B" Y

X(Pnnmrl—ﬁ)+'“+B“.(pn—ﬁ)~ (8)

where we have dropped the reference to n in A and B's since
they are now constant matrix and vectors. It should be noted
that, due to the nature of the discrete-time series and delay
coordinates used here, Eq. (3) in component form is

() (2]

Lpet Zn
2 (3}
Zpet Zn
tm—~1) (m)
zu+1 Zn
[m)
vl g(zn-pn—m*l’pn—m*-zv"'vpn)

(9)

Thus most of the entries in the A matrix and the B vectors
are zero. Specifically,
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0 i 0 oo 0
0 - © 0
A= : : H H : (10)
0 0 0 l
a'™ a(m—ll alm-!l a(ll
and
0
0
B'= : \ (1
0
1
b' mXx 1

where i=1.2,....m. The use of Poincaré-map-generated
time series reduces our task of obtaining the entire A and
B"'. to the estimation of only a''a?®, ... .a'™,
5D .13 6™ from the experimental data. We remark
that, although it is possible to obtain the values of a'’'s and
the b'')'s together at the same time, our experience indicates
that the best strategy is to find the a®"’s first based on the
unperturbed time series and then to apply the perturbation to
calculate the 5''""s. The perturbation is applied in such a way
that only one Jp is not zero in the time interval spanned by
z,. Sec Sec. IV for more discussions on the estimation of
a'V's and b'')'s.

Assume that A in Eq. {10) has u unstable directions
and 5 stable directions (s+u=m) with eigenvalues A,
satisfying A\ [>[A.]> >IN 1> N[> 0] > -
>|X | Let e, denote the corresponding eigenvectors. Then a
possible control approach is to choose suitable parameter
variations according to Eq. (8) to push the trajectory z,.,
into the stable subspace spanned by the stable directions
e .i=u+lu+2, ..., m. However, Dressler and Nistche [6]

1

A Blml Blm-ll
0 0 I
¢ 0 0

1
]

with 0 an m-dimensional row vector of 0's and

Blln
0
(14)

1 tm—-1x1

0
1

point out for the m =2 case that this strategy may sometime:
leads to instabilities in the control parameters. When thi:
happens, one gencrally needs larger and larger perturbation:
in p in order to bring the trajectory to stay inside the stabl
subspace. The control will eventually fail when either th
required dp=p—p cxceeds the predetermined maximun
control 8p . or the value of 8p becomes so large that th
linear approximation in Eq. {B) is no longer valid. So and Ot
proposes an idea to systematically remedy the situation [7]
(A similar approach can be found in [8].) It invoives the
introduction of a state-plus-parameters system, which in
cludes the regular phase space variable z, as well as all the
previous variations of the parameter p according to Eq. (3)

The expanded phase space is 2m — | dimensional and th
state vector Y, assumes the form

z,

Pa-i (2me11x1
Based on Eq. (8), the linear dynamics around the fixed poini

up)

|
I
©

17
7
is [7]
an—?=§{Y..—?)+§(p,.—5). (12)

where

Btm—'.’.! B{ZI

(13

o e

2m-1X(2m— 1)

We note that the eigenvalues of A are also the eigenvalues of
A with the corresponding eigenvectors

¢;



i=12,...,m. Clearly, the above m vectors are not enough
to span the (2m — 1)-dimensional expanded phase space. To
do so one needs additional m — 1 independent vectors. We
argue that these vectors can be found in the null space of the
matrix A"~ Specificaily. we show in the Appendix that the
subspace of the vectors k satisfying A"~ 'k=0 is {(m—1)
dimensional and more importantly any set of m — | indepen-

dent vectors denoted k,. i=m+1m+2,. .. 2m~1, from
this  space  can be used together  with K, .
i=utlu+2 ..., m, to form the basis of the stable sub-

space E,(Y) of A.

Suppose that al time n the system trajectory falls in the
neighborhood of Y called the control region. To stabilize the
subsequent motion zround this fixed point with u unstable
directions, we attempt to apply 4 small parametric perturba-
tions Py .8Pa~ s - - - .8Pyequ-1) in such a way that the de-
viation 8Y,.,=Y,.,— Y lies entirely {7] in the stable sub-
space E,(Y). After that we set the parameter to 5 and the

orbit approaches the fixed point under the natural dynamics.
Specifically, this control can be achieved as follows. Con-

sider the transpose of A denoted A”. We know thart both A

and A' have the same eigenvalue spectrum. Furthermore, as
shown in the Appendix, the contravariant unstable eigenvec-
tors ¥, determined by

ATy =\, {15)

for i=L.2,...,u have the > property that they are orthogonal
to the stable subspace E(Y) of A. That is, the dot products

vk=0 for j=u+lu+2.. . .mm+lm+2 . 2m-1
By choosing the values of p,,.p,_ ... ..p, . ._,, such that
visY,., =0,
vI5Y,.,=0.
, (16)
VI(SYFI“U:-U‘

we place the deviation J5Y,., in the stable subspace
E.(Y). [n the Appendix we find from the equations in (16)
the control law governing the parameter perturbation p,
needed at time n to be

w

_ (A
oviB)y [T one=an

=l ek

vi 1 8Y,. (U7

Although the values of p, .|, ... .pP, .. can also be solved
together with p, at time n, the presence of system noise
Makes it preferable to compute p, using Eq. (17) at every
lerate n,

The contravariant vectors v, are also solved explicitly.
From Eq. (15), by setting arbitrarily v\™' =1, we obtain the
following recursive relations to determine the other compo-
nents vy of the vector v, :

py -

Ui_“=al””fkk,
v =t +at T YA,
U13'=(Ul|‘:l+a|m—:'\”\t.

—i)z(ul"m‘-_‘l_'_alll)lkk‘

v
v =1, {18)
Ul"nrd-ll:blmllhk.

U;m*l)=(u‘[tm+ll+b(m-lJ"Ah

-1 -1
ULM+3)3(ULM +b1m ..r”Ak’

(2m—1} Im-~2 b
O Y N 12 P
L

[Note that the conditions in Eq. (16) imply that the lengths of
the vectors v, do not play a role. Thus we can set v{™ = | for
simplicity.] Solving these equations we get

u‘,"=2‘1 @™t bI N I =12, m— 1,
1= -
v, =1, .
u;;'=§‘: b Ny T
i=m+1m+2,.. . 2m—1. (19

We emphasize that all the formulas in Egs. (17) and {19}
needed for implementing the control are expressed explicitly
in terms of the variables ‘"’ and b'"', to be estimated from
the experimental time series, and the unstable eigenvalues
A, of An Eq. (10).

For fixed points with one or two unstable directions, a
situation likely to be encountered in practice, the control law
in Eq. (17) reduces to

(20)

foru=1 and to

(Ay)?

=——— vi)avn
(v;BYA;—X\))
(21)

( (A)* r
Pa=p~| —= v
P B, )

foru=2.

C. Stabilizing a period-N orbit

Let a period-N orbit in the original phase space when
=pbe X (p). X, (P) ...  Xpun(P)Y=X,{p). The corre-
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sponding scalar time series {¥,(5)} is also periodic with a
period of N. Suppose at time n the trajectory z, in the
m-dimensional reconstructed phase space comes near one of
the periodic poinis denoted by Z,.(p). The entire recon-
structed periodic orbit is then z,(p), Z,. -3
Z,.\(p)=2,(p). The Jacobian A, in Eq. (6) and the B,
vectors in Eq. (7) evaluated along the orbit are now functions
of n. satisfving the periodic conditions A,=A,_ v and
B(''=B.!, . Introducing the expanded state-plus-parameters
phase space. we have. close to the periodic orbit, the linear
iteration equation

Y"“‘r—?ﬂ"!=zﬂ"l“|‘Y’l"!—|—v-ﬂ'“f—l)
+§u*r—l‘Pu*r—l_p—-)v (22)

where i=123,... and Y, .,, 3",. and ﬁ,,ﬂ are formed
in the same way as their counterparts in Eq. (12). Assume
that there are u unstable directions associated with the orbit.
The control is accomplished by using u small perturbations
PuPuets o Preu-i to place the deviation
oY, ..=Y,..~ Y, ~u into the stable subspace E,(Y,.,) of
the matrix J,.,=A,..- 1A . -2 Ay -ny. Since the
eigenvectors change from orbit point to orbit point the con-
trol law can no longer be expressed as explicitly as in the
case of an N=1 fixed point. Below we give a brief descrip-
tion of the steps needed for arriving at the control law.

Let the unstable eigenvalues of the entire periodic orbit be
Ai.Aa, ... A, The stable subspace at the orbit point

Y, ., is determined by the matrix

Ju*lzinn-r—l‘;n'r—l'“Anﬂ-rvN- (23)

As in the case of a fixed point there is no need to find this
subspace explicitly for the formulation of the control law.
Instead we consider the eigenvalue problem

r -
oo VL =n vl (24)

Multiplying Eq. (24) on both sides from the left by
AH"‘!—N‘|.=AR*'l_: we get

T ry U oy A (s
J,,..,_|A,.+,-|V,,+,—’\,Aﬂ+,-lv,,+,-

That is, the vector v\l _, is parallel to the vector
AT vU! | namely,
al 1V L ) )
Anﬂ—lvnl+r""cnj+i-]vn+|—l‘ (25)

This definition implies the periodic condition ¢{’=c¥) .
lterating Eq. {22) u times yields

5Yn+u=;n¢u—lian+u—2' ¢ ';,'(5""
+Al+u-l‘xn*u-2' ' 'Ru+|ﬁ~6pn
+RH+H-I‘KH*“—2' ’ "‘_\nszﬁﬂplapn_'_l

+An*u-an*u—25pn*u-2

+Bn+u—l5pn*u—l'

Choosing the values of 5p,.8p,.(.....8P4._, such

v ) éY,., =0 a

for j=12....,u, we place the deviation &Y, _, entirel
the stable subspace E(Y,.,). From Eq. {26), with the ai
Eq. (25), we obtain the u equations

|

(v:,")réY,,E) ety

-t w1

+z {v:rlil,rﬁn*f-lapn’t—lkl-l' C:'}l‘,}

=]

+(vzliu)rﬁu*u—l6pn+u-—l=0' f

where j=1.2, ... .u. We solve these linear equations to
tain the control law governing the parameter perturbat

P, needed at time a1 to be

. H ‘
Pr=F+ . (
where W=De(W) with w,, =(v\'1 )7B,_ _\MiZ'cl!, .
H=Det(H) with 4, = ~(v{")7 Y, 4Z M, for j=1 :

h,=w,; for j# 1. Again, in order to compensate for the
fect of noise in experimental applications, we recalculate
cach time a the value of p,, even though by solving the
equations in Eq. (27) simultaneously we can at once obt
parameter perturbations for the future u steps.

For the special case where the period-M orbit has ¢
unstable direction (4 =1}, the conirol law takes the sim;

form
_ (c:‘ll(le))TA)JY -
Pr=P—\ -~ —=—| 6Y,. .
{{VL!-J])TBn)

Evidently, this equation and Eq. (20) are identical |
N=1.

We remark that in the above we express the control la:
in terms of the unstable directions of the periodic orbit. Ti
approach offers several advantages over expressing cont
laws using stable directions. First, in the expanded phz
space, one tends to have fewer unstable directions than stat
ones that inctude the null space. Second, since the estimat
matrix elements of A and B’s carry inevitable errors, few
calculations reduce the chance of severe error propagatio
into the control law that, in tum, affect the control perfc
mance. Third, it is an empirical fact that information abc
unstable directions tends to be more reliably estimated frc
experimental time series.

IT1I. NUMERICAL RESULTS
A. Formation of time series

In experimental problems, we expect to encounter tv
classes of continuous-time systems, autonomous and perioc
cally driven. We discuss how to form discrete time series
both cases so that the control laws developed in Sec. Il f
discrete maps are directly applicabie.

First, consider an autonomous system defined as



p,=P~8p,

FiG. 1. Schematic illustrating the formation of interspike inter-
vals from a continuous-time series and the effect of control on the
intervals.

dLidt=G(Z,p),

where Ze R*"!. Let x=h(Z) denote a scalar observable
function. Consider the plot of x versus . We form the
discrete-time series by measuring the intervals /, between
the {(n— 1)th and nth upward (or downward) crossings of
some predetermined threshold x=x_ (see Fig. 1). We argue
that these variables /., which we call interspike intervals,
sample the dynamics of some Poincaré map in the original
Z phase space. Specifically, at each crossing in the x versus
¢ plot, the condition x = h(Z) =x, is met. This condition de-
fines a k-dimensional Poincaré surface of section in the origi-
nal Z space. Thus /, is also the time between the (n—1)th
and the nth crossings of the section. Suppose we parametrize
this section by a k-dimensional vector Q. Then, the succes-
sive crossings of the plane from a given direction by a cha-
otic trajectory give ris¢ to a Poincaré map

Qn*I=P(Qn -P) (30)

Realizing that the interval /, is uniquely determined by
Q,.;. namely,

1,=®(Q,_), (31)

we complete the analogy between Egs. (30) and (1) and the
analogy between Eqgs. (31) and (2).

Traditionally, one measures the continuous-time series x
versus ! using equally spaced sampling intervals. In the re-
constructed phase space one obtains the Poincar¢ map by
examining the crossings of some plane by the reconstructed
trajectory. Due to the discreteness of the trajectory one intro-
duces inevitable errors in the resulting Poincare map through
interpolation. In contrast, our way of forming the discrete
time series using interspike intervals avoids this problem by
monitoring the analog signal and thus detecting the threshold
crossing precisely. Furthermore, the reconstructed interspike
intervals already obey a Poincaré map. In Fig. 1 we also
tllustrate the effect of parametric perturbations on the inter-
spike intervals.

Next, we consider a periodically forced system

dZ/dt=G(Z,t,p),

where Ze R* and G(Z,t+ T,p)=G(Z,1,p). Let x=h(Z) be
the scalar observable function. Since by introducing ¢ as an

o

additional variable one can convert a nonautononmMous sys-
tem to an autononmous one, the interspike intervals forma-
tion method also applies here. Another more traditional
method of forming a discrete-time series {x,} is by measur-
ing x at times ¢, =nT + T {stroboscopic sampling}. From the
theorems of [12], the dynamics reconstructed from {x,} in a
suitable delay coordinates space represents the dynamics of
the Poincaré map Z,.,=P(Z,) in the original phase space,
which, in turn, is equivalent to the continuous-time dynamics
described by the differential equations. Below we give two
examples of controlling continuous-time chactic systems us-
ing the methods above.

B. Control exampie 1

Consider the foilowing five-dimensional system of two
coupled driven Duffing oscillators:

i+ yx +alxl—x )+ B (x, - x3)=p,sin(wi),

.fz"' 'yi2+a(xg——xz)+ﬁz(.rz—x,)=psin(wr). (32)

For y=0.632, a=40, 8,=01, B,=0.05 w=2.1235,
p1=1.011, and p=p=p,, Eq. (32) exhibits a chaotic attrac-
tor of dimension D=3.3. The scalar observable here is
x=x,+x, and we sample the attractor every cycle of the
external forcing. The attractor reconstructed using the time
series {x,} in an (m=4)-dimensional delay coordinates
space has a dimension D =2.3. Figure 2(a) shows the attrac-
tor projected down to a two-dimensional space. The high-
dimensional character of this attractor is apparent.

The reconstructed attractor contains a fixed point
(N=1) at Z(p)=(0.54,0.54,0.54,0.54)7 with two unstable
directions (4 =2). This fixed point corresponds to the syn-
chronized period-1 motion of the coupled oscillators. Our
objective is to stabilize this motion. From numerically gen-
erated time series we estimate a, and b; used in the A matrix
and the B vectors to be approximately a''’=—3.05,
aP=-223, aM=00, a'¥=0.016 and b'''=-090,
b3 = -0.089, b*¥=0.78, b'*)=—0.056. The two unstable
eigenvalues are A, = —1.85 and A= —1.20. Applying the
controt law in Eq. (17), we stabilize the fixed point as shown
in Fig. 2(b), which displays the behavior of the system be-
fore and after the control is turned on.

C. Coutrol example 2

Consider the four-dimensional autonomous chemical re-
action medel {13]

x=pw/{l +w!®-0.1x,

y=0.1Ix-0.2yz,
(33)
z=0.2z(y—w),
w=02zw~-0.1w.

For p=p=2.5 this system exhibits a chaotic attractor of di-
mension D = 2.2. Assume that the observed scalar variable is
x itseif. By measuring the times between successive upward
crossings of some threshold x by the x versus ¢ function we
form the interspike interval time series {/,}. Reconstructing
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FIG. 2. ta) Two-dimensionat (m = 2) reconstructed image of the I\
attractor from the coupled Duffing equations, Eq. {32). High- 2 \
dimensional nature of the dynamics is apparent. (b} The result of
applying an m =4 implementation of our control method. Here dis- y
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this discrete time series in an (m = 3)-dimensional delay co-
ordinate space we obtain an attractor of dimension 1.2. In
this attractor there is a fixed point (N=1) at
z,=(48.40,48.40,48.40)" and a period-2 orbit (N=2) cy-
cling between Z,(5)=(47.74,50.13,47.78) and Z.(p)
=(50.13.47.74.50.13)7. Both orbits are found to have one
unstable direction (u=1).

First, consider the control of the fixed point. Set x =1,
From the numerically generated time series we obtain
a'"=-133, a''=0.41, a¥’=-0.008 and b'"'= -1.25,
b= —3.20, b'*'=1.95. The unstable eigenvalue is calcu-
lated to be A, = —1.59. The result of applying Eq. (20) is
shown in Fig. 3, where the system behavior before and after
the control is turned on is displayed. Figure 3(a) is the inter-
spike intervais and Fig. 3(b} gives the corresponding con-
tinuous lime series.

Next. consider the control of the period-2 orbit. Set

FIG. 3. Results of controlling the unstable period-1 orbit in th
chemical reaction model Eq. (33) using an m =3 implementation o
the control. (a) The interspike intervals and (b} the correspondin;
continuous-time series.

x.=3. From the time series we estimate the elements of th:
A matrix and the B vectors at z,(p) to be a!'’=—1.56
at?=0042, a?=60x10"%, and b'V=181, -
=-332, =161 and at z,(p) to be a''’=215
a?=0.15, a?=29%10"? and b'''=-2.79, b'¥ =585
b3'=0.17. The control law in Eg. (29) is completely deter
mined by these values. In Fig. 4 we show the result of con
trol by displaying the interspike intervals (a) and the corre
sponding continuous time series (b} for before and after th
control is activated.



control on
55

(a)

|
'._

T

45+
40 T T T
4] 25 50 75 100
n
contrel on
(b) 10
8-.

X Jli[.
4-”]” \
IERRRNE
! F‘
24
\‘“\j
0 T T Y T
0 200 400 600 800

FIG. 4. Results of controlling the unstable period-2 orbit in the
chemical reaction mode! Eq. (33) using an m = 3 implementation of
the control. {a} The interspike intervals and (b} the corresponding
continuous-time series.

IV. EXPERIMENTAL RESULTS
A. Setup

Our experimental system consists of a magnetoelastic
metal ribbon clamped at its iower end. The ribbon changes
its Young's modulus by more than a factor of 10 in response
10 an external magnetic field and buckles under gravity as a
result. This highly nonlinear system is placed vertically
within three mutuaily orthogonal pairs of Helmholtz coils.
The two horizontal pairs of the Helmholtz coils are used for
Counteracting the Earth's magnetic field while the vertical
Pair is used to supply an approximately uniform field along
the ribbon's length. Inside the Helmholtz coils a photonic

A

- o R A NAed it T A AR AR T T RRNER R

AAEITRRSI T N LR L 43491

~c.
~2

FIG. 5. Time series from the magnetoelastic ribbon recon-
structed in a three-dimensional {m = 3) delay coordinate space. The
local dynamics near the fixed point is described by one unstable
{(e,) and two stable directions (e, and e,).

sensof is used to measure the ribbon’s position at a given
point. This sensor is mounted a short distance above the base
of the ribbon. To obtain chaos, we drive the ribbon with a
time-varing magnetic field in the form H{t)=H,
+H sin(2mft), which is applied along the vertical direction.
For f=1.03 Hz, H,=0961 OQe, and Hy=H ;.= - 1.350
Oe the ribbon exhibits chaotic oscillations. We choose
p=H . as the control parameter.

Denote the position of the ribbon measured by the photo-
nic sensor every driving period as x,. From visual inspec-
tions of the reconstructed attractor in the m=2 space and
from some simple estimates it is apparent that the dynamical
behavior near the fixed point, which we wish to stabilize,
cannot be effectively characterized by one stable direction
and one unstable direction. High-dimensional embedding
spaces are needed to unfold the local dynamics in this case.
This observation is further confirmed by our inability to
bring about the desired control using the original Ott.
Grebogi-Yorke (OGY) method [2] (see below) as well as
using the m=2 implementation of our control method,
which incorporates the effect of delay coordinates and is
equivalent to the Dressler and Nitsche's method [6).

Next we reconstruct the time series in an
(m = 3)-dimensional space as shown in Fig. 5. On the cha-
otic attractor we identify an unstable periodic orbit of
period-1 by looking for saddle points lying on the diagonal.
From the experimental data this fixed point is determined to
be Z(p) = (6.35. 6.35, 6.35)7. To stabilize the system around
this unstable fixed point, we choose p=H,. as the control
parameter. When the system state point falls in the vicinity
of the unstable fixed point, a small time-dependent change
was made to this parameter such that the next iterate would
fali onto the stable plane defined by the two stable eigenvec-
tors. The perturbation size is calculated according to Eq.
{20). To determine the matrix elements a'", a‘®, and o'
for A in Eq. (10) we consider a close return event by choos-
ing a point in the close vicinity of the fixed point and finding
its preimage and two future iterates. The reason for using the
preimage is to better represent the stable directions and the
reason for using two future iterates instead of just one is to
pick up the negative sign often associated with the unstable
eigenvalue. To guard against the detection of a faise
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nearest neighbor in a three-dimensional embedding space we
also monitor the delay coordinate map in the m=4 and
m =35 space. From the true nearest-neighbor points we do a
least-squares fit 10 determine a''", a‘*. and 2 10 a high
accuracy. Using 20 close return events we find
a'''=-1.03368, a'¥=1.7890, and a'*'=0.093s, respec-
tively. From the matrix the unstable eigenvalue was calcu-
lated to be A, =-19338. The values of b'!), p(® apd
b'" are calculated from the experimental data when a per-
turbation p, is applied at time n immediately after a point in
the map comes into the vicinity of the unstable fixed point.
The perturbation lasts for the full duration of the drive pe-
riod. When the future section data are measured at time
n+l. n+2 and n+3, we calculate the coefficients 5!,
6%, and b'* according to

Ox,. ~a'" 8, ~aPx, | ~aVbx,_,
op.,

bllb=

i O%ea—a'"8x, . —a'ex,~a"Vex,
b= op.

+

N )
8, .y—a'"8x, 1 —aPbx,, ~a'? bx,

13-
b op,

In the experiment we use a constant 8p,=0.038 Oe every
time for perturbation. For a typical run in this experiment the
vaiues of 5''!, 52, and b are determined to be 0.001 23
V/Oe, -0.000 118 V/Oe, and —0.000 414 V/Oe, respec-
tively.

B, Results

Using the m=3 implementation of our control method
with the estimated a''"’s and 5'"'s as stated above, we have
successfully controlled the chaotic oscillations of the ribbon
for almost 200 000 driving cycles (about 54 h) without any
toss of controi. Figure 6(a) shows a portion of the experi-
mental time series before and after the application of control.
The control can be maintained indefinitely. Figure 6(b)
shows the perturbations applied to stabilize the period-1 or-
bit. Notice that the size of the perturbations is very smalt,
typically between *0.0054 Oe, or about 0.4% of the nomi-
nal dc field p=H 4. Figure 7(a) shows the contrast between
the original OGY control [2] and our high-dimensional con-
trol with m=3 on the same attractor. After 830 iterates the
OGY control is turned on and is unable to hold the periodic
orbit even though there are numerous attempts on the close
returns. The perturbed orbits would come in along the stabie
direction, but once the orbit reaches the unstable fixed point
it starts to depart from the vicinity of the fixed point. In
contrast, when our high-dimensional control is activated the
system is captured into the period-1 motion rapidly. We note
that the m =2 implementation of our method, which has the
delay coordinates effect taken into account, also failed to
achieve proper control. This leads us to believe that for this
attractor one needs a higher-dimensional embedding space to
unfold the dynamics and implement control.

We have also studied another parameter setting where the
local dynamics near the fixed point can be effectively de-
scribed by one stabie and one unstable direction. We are able
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FIG. 6. Results of stabilizing the unstable period-1 orbit using
an m =3 implementation of our control method, (a) Time series and
(b} parameter penturbations. We note that the magnitude of &p, is
about 0.4% of the nominal vatue of P, wherep = H_ is the dc field.

to control the period-1 orbit in this case with the original
OGY method (2]. However, the interesting point is that, by
applying the m=3 implementation of our method to the
same orhit, we are able to achieve control with smaller pa-
rameter perturbations compared to the OGY case. This indi-
cates that in some situations, although the low-dimensional
control is effective, a higher-dimensional implementation
may prove to be more efficient. Details of this result are
planned to be presented in a future paper where we consider
all the practical aspects of our control technique.

In applications, an important question is the impact of
noise on the control performance. The unperturbed ribbon
system has about 5% intrinsic noise. Our method is unaf-
fected by this amount of noise. To test the method further,
we have also added parametric noise to the system and found
that we are able to maintain control even in the presence of
about 10% of additional parametric noise, demonstrating the
method’s robustness. We thus believe that the technique pre-
sented in the paper is viable in practical problems where
chaos control in high-dimensions is desired. Again we wish
to present more detailed results on the issue of noise in a
future paper.

V. CONCLUSION

Since Ott, Grebogi, and Yorke published their seminal
paper on the control of chaos [2), a great deal of experimen-
tal research in nonlinear dynamics has been dedicated to the
exploration of various aspects of the OGY algorithm in a
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variety of systems. However. the success of the original
OGY theory is limited by the fact that it applies only to
svstems where the dynamics near the periodic orbit is ad-
equately described by one stable and one unstable direction.
In the past few years a number of high-dimensional algo-
rithms have been proposed to address this problem [7-9].
Due to the difficulties in obtaining the coefficients needed for
control and sensitivity to noise, these methods are found to
be difficult to implement experimentally.

Our main contribution in this paper is the development of
a high-dimensional chaos control method that is effective
and easy to implement in experiments. Based on the use of
time series and delay coordinates, the method requires only
small perturbations of a single control parameter to stabilize
a periodic orbit in an arbitrary dimensional delay coordinate
embedding space with an arbitrary number of unstable direc-
tions. In addition, by considering map-based systems our
method offers the advantage that the coefficients needed for
experimental implementation are easily and reliably esti-
mated from time series data. In this regard, simple methods
are proposed to extract such map-based time series from
continuous-time systems, The effectiveness of the control
method is demonstrated when applied to two examples of
ordinary differential equations and to a physical experiment
of a magnetoeiastic ribbon driven by a sinusoidally varying
magnetic field. Robust control is achieved in all cases. Fur-
thermore, we mention that the method is not sensitive to

noise and works well even in the presence of substantial
noise.
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APPENDIX
1. The null space of A™!

Using matrix blocks we rewrite A defined in Eq. (13) as
A=

where B is an m X (m — 1) matrix with B") its column vec-
tors, Zy is an (m— 1) X m zero matrix, and

0 1 0
0 1 0
§=
)] 1
0 0

Im—-1lixim— 1|
[t is easy to verify that S™ ! is a matrix of zeros. This means

that the eigenvalue problem A" k=0 has m equations for
2m—1 unknowns from which one can find m —1 indepen-
dent basis vectors to span the null vector k. In other words,

the null space of A"~ is (m— 1) dimensional.

2. The unstable eigenvectors of AT

We wish to show that v, from ATv,=\yv,
{=1.2,....u, is orthogonal 10 the stable subspace spanned
by k., j=u+lu=2,.. . ,2m—1. Consider j=u+lu
+2,...,m. Multiply Eq. (15) from both sides by k] . The
left-hand side becomes k}TATv,=(AkI)Tv,-=h kv, . Equat-
ing it with the right-hand side h,k,-rv, and using ;¥ A, we
have kfrv,=v,rk,=0. Similarly, one can show that v,T k=0,
j=m+1m+2, ... .2m—1, by considering the eigenvalue
problem of A” ! instead of A. It is straightforward 1o see
that if the deviation 8Y, ., lies entirely in the space of k,,
j=u+lu+2, ... .mm+lm+2, ... .2m-1, then its fu-
ture evolution asymptotically approaches zero under re-
peated applications of A.

3. The derivation of the control law Eq. (17) from Eq. (16)
Iterating Eq. (12) u times yields
5Y,, =AYSY,+A* 'Bép,+AY *Bép,. + -
+ ﬁ(Sprl “«u-1-

From Eq. (16) we get
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. lRl"‘,r a"d
AT P, + N T Ep, b+ P =-( L : )
ARG Preu- gy " SRR VA W !
NoT D=D 'C R C R i 1
- - L = et
A'; 16PN+A'; -apn*l+"'+5pn-u41=_(—}'—-_) " . * lAZ’
(v.B) ,\:_l A:-: A:-) e 1
uxy
: uy T
CRAT TIPS UL PSS _( }‘u‘i« . By recognizing that D in {A2) is a slight variant of the stan-
(v'B) dard Vandermonde determinant [14] we find

These u linear equations contain ¥ unknowns. Using Cram-
er's rule we express p, as

Pa=p D’
where
—[NIvnvBISY, NPT ONT L
~AInVIBYSY, AT AT
C =Det T -
u R u=-2 u-3
—[A4Y/vIBYIBY, ALTT A .
(AD)

Dz(_l)!d:'dlz I-I

I1%:< %y

A=A,

Expanding the determinant in Eq. (Al) about the first col-
umn, the resulting cofactors are again variants of the Van.
dermonde matrix. This leads us to

C=k2l (= D =30 Ty VTR | 5Y,,

X [T (A, = \,).

|G muamk ok

After some algebra we obtain Eq. (17).
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Removal, suppression, and control
of chaos by nonlinear design

John F Lindner and William L Ditto

Applied Chaos Laboratory, School of Physics,
Georgia Institute of Technology, Atlanta GA 30332

Techniques to remove, suppress, and control the chaotic behavior of nonlinear systems are re-
viewed. Analysis of a forced damped nonlinear oscillator provides a brief overview of the rele-
vant nonlinear dynamics of dissipative systems. Various techniques for suppression and control
of chaos are then outlined, compared and contrasted. A unified mathematical notation facilitates
the comparison. The successes of each strategy in numerical simulations and physical experi-
ments are carefully noted. Their strengths and weaknesses are analyzed, and they are evaluated
according to whether they employ feedback, are goal-oriented, are model-based, merely remove
chaos—or truly exploit it. An elementary derivation of the important OGY control equation is
supplied. Critical references provide an entry into the literature. It is argued that nonlinearity can
be a reai-world advantage, and it is hoped that this review will serve as summary of, and invita-

tion to, the nascent field of nonlinear design.

1. INTRODUCTION
1.1 What good is chaos?

There lies a behavior between rigid regulanity and pure
chance. Its name is chaos. Qur scientific paradigms encom-
pass at one extreme the precise clock-like motion of periodic
systems and at the other extreme the vagaries of random dice
throwing chance but have curiously failed to account for
commonly observed behavior between these two extremes.
Wher we see immegularity we chauvinistically cling to ran-
domness and disorder for explanations. Why should this be
so? Why is it that when we encounter irregularity the whole
vast machinery of probability and statistics is beiligerently
applied? Rather recently, however, the scientific community
has begun to realize that the tools of chaos theory may be
more appropriately applied than probabilistic techniques to
the study of irregular systems. To understand why this is true
one must start with a working knowledge of how chaotic
systems behave.

Everybody has experience with the monotonous periodic
behavior of the common clock. The incessant ticking is the
very embodiment of periodicity and serves as the prime ex-
ample of one end of the dynamical spectrum of behavior
known as periodic “regular” behavior. Indeed its detection or
production is often the holy grail of scientists, engineers,
historians, doctors and other scholars. Its aliases include
“normal sinus rhythm,” “historical cycles,” “npormal modes,”
“frequency components,” and “natural cycle of things.” It
seems odd that we identify perfection with relentless perio-
dicity when all around us irregularity rules. What seems even
odder is that we see irregularity as the purest happenstance
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or pure periodicity contaminate¢ by dreaded random
“noise.” Just as the wave-particle duality has overwhelmed
our notions of natural order in the quantum realm, we are
finding that, at the opposite end of dynamics, purely random
behavior does not totally encompass irreguldrity. In retro-
spect it was tremendous hubris to assume that our rigid no-
tion of randomness shouid be the only organizational prin-
ciple underlying irregularity.

Sustained imregularity has always upset our notions of
how the world should behave, yet it seems to be the very
embodiment of biological systems. One description of chaos,
namely sustained irregular behavior, while descriptive, is too
vague to embody the richness of chaotic systems. A defining
feature of chaotic systems is sensitivity to initial conditions.
This is vividly demonstraied by starting two identical sys-
tems in “nearly” identicai states. If they are chaotic their fi-
nal states can be quite different. This makes long term pre-
diction unattainabie.

Fleeting glimpses of order in disorder are quite common.
We have all seen short streiches of periodic behavior in oth-
erwise irregular systems. A tantalizing example lies in the
stock market where many hope to reap windfall fortunes
from analyzing short term order in the volatile market. Such
short term order is a profound, even defining, feature of
chaotic systems. The flesh of chaotic systems adheres to a
skeleton of an infinite number of unstable periodic behaviors
that seemingly come and go with no apparent pattern-or at
least no apparent pattern until one looks carefully. Armed
with an understanding of unstable periodic motions chaotic
systems take on a much more understandable and subse-
quently controllable appearance.

© 1995 Amenican Society of Mechanical Engineers
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Table 1. Dictionary of Notation
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1.2 Scope of this review

The purpose of this article is to provide an overview of vari-
ous methods by which chaotic dynamics can be removed,
suppressed, manipulated, or exploited. We will focus pri-
marily on nonlinear control strategies for low-dimensional
dissipative systems. Only near the end of the review will we
consider higher-dimensional systems, and we will mention
the important arca of turbulent hydrodynamic flows only in
passing.

We ourselves are intimately involved in the development
of model-independent feedback techniques, but we recog-
nize the practical importance of model-based nonfeedback
strategies, and will consider both methodologies. However,
we would like to stress a fundamenta! distinction among the
various approaches: while some techniques merely suppress
or remove chaotic behavior (for example, by invoking large
parameter changes to drastically modify the dynamical at-
tractor), others actually exploit chaotic behavior (for exam-
ple, by empioying minute perturbations to target periodic
motions embedded in the attractor and subsequently using
the “ergodicity” of the motion to switch among them). We
believe that the latter approaches offer the more exciting
engineering opportunities. Indeed, today we are leaming
how to manipulate chaos in brains and hearts, with the goal
of easing arrhythmias and taming seizures. In the future, me-
chanical engineers may design and build structures and de-
vices whose chaotic states are reservoirs of accessible peri-
odic motions, which idle in chaotic rather than periodic mo-
tion to reduce metal fatigue, which respond to gentle con-
trols with dramatic changes in function. Chaos will be engi-
neered in rather than designed ou:.

1.3 Other resources

Complementary to this review, we recommend the following
surveys of chaos control. Ditto and Pecora (1993) provide a
general and gentle introduction, while Ditto, Spano, and
Lindner (1995) offer a more technical but less broad ac-
count. Rajasekar and Lakshmanan (1993) directly compare
the efficacy of several techniques in numerical experiments
on a BVP oscillator. Shinbrot et a/ (1993) fashion an excel-
lent review of the OGY technique. Keefe (1993) contrasts
the OGY and Hibler techniques on a hydrodynamic model.
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Gad-el-Hak (1989) supplies a comprehensive reference on
flow control, while Blazejczyk et a/ (1993) focus specifically
on controlling chaos in mechanical systems. Chen and Dong
(1993) offer an aliernate general review, while Spano and
Ott (1995) furnish a more recent perspective.

2. REVIEW OF NONLINEAR DYNAMICS

We first briefly review the concepts and vocabulary impor-
tant to dissipative nonlinear dynamics. We illustrate them by
focusing on the canonical “Duffing” oscillator. Table 1 in-
troduces our notation.

2.1 Forced damped nonlinear oscillator

It is only a slight exaggeration to say that the forced damped
nonlinear oscillator is the “hydrogen atom™ of dissipative
nonlinear dynamics. Duffing (1918) first studied an oscilla-
tor with a cubic stiffness term to model the nonlinear restor-
ing force found in many mechanical systems. It has since be-
come one of the most used and useful paradigms for nonlin-
ear oscillations. Thompson and Stewart (1986) provide a
good discussion of the Duffing oscillator. For a unit mass,
the equation of motion of the forced and damped Duffing
oscillator is

j.‘+y.i+icr+k'x’=Acosm:. (n

By introducing the velocity v = X and the phase ¢ = !, we
can write this second-order nonautonomous differential
equation as a system of three autonomous first-order differ-
ential equations,

X=v
v=—yv—kx-k'x® — Acosg (2)
Pp=w

This system has the form

x = F(x), 3)
where
x
x=| vl 4)
1]

2.2 Flows and sections in phase space

We can reduce the nonintersecting three-dimensional phase
space flow that results from integrating Eq (3) to a two-di-
mensional map

er-l =FM(xn) (5)

by intercepting the flow with a plane, or Poincaré section.
(Strobing the motion once per forcing period achieves the
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same reduction.) This is illustrated in Fig 1. Notice that the
phase is naturally represented as an angle.

Alternately, if we have access to only a single dynamical
variable (as is often the case in experimental situations), we
can reconstruct a topologically equivalent phase space flow
and section by using rime delay coordinates. Given the scalar
variable of position x(f), we can choose an embedding di-
mension 4 and a time delay t and form the vector flow

x(t)

x{(t—1)

%(1)={ x(-27) (6)

x.(!—dt)

Takens (1981) showed that, for sufficiently large embedding
dimension and time delay, there exists a smooth and invert-
ible mapping between the actual flow x(¢) and the recon-

structed flow x(r). Compare Fig | and Fig 2.

UpPO

Fig 1. Flow and section illustrating an Unstable Periodic Orbit
and its unstable fixed point.

Fig 2. Strange artractor reconstructed from a delay coordinate
embedding.

Fig 3. Potential well and phase space flow for an unforced
undamped nonlinear osciliator.

Lindner and Ditto: Control of chacs 797

2.3 Saddles, tangles, and UPOs

The Duffing attractor can be simple or complicated, depend-
ing upon the parameter regime. Fig 3 shows the potential
well and phase space flow for the special unforced un-
damped case. Note the two stable and one unstable equilib-
rium points, Now imagine slowly turning on the forcing and
the damping. Fig 4 schematically shows the phase space
sections. [n Fig 4a, note the two stable “spiral” fixed points
and the one center unstable “saddle™ fixed point with its sta-
ble and unstable sets, or manifolds. {The stable and unstable
manifolds attract or repel successive iterates of the map; they
are shown dotted as a reminder that they represent the map
not the flow.) In Fig 4b, the forcing has increased until the
stable and unstable manifolds of the saddle touch. Increasing
the forcing further causes a transverse intersection, the con-
sequences of which are visually isolated in Figs 4c-e. Be-
cause the point of intersection is simuttaneously on the stable
and unstable manifolds of the saddle, we can iterate it back-
wards and forwards to demonstrate that this single intersec-
tion requires infinitely many more intersections. Further-
more, the local expanding and contracting of the center sad-
dle stretch and fold the manifolds as indicated. Accompany-
ing the infinitely many intersections are infinitely many un-
stable periodic points. Each unstable periodic point in the
section corresponds to an unstable periodic orbit, hereafter
abbreviated UPO, in the phase space flow. Thus, at suffi-
ciently low forcing the attractor is simple and the motion
ordered, but at sufficiently high forcing the attractor is
complicated and the motion is disordered—but with an infi-
nite reservoir of unstable ordered motions nearby.

(c)

()

Fig 4. Phase space sections for a damped forced nronlinear
oscillator. Damping and forcing combine to chaotically tangle
the stable and unstable manifolds, thereby creating infinitely
many unstable periodic points.
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2.4 Strange chaotic attractors: Quantifying chaos

We typically characterize the nonsimple atiractors exhibited
by the Duffing oscillator by fractal dimensions and
Lyapunov exponents.

Fractal dimensions characterize the scaling of the attrac-
tor. For example, if M(R) is the number of boxes of size R
needed to cover the attractor, and if M(R) increases like

N(R)~kR7", Q)

as R decreases, then the exponent D is the attractor's box-
counting or capacity dimension. For a line D = 1 and for an
area D = 2. This number, which may be fractional, is related
to the number of active degrees of freedom characterizing
the long-term behavior of the system.

Lyapunov exponents characterize the divergence of
nearby trajectories in phase space. Specifically, if d, is the
distance between nearby trajectories in the phase space, and
if d,increases like

d, ~dye = dyA”. (8)

then A is a Lyapunov exponent and A = & is a Lyapunov
multiplier. A system’s largest Lyapunov exponent is a meas-
ure of its sensitivity to initial conditions.

A noninteger dimension indicates strangeness. A positive
Lyapunov exponent indicates chaos. The traits of strange-
ness and chaos are typically linked. However, this need not
always be the case. In particular, Ditto et a/ (1990b) recently
reported the first experimental observation of a strange non-
chaotic attractor.

3. INVENTORY OF CHAOS
CONTROL TECHNIQUES

Here, in the core of the review, we describe, compare, and
contrast many different suppression and control techniques.
In each case, we consider a phase space flow, which for
simplicity we take to be of the form

x =F(!.P), (9)

where the vector x denotes the variables and the scalar p de-
notes an accessible parameter. Wresting order from a chaotic
flow requires the transformation of one (uncontrolled) dy-
namics into another (desired) dynamics. Strategies may in-
volve simply designing (or redesigning) the system, chang-
ing the operating conditions (and hence moving the system
around in parameter space), or employing various kinds of
feedback. Some strategies are model-based, others are
model-independent; some are goal-oriented, others are not;
some eliminate chaos, while others utilize it.

3.1 Entrainment to goal dynamics

If an accurate model of the system is available, we can en-
train the phase space flow into a goal dynamics. For exam-
ple, if we take the phase space control C(¢) to be additive

x=F(x,p}+C(1t). (10a)
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with a governing system
C(r)=%, —F(x. p) (10b)

then clearly x() = x (1) is a solution. More generally,
Lascher and Habler (1989) suggested entraining the phase
space flow x(¢) into a goal dynamics X(1) by ‘adding a con-
trolling term such that

}qu|x(:)-xg(:)|=o. an

Of course, the challenge is to find such a solution that has a
nonzero attracting set, or basin of entrainment, and is stable.
Jackson and Habler (1990) studied these issues by numeri-
cally entraining orbits of the logistics map to periodic sets.
They found that. both the measure (size) and connectivity of
the basin of entrainment depended on the mapping in a
complex way.

1.2 Parametric control dynamics

We can apply an error signal to control a perturbed parame-
ter. Huberman and Lumer (1990) suggested coupling the
flow

x = F(x,p(t)) (12a)
to a parameter dynamics governed by the error signal,
p=—elx, —x'). (12b)

where x' is the ith variable and ¢ is the stiffress of the con-
trol. The error signal encourages the parameter of the system
to readjust so as to reduce the error to zero. It adaptively
controls the system. Note that the error signal is proportional
to the difference between an actual and goal variable; alter-
nately, the error could be taken to be proportional to the dif-
ference between an actual and goal parameter.

Sinha, Ramaswamy, and Rao (1990) extended and gen-
eralized this strategy in a number of ways. Their numerical
experiments suggested that parametric control is robust with
respect to noise and is indifferent to the exact form of the
control function. Their recovery times were consistently
found to be inversely related to the stiffness of the control.

3.3 Perturbations

Periodic or stochastic (random) perturbations applied to
either the vaniables or the parameters of a nonlinear system
may remove or suppress chaotic behavior. This strategy is
often easy to apply but is not goal-oriented; the final state is
untargeted and unpredictable.

3.3.1 Periadic

3.3.1.1 Periodic perturbations of a variable. We can sup-
press chaos by weak periodic extemnal forcing. In this
scheme, the phase space flow is modified by periodically
perturbing (modulating) one of the components,

i=F(x,p)+ui.Acoswt, (13)



Appl Mech Rev vol 48, no 12, part 1, December 1995

where u, is a unit vector in the ith direction. This is a simple
and often easy way to adjust a system. However, the adjust-
ments may need to be large, and the final state is unpredict-
able.

Braiman and Goldhirsch (1991) used this technique to
tame the chaos of a periodically driven damped pendulum in
a numerical experiment, as measured by a decrease in the
leading Lyapunov exponent. They emphasized that a chaotic
system's defining sensitivity is to weak time-dependent per-
turbations as well as to initial conditions.

3.3.1.2 Periodic perturbations of a parameter. We can
remove or suppress chaos by resonant parametric perturba-
tions. It is well known that an inverted pendulum can be
stabilized by vertically oscillating its base. Imagine, then,
modifying the phase space flow by penodically perturbing
one of its parameters,

(14)

Lima and Pettini (1990) first proposed this technique and
succeeded in removing chaos in a numerical experiment in-
volving the Duffing oscillator. They found that parametric
perturbations could convert chaotic dynamics to regular dy-
namics provided the perturbation amplitude was not too
small (~1% of the unperturbed parameter) and provided the
perturbation frequency was in resonance with the forcing
frequency of the oscillator.

Fronzoni, Giocondo, and Pettini (1991) used periodic
parametric perturbations to suppress chaos in a physical ex-
periment that can be modeled as a Duffing oscillator. Their
apparatus was a physical realization of the Duffing differen-
tial equation. One end of an elastic steel beam was clamped
while the other end was free to move in the double-well po-
tential created by two magnets. When they shook the appara-
tus electromagnetically, they observed sustained chaotic
motion of the beam. They then modulated the magnetic
fields, and hence the shape of the potential, by varying the
current through copper coils wrapped around the magnets.
Small modulations at particular resonant frequencies were
successful in regularizing the motion

Azevedo and Rezende (1991) succeeded in suppressing
chaos in a microwave-pumped spin-wave-instability experi-
ment. Their apparatus consisted of a small polished ferro-
magnetic sphere at the center of a microwave cavity placed
between the poles of a biasing magnet. For certain parame-
ters, the amplitude of the reflected microwave radiation de-
veloped chaotic oscillations due to nonlinear interactions
between spin-wave modes. However, a small modulation of
the biasing magnetic field, induced by current flowing ina
small copper loop inserted into the cavity, was able to sup-
press this chaos. They measured the reduction in chaos by
the decrease in the (information) dimension of the chaotic
attractor reconstructed from the time series using delay co-
ordinates, and by the change in the power specira of the os-
cillations.

%= F{x, p +3pcosw).
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3.3.2 Stochastic Perturbations Of Variables
We can suppress chaos by the simple device of adding ex-
ternal noise,

x=F(x,p)+N(5), (15)

where Ny?) is a stochastic process.

Rajasekar and Lakshmanan (1993) numerically integrated
the Bonhoeffer-Van der Pol oscillator in a chaotic regime,
adding Gaussian random numbers every time step. For suf-
ficiently large spread (standard deviation) of this simulated
noise, the maximal Lyapunov exponent became negative and
the system lost its sensitive dependence on initial conditions.
Interestingly, aithough the added noise appeared to smear
out the attractor, its (correlation) dimension remained nonin-
tegral; it became a strange nonchaotic attractor.

3.4 Stabilizing UPOs

Techniques that use feedback to stabilize one of the many
unstable periodic orbits, or UPOs, embedded in a chaotic at-
tractor truly exploit chaos, rather than merely removing or
suppressing it. They turn chaos into an advantage.

3.4.1 Switching parametric feedback
Given a target flow, we can regularize the motion by making
small adjustments to a parameter according to whether a
variable is too large or too small. Let

x = F(x, p+38p(1)), (16a)
with the controlier
dp(!)=esgn(xi(:)—xé(t)), (16b)

where ¢ is the stiffness of the control signal.

Singer, Wang, and Bau (1991) used such a discontinuous
(on-off, switching) feedback controller to stabilize nonstable
stationary flows in a physical experiment and its numerical
model. Their system consisted of a convection loop under
thermal and gravity gradients, which they modeled by the
Lorenz equations. Their apparatus consisted of a water pipe
bent into a torus in the vertical plane. They warmed the
lower half of the pipe with a resistance heater, cooled the
upper half with a coolant jacket, and monitored the vertical
and horizontal temperature differences. The convection loop
was capable of no motion (at low heating rates), steady
clockwise or counterclockwise flow (at higher rates), or
chaotic flow (at still higher rates). The chaotic flow was
“laminarized” by incrementing or decrementing the heating
rate by a preset amount, depending upon whether or not the
vertical temperature difference was above or below an aver-
age value. The control was robust with respect to small
amplitude disturbances. However, Chen and Bau (1993)
commented that switching-type functions can result in con-
trol “chattering” and in practice should be replaced with
smoother functions.
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3.4.2 Intermittent feedback control of UPOs

In a seminal contribution to the control of chaos, O,
Grebogi, and Yorke (1990), often abbreviated as OGY, real-
ized for the first time that chaos itself, if controlled, could be
useful and desirable. A chaotic system's extreme sensitivity
to initial conditions and to parameter changes makes long-
term prediction impractical, but also makes fine-tuned weak
control possible. Small carefully chosen perturbations of an
accessible parameter can stabilize one of many UPOs em-
bedded in a strange attractor. The UPOs themselves can be
found by searching a Poincaré section for close retums.
Furthermore, the chaotic attractor can be used as a path to
flexibly steer the dynamics from one controlled periodic

orbit to another.

The local computationa! models required to accomplish
control can be obtained entirely from an experimental time
series without any a priori anatytic global modet (at least for
low-dimensional systems). This and the freedom to switch
among various UPOs make the OGY technique model-inde-
pendent and goal-oriented.

3.4.2.1 Overview of the OGY control strategy. Following
OGY, we first reduce the phase space flow

x=F(x,p).x RV, (17)
to a map on a Poincaré section
xﬂ+| =FM(xn'p)lxn ERN-I (18)

A periodic point of the map represents a UPO of the flow.
For simplicity, we consider a fixed point (period-1),

x, = F(x/.p0), (19)
-
b)

Po

It
\
Po“'&n

N

_

Fig 5. Nearby iterate (a) will miss fixed point, but perturbation
shifts the fixed point and its manifolds (b) so that next iterate
falls on stable manifold (c).
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where p, denotes a nominal parameter value. In terms of the

relative displacement 5x, = X, — X and the relative parameter
perturbation &p, = p, - p, we linearize the map nearby the
fixed point as

axnﬂ - M&n + sﬁp,, ’ (20)

where the shift vector s = 6F/dp and the map matrix of par-
tial derivatives M = JF/x are each evaluated at the fixed
point. We assume that the relative perturbation is propor-
tional to the relative distance from the fixed point and try a
linear control law,

bp, ~—K'8x,, @n

where K is the proportionality vector. Thus, near the fixed
point the lincarized map becomes (by combining Eq (20}
and Eq (22))

axnﬂ -~ Caxu ] (22)

where the control matrix
C=M-sk'. (23)

This is a typical control problem. If we choose the propor-
tionality vector K such that the moduli of the eigenvalues of
the control matrix C are all less than unity, then iterates of
the map will contract toward the fixed point,

lim 6z, =0, (24)
D -

and the UPO will be stabilized. Ogata (1990) provides a
good reference on control engineering.

In practice, we find the map M and shift s by doing a lin-
ear fit to close returns in the section. We tumn the perturba-
tions on only when the iterates “ergodically” wander near the
fixed point. (It is typical in chaotic systems for iterates to
wander close to any chosen point) Thus, the system is
trapped precisely when the required perturbations are small,

|K78x,| < 8pmas- (25)

Various other control strategies based on Eq (23) are pos-
sible. An excellent review of the OGY strategy is the one by
Shinbrot, Ott, Grebogi, and Yorke (1993).

3.4.2.2 Elementary derivation of the OGY control
formula. Here we present a simple and pedagogical deriva-
tion of the original OGY control formula. Stabilizing a UPO
is akin to balancing a marble on a horse’s saddle: the saddle
must be jiggled back and forth in the direction of the horse’s
ribs (rather than in the direction of its backbone). Figs 5 and
6 present the derivation as a proof without words.

We assume that the section is two-dimensional and that
the fixed point is 2 “saddle” with one stable and one unstable
manifold. Fig 5 illustrates the strategy. We summarize it as

X1 = Fpg (X0 P0 + 0P, ), (26a)

where the perturbation is
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—kbx? <
spn ={ k&x" !apll - apmu (26b}

0, 3pn>8pmu
Motion of the map iterates in the vicinity of the fixed

point is governed by the stable |A | <1 and unstable [, |>1
eigenvalues along the stable and unstable eigenvectors of the
linearized map matrix M. Fig 6 projects the iterates onto the
direction perpendicular to the stable direction. We demand
that the next iterate fall on the stable (attracting) manifold, so
that its distance perpendicular to the stable manifold van-
ishes:

SX::&I =0.

To accomplish this we must shift the fixed point by (refer to
Fig 6)

si8p, = A 8x.*,

27

(28)
where

dx!* =éx} ~st8p,. (29)

Thus, by combining Eq (28) and Eq (29), the necessary per-
turbation is

A, By

= . 30
A, -1 st 9

dp,

Note that we require &, = 1 and st # 0. In terms of the
more general formalism above, Eq (30) is a special case of
Eq (21) where the proportionality vector K has been chosen
so that the eigenvalues of the control matrix C vanish in the
direction perpendicular to the stable direction and are the
same as the eigenvalues of the map matrix M in the stable
direction.

OGY verified this control strategy in numerical experi-
ments involving the two-dimensional Hénon map. They
found that the length of the chaotic transient (or time-to-
control) decreased as the maximum allowed parameter per-
turbation increased. Furthermore, they showed that control in
the presence of noise and local modeling errors necessitated
larger perturbations, and sometimes chaotic outbursts would
occur as the orbit escaped in spite of the control.

Note that control of higher-period orbits requires merely a
simple extension to the OGY strategy. This is because a pe-
riod-n orbit of a map is a fixed point (period-1) of a new
map which is composited of » of the original maps. For ex-
ample, if x, is a period-2 point of a map f,

X2=f(x1)}
X =f(-’¢2) '

then x, is also a period-1 (fixed) point of the composite map
fz, where

X =f(12)=f(f(xi))§fz(xl)-

(31a)

(31b)
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Ditto, Rauseo, and Spano (1990a) quickly implemented
the OGY strategy in a physical experiment by controlling a
chaotic system around UPOs of period-1 and period-2, and
by switching between them at will. Their apparatus consisted
of a vertical magnetoelastic ribbon clamped at its base. The
stiffness of the ribbon was a very nonlinear function of an
applied magnetic field. Small changes in the magnetic field
could soften the ribbon so that it would buckle under gravity.
A sinusoidal field alternately stiffened it and softened it so
that, at high enough frequencies (~1Hz), chaotic motion en-
sued. A light sensor measured the position of the ribbon once
per forcing period. Analysis of the resulting “stroboscopic”
time series allowed identification of low-order UPOs and
their Jocal dynamics (shift vector and map matrix) in the
section. Applications of OGY perturbations, Eq (30), to a
DC magnetic field easily controlled the UPOs. Furthermore,
they found that control was insensitive to errors in modeling
the local dynamics.

More recently, Starret and Tagg (1995} used two vari-
ations of the OGY method to control the chaotic oscillations
of a simple and well-known mechanical system: a parametri-
cally driven penduium. Their apparatus consisted of a brass
pendulum mounted on an aluminum frame that oscillated
vertically in response to a motor driven crank. Using eddy-
current damping as the control parameter, they were easily
able to stabilize the motion about several UPQs, both rota-
tional (end-over-end) and librational (back-and-forth). They
achieved control even when the phase space section was
spread out, making a representation as a one-dimensional
map infeasible (see Section 3.4.3.2). Furthermore, control
was effective using either of two feedback rules: propor-
tional adjustments of damping for fixed time intervals or
fixed levels of damping for proportional time intervals. The
latter variation was particularly simple, as it required only an
on-off actuator.

3.4.3.1 OGY with delay coordinates. Dressler and Nitsche
(1992) realized that the original OGY control formula of Eq

(a) Po :
I PR >
B —
A x>
(b) Po+3p, 5 Bp, >
—e— x
L et = (s, -5
f——————— A8t
(c) Po E

< + >
Fig 6. Previous figure coliapsed onto the direction perpendicular
to the stable manifold. Projected point, represented by the black
dot, wouid iterate away from fixed point in (a), except pertur-
bation applied in (b) causes it to move onto fixed point in {c).
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30 must be modified if the attractor is reconstructed from
deiay coordinates. In this case, because the coordinates of
the delay vector are obtained at different times when differ-
ent parameters apply, the section map depends on the current
parameter and on (at least) the previous parameter:

Xpel = FM (xn n > Pasl ) (32}

Further, to avoid the possible instability of a growing pertur-
bation, Dressler and Nitsche modified the OGY control ¢ni-
terion by requiring that the next perturbation be zero and the
next but one iterate be stabilized:

5.pm-l = 0} (33)

5-‘;2 =0

(Contrast Eq (33) with Eq (27)) As a result, the current per-
turbation depended recursively on the previous perturbation,

BP,, = c18x;,L + ‘-'ZSPu—l ’ (34)

where the constants ¢, and ¢, enfold information about the
local dynamics. They tested this modified control equation in
numerical experiments on the Duffing attractor, recon-
structed from a time series by a three-dimensional delay co-
ordinate embedding, and found it to be superior to the un-
modified control in that it succeeded in cases where the
original failed.

Subsequently, Romeiras, Grebogi, Ott, and Dayawansa
{1992) defined a new embedding vector,

- [an]
Xpyi = + (35)
P

and introduced generalized matrices to retain the OGY
framework. Romeiras er al also extended OGY in several
other directions. They exploited control theory to provide a
more general choice of feedback matrix. They adddressed
the problems of implementation in higher dimensions and
the stabilization of periodic points with more than one un-
stable eigenvalues. In particular, they illustrated OGY con-
trol in a numerical experiment on a model of the kicked

el

x,\}

Xn

Fig 7. Chaotic attractor of a highly dissipative system can be
characterized by a one-dimensional return map.
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double rotor, whose equations of motion reduced to a four-
dimensional dissipative map.

3.4.3.2 OGY and highly dissipative systems: OPF. In a
highly dissipative system, the contraction in the phase space
is so large that the attractor is squeezed down to low dimen-
sions. In cases were the contraction is such that the attractor
can be well described by a one-dimensional map in a two-
dimensional delay coordinate embedding (or “time-one re-
turn map”), then the OGY technique simplifies to a geomet-
rical algorithm involving Occasional Proportional Feedback
(OPF). The map becomes one-dimensional

Xnel = FM(xn -P)- (36a)

and the control becomes

dp, = —L, (36b)

where s = dx/dp. Notice that the feedback is simply propor-
tional to the distance to the periodic point. See Fig 7. The
OPF technique has proven to be especially useful in control-
ling high-frequency chaos in diodes and lasers.

Inspired by the pioneering magnetoelastic ribbon experi-
ment of Ditto et al, Hunt {1991) developed the OPF into an
analog technique to control chaos in an electrical circuit
consisting of a rectifying diode in series with an inductor
(and resistor), which were sinusoidally driven. Hunt sampled
the peak current at the driving frequency and, if it was in a
given window, modulated the drive voltage with a signal
proportional to the current offset. He manually adjusted the
current window's size and center in seeking stable orbits.
This technique successfully controlled high-period orbits (up
to period-36!) on millisecond and faster (53 kHz ~1/0.05 ms)
time scales. Note, however, that these were generic reduc-
tions from chaotic to periodic; there was no systematic way
to stabilize a particular orbit.

Roy, Murphy, Maier, Gills, and Hunt (1992) utilized the
OPF analog variation of OGY to control optical chaos on
microsecond time scales. The apparatus was a multimode la-
ser with an intracavity period-doubling crystal. A specific
orientation of the crystai would render the laser intensity
output chaotic. The source of the chaos was the nonlinear
global coupling of longitudinal modes of the system. In the
absence of any periodic forcing, the intensity of the laser was
sampled at natural period of relaxation of the laser cavity.
Using the OPF technique, Roy ef al converted the chaotic
output of the laser to a periodic output (at ~100 kHz).

Working independently, Peng, Petrov, and Showalter
(1991) devised and demonstrated OPF in numerical experi-
ments by controlling an open three-variable isothermal self-
catalyzing chemical reaction Then Petrov e al (1993) util-
ized OPF to control the chaotic regime of a famous oscilla-
tory chemical system, the Belousov-Zhabotinsky reaction, in
which cerium, acidified by suifuric acid, catalyzes the oxi-
dation and bromination of malonic acid. The flow rate of the
reactants into and out of a continuously stirred tank deter-
mined whether the system exhibited steady, periodic, or
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chaotic behavior. The attractor was reconstructed from
smoothed values of the potential of a bromide electrode.
Feedback was applied to the system by varying the flow
rates of certum and bromate (but holding constant the flow
rate of malonic acid). Oscillatory behavior of the chemical
reaction could be converted back and forth among period-i,
period-2, and chaos simply by adjusting the proportional
feedback.

3.4.3.3 OGY and recursion in highly dissipative systems:
RPFE. OPF can fail if the attractor changes when a control
parameter is altered. Rollins, Parmananda, and Sherard
(1993) applied the insights of Dressler and Nitsche to the
OPF technique to forge a Recursive Proportional Feedback
(RPF) technique to overcome this problem. In this scheme,
the return map becomes

Xpet = Fy (%0802 Pan)- (37a)
and the control is
SP,, = k|5X,, + kzspn-l ’ (37b)

where the constants &, and k, enfold the local dynamics.
Like the OPF, the RPF is useful in highly dissipative systems
where dynamics exhibits a nearly one-dimensional return
map, but it can succeed where the OPF will fail, as Rollins e
al demonstrated in numerical simulations of a three-dimen-
sional electrochemical model and a two-dimensional bacte-
rial model.

Subsequently, Parmananda, Sherard, Rollins, and Dewaid
(1993) provided experimental verification of the RPF algo-
rithm. The apparatus was an electrochemical cell with a
(rotating and disselving) copper anode and a platinum cath-
ode in a sodium acetate-acetic acid buffer. Successive cur-
rent minima between the anode and the cathode provided the
time series. The potential between the anode and a reference
electrode provided the control parameter. RPF was used to
stabilize the chaotic dissolution of the anode as a period-1
orbit, corresponding to large amplitude oscillations only.

3.4.3.4 OGY and no accessible parameters: PPF. If a
chaotic systern admits no accessible system parameter, it
may be possible to affect control by altering a system vari-
able instead. Suppose we can move the vaniables along a
specific direction u, , then if the map is

%0 = Ey{x, ), (38)
we define a new map by
%pa = Fu(x,,p) = Fy(x, + pu;), (39)

and proceed with the OGY strategy.

Garfinkel, Spano, Ditto, and Weiss (1992} invented this
method of chaos control, called Proportional Perturbation
Feedback (PPF), of necessity, when first controlling cardiac
chaos. In this experiment, they induced a section of a rabbit's
heart to beat chaotically by the injecting the drug ouabain
(pronounced “wah-bane”). No adjustable parameter could be
modified quickly enough to implement OGY control.
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Instead, they used electrical stimuli to shorten (but not
tengthen) interbeat intervals. They calculated the necessary
advance in the next beat to place the state point directly onto
the stable manifold of the fixed point. Thus, rather than
move the saddle, they instead moved the system state point
in the opposite direction. While they were unable, in these
early experiments, to achieve a “normal” period-1 heartbeat,
they did replace the chaotic beating with a period-3 beat.
(The period-3 was an artifact of the control).

Figure 8 illustrates PPF control. Figure 8a is a return plot
of I, vs I, typically constructed from (heart beat) interbeat
interval data. Note the presence of an unstable fixed point
along the 45-degree line. Figure 8b demonstrates how to pull
the interval down onto the stable direction and consequently
onto the unstable fixed point. The intervals between beats

Fig 8. PPF control as applied to chaos in the heart and brain.
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and the control stimuli are shown below the return map. (The
gray points are without control). Figure 8¢ depicts the subse-
quent behavior of the system under control Note that the
stimuli (arrows) are applied only intermittently.

Building upon their success using PPF to control cardiac
chaos, Schiff ef al (1994) succeeded in demonstrating chaos,
and its control and anti-control, in the brain. This collabora-
tion studied in vitro brain slice preparations. Return plots of
interburst intervals, recorded with microelectrodes, exhibited
the stable and unstable manifolds of unstable fixed points.
Minute electrical impulses modified the timing of the inter-
vals so as to place the state point either on stable manifolds
(for control) or near unstable manifolds {for anti-control).
Anti-control converted rhythmic bursting to aperiodic burst-
ing, with a minimum of interventions. Such ability might one
day be useful in breaking up epileptic seizures.

3.4.3.5 OGY and complex eigenvalues: MED. The onginal
OGY formula Eq (30) is inappropriate when complex eigen-
values or multipie unstable eigenvalues occur. Reyl, Flepp,
Badii, and Brun (1993) introduced 2 Minimal Expected
Deviation (MED) variation of OGY to circumvent these
problems. Instead of demanding that the next iterate fall on
the stable manifold of the target fixed point, they required
merely that the next iterate come as close as possible. They
minimized

H&Mrl H = ||M8!,. + SBP,, "’ (40)
to obtain the new control law
sdp, =—(s/s)TM81,,, (41)

(see Figure 9) or

8p, = -t (42)

Note how the map matrix appears in this expression rather
than the unstable eigenvatue .

Reyl et al used the MED technique to successfully control
a chaotic system whose attractor needed to be embedded in a
six-dimensional space. Their apparatus was an NMR laser
with a sinusoidally modulated quality factor. In their ex-
periments, the MED technique proved more reliable than the
original OGY technique.

sép,

-7 6xn+1

Fig 9. Control law for the MED technique
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3.4.4 Continuous feedback control of UPOs

Continuous as well as interrmitent perturbations can stabilize
a desired UPO without altering it. The OGY strategy is based
on maps from sections, and hence its calculated small and
rare perturbations are applied intermittently, allowing occa-
sional bursts of lost control. In addition, the OGY method
can stabilize only those UPOs whose expanding directions
are sufficiently small; specifically, the time between pertur-
bations must be small compared to the reciprocal of the
maximal Lyapunov exponent. Pyragas {1992) introduced the
strategy of continuous control to overcome these limitations.

3.4.4.1 Continuous external feedback. We can use negative
feedback to modify a variable of the flow based upon the
motion of an external oscillator. Let

x = F(z, p) + pu,C(¢), (43a)

where the control'signa! is sensitive to the ith variable

cle) = elxy (0)-x' (1)), (43b)

and where the external oscillator goal xg(t) = xs(t + T} is pe-
riodic, and the stiffness £ > 0 is positive. The critical feature
of this control is that it does not change the flow if x(s) =
x () is a UPO extracted from the chaotic attractor.
Furthermore, when stabilization obtains x(¢} ~ lg(l) and the
control perturbation becomes very small. Because the con-
trol is continuous, it is also permanent, and no chaotic bursts
resuit. The control can be initiated at any time, even when
the flow is far from the UPO. However, excessively large
perturbations can drive some systems to alternative solu-
tions.

Qu, Hu, and Ma {1993) numrencally investigated control-
ling chaos by continuous feedback in the Lorenz and
Duffing models. They modified the above feedback rule to
inctude a diagonal perturbation stiffness (weight) matrix :

c(t) = E(xg(t)—x(r)). (43c)

These numerical experiments suggested that higher-dimen-
sional systems may be controlied by feeding back a single
variable, but not always; in some cases it was found neces-
sary to feedback several vanables.

3.4.4.2 Continuous delayed feedback. We can simplify the
above strategy by replacing the external periodic oscillator
by a delayed output signal from the system itseif. Let

x = B(x, p) +u,C(1) (44a)
where the control signal is now
()= elx (.- 1) = x' (1), (44b)

where 7 is the delay time. Notice that if 1 = T control does
not change the flow so long as x(f) = xg(t). Again, the hope is
that appropriate choice of stiffness can stabilize the UPC.
Pyragas (1992} introduced such a strategy and used it to
stabilize the Rossler system and the Duffing oscillator in
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numerical experiments. Unfortunately, for the Rossler sys-
tem, the delayed perturbations were sometimes able to stabi-
lize multiple orbits, not just the desired orbit, depending
upon the initial conditions. The strategy’s advantage is that,
in a physical experiment, no computer or external perturba-
tion would be needed to perform the control.

Subsequently, Pyragas and (1993) did succeed in using
continuous delayed feedback to control a physical system,
namely an analog electrical circuit using a simple delay line.
The experiment required no computer analysis of the system
and was robust to noise.

3.4.4.3 Continuous synchronizing feedback. Pyragas
(1993) combined the above ideas of controlling chaos with

the idea of synchronizing chaos, suggested by work of
Pecora and Carroll (1990), to synchronize the current behav-
ior of a system with its past behavior. Here the continuous
feedback perturbation is proportional to the difference be-
tween the current and past output signals of one of the sys-
tem variables. In this way, he was able to contrel aperiodic
orbits in numerical experiments on the Duffing, Lorenz, and
Rossler systems.

4, IMPROVEMENTS TO CONTROL

We briefly discuss supplementary techniques to improve the
ease and utility of using small, intermittent perturbative
feedback to control chaotic dynamics. Two types of prob-
lems can arise. First, before “capturing” a phase space trajec-
tory with an OGY-like strategy, we must wait until it hap-
pens to “ergodically” wander nearby a fixed point in the
section. This may take a long time. Second, system parame-
ters may vary with time, thereby altering the local and global
structure of the underlying dynamical attractor. This nonsta-
tionarity is common in biologicat applications where, for ex-
ample, the sample may be dying. The techniques of targeting
and tracking have been developed to overcome these diffi-
culties.

4.1 Targeting

The exponentiai sensitivity of chaotic systems to tiny pertur-
bations (the “butterfly effect”) can be used to rapidly direct
orbits from an arbitrary initial state to a desired state.
Different trajectories arising from small changes in parame-
ters or initial conditions may be patched together to come
arbitrarily close to a desired target.

Shinbrot et al (1990) first introduced this strategy and
verified it in a numerical experiment involving the Hénon
map. In a typical case, an initial condition that would need
meote than 6000 iterations of the map to reach a tiny iarget
area, was directed there in only 12 iterations. Furthermore,
they showed that targeting was effective if the noise and
modeling errors were sufficiently small.

Kostelich er al (1993) demonstrated that targeting couid
be done in higher dimensions. They numerically studied the
kicked double rotor, which they reduced to a four-dimen-
sional mapping whose attractor had a (Lyapunov) dimension
of 2.8. In a typical case, an initial condition that would need
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more than 10!! iterations of the map to reach a tiny target
area, was directed there in only 35 iterations. This efficiency
was possible because Kostelich et af first spent about 108 it-
erations building a “tree of paths™ leading to the target

However, to date targeting has been achieved experimen-
tally in only one system. Shinbrot, Ditto, et a/ (1992) suc-
cessfully targeted states in the magnetoelastic ribbon, the at-
tractor of which was low-dimensional.

4.2 Tracking

Several groups have experimentally demonstrated that UPOs
can continue to be controlled while system parameters are
continuously varied, even through bifurcations. Heretofore
unobtainable phase space regions can be reached with this
method. In addition, tracking may be critical to chaos control
applications in the heart and brain, biological systems which
are typically nonstationary.

Carroll et al (1992) tracked a UPO of a Duffing-like
electrical circuit as they slowly drove the system through a
bifurcation. Gills et al (1992) extended the range over which
OPF stabilized a multimode laser by an order of magnitude
by tracking an unstable steady state as the pump excitation
was slowly varied. This boosted the power output 15-fold.
Recently, In, Ditto, and Spano (1995) achieved tracking in a
mechanical system, the magnetolastic ribbon, using the full
OGY technique.

5. AT THE FRONTIER

Here we summarize two important areas of active and future
exploration, the control of higher-dimensional chaos and the
control of spatiotemporal chaos. The areas are related be-
cause spatiotemporal chaotic systems typically have many
degrees of freedom and their dynamics often lie on very
high-dimensional attractors. We will focus on efforts to ex-
tend the techniques in our inventory (Section 3) that work
well for low-dimensional, spatially isolated systems, to
higher-dimensional, spatially coupled systems.

The related and technologically very important subject of
the control of turbulent fluild flow is beyond the scope of
this review, However, Gad-el-Hak (1993) provides an excit-
ing futuristic introduction to the interactive control of turbu-
lent boundary layers. Shermer (1992) extends the nonfeed-
back model-based control of Hiibler (Section 3.1) to sup-
pressing vortex shedding. Keefe (1993) compares and con-
trasts the Hubler and OGY techniques in a hydrodynamic
model.

5.1 Higher-Dimensional Chaos

The dyramics of many systems is not confined to a lower-
dimensional attractor but roams over many dimensions.
Controt of such systems is more difficult due to their com-
plicated nature. For example, OGY control may not be fea-
sible due to the large amount of information (shift vector,
map matrix) that must be extracted from the data.

Auerbach, Grebogi, Ott, and Yorke (1992} extended the
OGY scheme in an attempt to overcome this problem. This
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still model-independent extension requires knowledge only
of a single time series. It has succeeded in controlling
higher-dimensional chaos in a numerical experiment involv-
ing the kicked double rotor. However, unless the contracting
directions are very strong, significant information must stiil
be extracted from the time series, and this technique has still
not succeeded in controlling a physical system.

Ultimately, higher-dimensional targeting and multivariant
confrol (simultaneously varing more than one parameter)
may be essential to successfully adapting OGY control
strategies to higher dimensional chaos. Certainly, any suc-
cessful practical control strategy will be judged on its effec-
tiveness on higher-dimensional systems.

5.2 Spatiotemporal Chaos

When is a spatiajly extended system chaotic? If the system
evolves in time, it is chaotic if its high-dimensional dynam-
ics is governed by a phase space attractor with a positive
Lyapunov exponent. But if the system itself is chaotic, must
its evolving spatial pattems be disordered? If so, how do we
quantify this disorder? Can we consistently calculate spatial
Lyapunov exponents by singling out one space dimension as
a time dimension? How do we test for spatial chaos in a
static system? These issues of spatiotemporal or “space-
time” chaos are currently under active investigation. Here we
report on several groups who have studied the behavior of
spatially coupled systems whose elements in isolation exhibit
low-dimensional chaos.

Sepulichre and Babloyantz (1993) extended the OGY
control technique to stabilize the chaotic oscillations of 2 9 x
9 network of coupled osciliators in a numerical experiment.
At nonzero coupling the dimensionality of the network was
determined not to be low, suggesting a very large number of
unstable degrees of freedom. Several unstable periodic mo-
tions of the network were found and subsequently stabilized
by small periodic microkicks to every oscillator. (As in the
PPF technique, the perturbations were applied to the vari-
ables, not to the parameters.)

Is distributed control necessary to control a network of
oscillators? s a subnetwork of controtling nodes sufficient?
Four numerical experiments and one recent physical expen-
ment suggest that global control of certain convectively un-
stable media may be achieved locally. Gang and Kaifen
{1993) successfully employed negative feedback to control
an anisotropic one-dimensional open system described by a
partial differential equation. One technique was to inject a
monochromatic wave (feedback in k-space). A second tech-
nique was to pin the system at one place in space (feedback
in x-space). In each case, the local control propagated
throughout the entire system.

Similarly, Auerbach (1994) succeeded in controlling a
chain of asymmetrically coupled quadratic maps. In this
:ase, controllers were distributed periodically in space, each
perturbing a local parameter based on local measurements.

The local control was convected downstream.

Aranson, Levine, and Tsimring (1994) proposed a tech-
nique for controlling certain isotropic convectively unstable
media. These media include unstable defects which can
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break up and nucleate more defects. (Certain models of car-
diac tissue are examples.) Control was obtained by stabiliz-
ing one such defect which then swept all chaotic fluctuations
away.

Recently, Johnson, Locher, and Hunt (1995) stabilized
wave patterns in a convectively unstable medium, in both a
physical and a numerical experiment. Their apparatus con-
sisted of 32 coupled diode resonator circuits driven by 2 70
kHz sinusoidal source. A single controller at the first diode
resonator was able to stabilize the 32-element array. Johnson
et al verified their results in a numerical experiment involv-

ing the control of coupled logistics maps.
Thus, to date local control begets global control ouly in

special media.

6. CONCLUSION

Because nonlinear systems can exhibit chaos, they admit
possibilities and opportunities that simple systems do not.
Nonlinear systems and chaotic networks can be thought of as
infinite reservoirs of unstable periodic motions. Nonlinear
design can exploit these possibilities. It is likely that pract:-
cal chaos control will utilize some or all of the techniques
reviewed here. We are excited about the future of chaos
control, and hope to encourage nonlinear thinking and non-
linear design.
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Adaptive control and tracking of chaos in a magnetoelastic ribbon
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We have implemented the tracking of unstable orbits using the full control method of Ott, Grebogi, and
Yorke (OGY). (Previous implementations have used only limiting cases of the OGY method.) The implemen-
tation is achieved in a mechanical system, the magnetoelastic ribbon. In addition, a method is demonstrated

whereby the OGY control parameter may be optimized using only experimentat data.

PACS number{s): 05.45.+b, 75.80.+q

The control of chaotic systems has generated tremendous
interest in the scientific community. Since the pioneering
work of Ott, Grebogi, and Yorke {1] demonstrated that cha-
otic systems could be readily controlled (OGY method), an
enormous amount of work has demonstrated that the control
of chaos provides a powerful tool for anyone attempting to
manipulate chaotic systems (for a review see Refs. (2,3]).
Recently adaptive control techniques known as tracking have
been devised to extend the reach of control of chaos tech-
niques to account for a problem encountered by applied sci-
entists and engineers known as drift or nonstationarity.
Schwartz and Triandaf [4] devised an extension to the OGY
method which adaptively tracks and maintains control of un-
stable periodic orbits through large parameter changes. Re-
cent experiments have dramatically demonstrated successful
tracking in circuits [5], lasers (6}, and, in a remarkable ex-
periment by Petrov and collaborators, in the Belousov-
Zhabotinksy (BZ) chemical reaction [7]. The tracking proce-
dure as implemented in electronic circuits by Carroll et al.
[5] and in multimode lasers by Gills et al. [6] is based upon
the occasional proportional feedback method (OPF) of chaos
control, a limiting case of the OGY method [6]. The imple-
mentation of tracking in the BZ reaction [7] is founded on a
one-dimensional map-based chaos control algorithm which
is a one-dimensional simplification of the OGY algorithm

1063-651X/95/51(4)/2689(4)/$06.00 51

particularly well suited for use in a low-dimensional, highly
dissipative chaotic system in combination with Petrov’s sta-
bility analysis routine.

The main contributions of this paper are the following: (1)
experimental demonstration of tracking based on the classic
OGY chaos control algorithm; (2) experimental demonstra-
tion of tracking in a mechanical system; and (3) an adaptive
and very general method of optimizing QOGY control that
requires very little additional computation and work.

The experimental system consisted of a gravitationally
buckled, amorphous magnetoelastic ribbon driven parametri-
cally by a sinusoidally varying magnetic field [8]. The ribbon
is clamped at its lower end and its position is measured at a
point a short distance above the clamp. The Young’s modulus
of the ribbon can be varied by more than a factor of 10 by the
application of an external magnetic field. We apply an ac
magnetic field of amplitude H, and frequency f added to a
dc field of amplitude H,., such that H,.4()=H,
+H . sin(27fr). In this experiment we choose f=1.18 Hz,
H,.=1.05 Oe and typically H 4, is between —1.02 and —1.80
Oe. To implement the OGY control algorithm, we measure
the position &; of a point on the ribbon once every driving
period. We then construct a delay coordinate embedding by
plotting the current position £; vs £, 4, where d is the delay.

R2689 © 1995 The American Physical Society
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Evidence for Determinism in Ventricular Fibrillation
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Using a recently formulated technique for in vive cardiac transmembrane current estimation, we
examined ventricular fibrillation for evidence of deterministic linear and nonlinear structure. Both
unstable fixed point analysis and a newly formulated measure of nonlinear determinism indicated that
ventricular fibrillation in vivo exhibits deterministic dynamics similar to those previously used in chaos

control.

PACS numbers: 87.22,—q, 05.45.+b, 87.45.Bp

Ventricular fibrillation (VF) is a frenzied and irregular
heart rhythm disturbance that renders the heart incapable
of sustaining life [!]. VF is always fatal within minutes
unless externally terminated by the passage of a large
electrical current through the heart muscle. The use of
“chaos control” techniques to stabilize small patches of
heart tissue has been reported [2], and recent theoretical
work suggests that similar strategies may be applicable to
spatially extended systems such as ventricular fibrillation
(VF) in the whole heart [3].

In prior analysis of experimentai data VF has often been
treated as a random and irregular process. This approach
precludes the development of feedback control strategies
that would use small stimuli to terminate VF. For this rea-
son, it is important to uncover any deterministic dynamics
that underlie VF. Here we report that by using a new tech-
nique for measuring cardiac transmembrane current ([}
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in vivo [4,5], and by applying recently developed meth-
ods for the identification of deterministic structure in
time series [6], we have found evidence for deterministic
dynamics in VF. The same sort of dynamics has been suc-
cessfully exploited in the control of physical and biologi-
cal chaotic systems {2,714}, The presence of observably
deterministic dynamics from excitable cardiac tissue has
been controversial [15-20].

Our experimental preparations consisted of open-chest
anesthetized dogs, whose hearts were studied in vivo af-
ter VF was electrically induced [5]. [/, Was measured
from ventricular epicardium without cell disruption. Us-
ing this experimental technique, we have recently been
able to reliably differentiate propagated electrical activa-
tion from passive electrotonic alterations [5]. This ef-
fectively identiftes local electrophysiological events for
subsequent analysis. The ratio of the areas derived from
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{a) Return plot of the time series generated by the ratio of negative to positive area A{¢) under the transmembrane current

for a typical 1 min interval of in vive ventricular fibrillation illustrating the local structure of the chaotic attractor. The range
of data displayed was narrowed to more clearly demonstrate the points contributing to the local structure. Note the flip saddle
structural appearance for points 23 through 29. Coordinates for the calculated unstable fixed point (FP), stable eigenvalue (A,), and
unstable eigenvalue {A,} for this visitation of the unstable fixed point are provided above the plot. Diagonal dashed line is the line
of identity [A(i + 1) = A(i)]. (b} Another saddle structure [points 143 146] generated by a second representative VF time series

with abbreviations as in (a).
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the inwardly and outwardly directed I, A(i), as well  center of the saddie, and stable and unstable manifolds that
as the deflection-to-deflection interval D(i), was com- intersect at the fixed point. In a two-dimensional plot of
puted for each nonelectrotonic deflection [ie., A(i) > this kind, the slopes of the stable and unstable manifolds at
0] during VF, where i = 1,2,..., indexes the deflec- the fixed point are numerically equal to the eigenvalues of
tion number. The 30 episodes of VF analyzed provided their respective manifolds at the fixed point. If the state of
17 125 deflections for analysis. the system, as represented by a point in the [A(i), A(i + 1)]
Initial examination for evidence of determinism in these  plane; is quite close to the stable manifold but not close to
time series involved return plots of A(i + 1) versus A(i)  the fixed point, subsequent iterates will first move closer
and of similarly plotted interval data during the course  toward the fixed point along the stable manifold and then
of VF (see Fig. 1). The shape of the cloud of points in  move away along the unstable manifold as indicated in
such a two-dimensional plot does not reveal any simple  the sequences shown in Fig. 1. In analyzing experimental
dependence of A(i + 1) on A(i). However, the sequence  data, where the directions or even the existence of the
of points does suggest the existence of a deterministic = manifolds are not known a priori, we invert the above
mechanism involving an unstable fixed point [2,7-10]. A  logic and use the presence of such a sequence of points
fixed point may occur only when A{i + 1) = A{i). as the initial evidence for the existence of a fixed point
A type of unstable fixed point often encountered in  and related stable and unstable manifolds.
chaotic systems is a “saddle.” There is a fixed point at the
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FIG. 2. Time series for the Henon map, {x(i + 1} = 1.4 + 0.3y{i) — x()% »(i + 1) = x(i)}, with seven visitations (o the fixed
point automatically detected by scanning the time series (vertical lines). Return plots for the first four visitations presented below
with their respective stable and unstable manifolds. For the Henon map, the unstabie fixed point is known to be characterized by
fixed point = 0.884, A, = —1.924. From scanning the time series FP = 0.882 = 0.0002 and A, = —1.973 = 0.007. The second
time series, labeled Surrogate |, is an exampte of one of the 10 surrogates formed from the Henon time series. When this surrogate
time series is scanned, four putative fixed points are obtained, which demonsirate a marked variation in both fixed point location
and architectuce. Statistical significance between this Henon time series and the mean of 10 surrogates was found to have a sigma
value >50. When varying amounts of white noise were added to the Henon data, the ability to discern a difference between it and
its surrogates deteriorated; at 20% added noise the sigmal value = 3.6, and at 25% added noise it was less than 3.
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FIG. 4. (a} Interdeflection interval D({) time series (top
frame), and two surrogate data time series with the same
histogram and autocorrelation function. (b) The return plot
D{i + 1) versus D{i) for the time series in (a). (c) ¢ versus r
(calculated as previously described [6]) for the D{r) time series
{open circles) and 10 surrogate data sets. The considerable
spread of the surrogates for small 7 is due to the short length
of the time series. The projection to e(r = () is shown on
the left-hand axis. An imbedding dimension of 3 is used here.
{d) e(r = 0" versus embedding dimension for the D{i) time
series (open circles) and the surrogates. The bottom frame
shows the deviation of e(r = () of the D(i) time scries from
the mean of e(r = 0) of the surrogates, in terms of the standard
deviation of the surrogates. A deviation of >3 standard
deviations at embedding dimension 3 was the criterion used for
statistical significance.

analyzed the A(i} and D(i) time series using two other
nonlinear statistics: mean log prediction error and corre-
lation dimension [21]). Similar overall results were ob-
tained. The increased proportion of positive results when
compared to the unstable fixed point analysis most likely
reflects the improved noise immunity of the technique. As
an example, the evidence for nonlinear determinism was
readily detected in the Henon data with additive noise lev-
els of up to 50%, but significance by the unstable fixed
point technique could only be demonstrated up to 20%
added noise.

The two complementary approaches described above,
one of which tests for local determinism and the other
for global determinism, clearly indicate that there are
strong deterministic components t¢ VF. The deterministic
components are similar to those 1dentified in other chaotic
systems in which control was possible [2,7-10]. A major
point of this study is that VF is perhaps not best understood
in terms of the low-dimension versus high-dimension

paradigm that has dominated nonlinear dynamics data
analysis for the past decade. Instead, we present evidence
that VF contains episodes of simple dynamics interwoven
with a background of much more complicated dynamics.
Although the work here suggests that the dynamics of
VF might be amenable to chaotic control techniques, the
practical implementation of such control is still highly
speculative and will present significant challenges.
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CONTROLLING
CHAOS

The extreme sensitivity and complex behavior that
characterize chaotic systems prohibit long-range prediction of
their behavior but paradoxically allow one to control them
with tiny perturbations.

Edward Ott and Mark Spano

A violent order is disorder; and
A great disorder is an order. These
Two things are one.
—Wallace Stevens, Connoisseur of Chaos (1942)

Scientists in many fields are recognizing that the systems
they study often exhibit a type of time evolution known
as chaos. Its hallmark is wild, unpredictable behavior, a
state often perplexing and unwelcome to those who en-
counter it. Indeed this highly structured and determinis-
tic phenomenon was in the past frequently mistaken for
noise and viewed as something to be avoided in most
applications. Recently researchers have realized that
chaos can actually be advantageous in many situations
and that when it is unavoidably present, it can often be
controlled to obtain desired results. In this article, we
present some of the basic ideas behind the feedback control
of chaos, review a few illustrative experimental results
and assess the status and future promise of the field.!

Dynamical systems

A dynamical system is one whose evolution is determinis-
tic .n the sense that its future motion is determined by
its current state and past history. The system may be as
simple as a swinging pendulum or as complicated as a
turbulent fluid.

Figure 1 shows a simple mechanical system set up at
the Naval Surface Warfare Center by William Ditto, now
at the Georgia Institute of Technology, and his coworkers.
The system consists of a magnetoelastic metal ribbon
clamped at its lower end. The Young’s modulus of the
ribbon can be decreased by more than an order of mag-
nitude by applying a magnetic field parallel to the ribbon,
thereby causing it to buckle.? This highly nonlinear sys-
tem is placed in a vertical magnetic field of the form H(f)
= H, + H,cos(2mft), where f is on the order of 1 hertz.
The position of one point on the ribbon is monitored by
an optical sensor located at a spot near the ribbon’s base.
With appropriate choices of the dc and ac field amplitudes,

EDWARD OTT isa pro essorofzbynd' and of electrical
engineering and a memj;er of the Institute for Plasma Research
and the Institute for Systems Research at the University of
Maryland, College Park. MARK SPANO is a senior research
physicist at the Naval Surface Warfare Center, in Silver Spring,
Maryland, and a visiting scholar at the Applied Chaos
Laboratory of the Georgia Institute of Technology, in Atlanta.
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the temporal motion of this simple system is observed to
be chaotic. Here time is a continuous variable £. In other
dynamical systems time can be a discrete integer-valued
variable n. A continuous-time dynamical system like the
ribbon tan be represented by ordinary differential equa-
tions.

An example of a discrete-time dynamical system is a
d-dimensional map,

Yrul:G(yn) (1)

where y is d-dimensional. Given an initial condition y,
at time n = 0, the system state at time n = 1 is y, = G{y,);
at time n = 2, it is y, = G{y;); and s0 on.

Physicists are used to dealing with continuous-time
systems. Newton's equations of motion, Maxwell’'s equa-
tions and Schridinger's equation are all fognulated in
continuous time. However, continuous-time dynamical
systems can often profitably be reduced to discrete-time
gystems.

For example, assume that we sample the state of the
periodically driven magnetoelastic ribbon (figure 1) once
every drive period—at the times ¢=T7, 27T, 3T,... nT,
where T=1/. Then y, denotes the system state at time
nT. Because the system is deterministic, the state at time
{n + DT is uniquely determined by the state at time n7.
That is, an equation of the form of equation 1 holds. It
turns out to be quite easy to do this sampling for driven
experimental systems by strobing the experimental data
acquisition at the drive frequency.

In experiments it is sometimes difficult to measure
the full state vector of the system. As an extreme exam-
ple, assume that one can measure only a single scalar
function of the system state. In this case, it has been
shown that a delay coordinate embedding provides a useful
representation of the system state® For example, for a
discrete-time system, if the observed scalar is w,, then
the delay coordinate vector W, replaces the vector y, from
equation 1, where

wn=[wm We_y, Wy25 - -wn—(q—l]] (2)

The number of delays g should be large enough to
reproduce the dynamics of the system. Essentially the
information contained in a measurement of all of a sys-
tem's variables at a single time is reconstructed from
measurements of a single variable at ¢ different times.

A common feature of (non-Hamiltonian) dynamical
systems is the presence of “attractors.” If typical initial
conditions located in some region of phase space (or a
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delay coordinate embedding) approach a set of values
asymptotically with time, we call that set the attractor.
A chaotic attractor is a geometric object that is neither
pointlike nor space filling. Chaotic attractors typically
have fractal (noninteger) dimensions and so are often

called strange attractors. Figure 2b shows a chaotic
attractor (gray) from the magnetoelastic ribbon experi-
ment pictured in figure 1. All initial conditions eventually
evolve into motion confined to this set of points.

Once on the attractor, the system state bounces
around it ergodically. That is, the state eventually comes
arbitrarily close to any point on the attracting set. Even
when the actual state space dimension, {the dimensional-
ity of vy in equation 1) is large (or, as in the case of a
spatially continuous system like the ribbon, infinite), the
fractal dimension of the strange attractor is often fairly
low (between 1 and 2 for the ribbon attractor in figure
2b). For the most part, chaos control techniques have
been formulated and implemented for low-dimensional
strange attractors (attractor dimensions less than four or
five), and we will limit our discussion to this situation.

Sensitivity and orbit complexity

The two most common ways of characterizing chaos are
exponential sensitivity and orbit complexity. These are
not independent properties, but rather two sides of the
same chaos coin. Either may be viewed as a way of
defiming chaos.

MAGNETOELASTIC
RIBBON that undergoes
chaotic motion. The
10-C1n-‘long metallic
glass ribbon changes its
Young’s modulus by
more .than an order of
magnitude h:;ll response
to an appls netic
Geld The relatod
change in its stiffness
causes it to buckle
under the force of
gravity. An optical
SeNSOr measures its
position at a single
potiiit near its base once
each drive period.
FIGURE 1

Exponential sensitivity refers to the fact that if we
consider two chaotic orbits initially displaced only slightly
from each oth.r, then the displacement between the two
orbits grows exponentially with time. What might have
been a very tiny separation between the orbits eventually
becomes a large displacement (on the order of the attractor
size). Thus small errors eventually defeat any attempt
to predict the exact longtime evolution of a chaotic system.

Orbit complexity means that many different kinds of
motion are possible on a chaotic attractor. One manifestation
of this is that chaotic attractors typically have embedded
within them an infinity of unstable periodic orbits. By a
periodic orbit we mean an orbit that repeats itself after some
characteristic time. The colored regions in figure 2b mark
the location of periodic orbits on the attractor. In particular,
an initial condition y, in the center of the green dots maps
to a y, located at the same point, y, = ¥, which maps to a
¥ also at the same point, ¥, = ¥;; this point is a period-one
orbit. An initial condition in the center of one of the red
regions maps to the center of the other red region and then
back to the original red region; the orbit cycles repeatedly
between the two red regions, which makes it a period-two
orbit. The four blue regions in figure 2b show the location
of a period-four orbit.

The periodic orbits embedded in a chaotic attractor
are all unstable in that if one displaces the system state
slightly from a periodic orbit, this displacement grows
exponentially in time. Thus periodic orbits are typically
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presence of chaos can be an advantage. Any one of a
number of different orbits can be stabilized, and one can
select the orbit that gives the best system performance.
Thus we have the flexibility of easily switching the system
behavior by controlling a different periodic orbit. On the
other hand, if the attractor is not chaotic but is, say,
periodic, then small perturbations typically can change
the orbit only slightly. We are stuck with whatever
system performance the stable periodic orbit gives, and
we have no option for substantial improvement, short of
making large alterations in the system.

To be concrete, one might wish te build chaos into a
system for the same reason that the newer “fly-by-wire”
fighter planes are designed to be unstable: The built-in
instability gives the planes more maneuverability and lets
them respond quickly to the pilot's commands. In a
similar fashion, building chaos into a system might provide
it with more flexibility than would otherwise be possible.

Methods for controlling chaos

There are various methods by which one may control a
chaotic system. One such method is based on the fact
that the points on the attractor do not bounce around
randomly, but instead approach and depart from the
vicinity of unstable periodic orbits in a highly structured
fashion. In a region near each periodic orbit, the system
state point tends to move toward the periodic orbit from
certain positions (stable manifolds) and to move away from
the periodic orbit from other positions (unstable mani-
folds). The exponentially increasing speed with which the
state point moves in each direction is governed by the

stable and unstable eigenvalues, reapectively.

For simplicity, consider a two-dimensional map that
has one stable direction (implying an eigenvalue with
magnitude less than unity) and one unstable direction
(with eigenvalue greater than unity). This situation is
analogous to a ball rolling under the influence of gravity
on a saddle-shaped surface. Chaos control reduces to
finding.a way to move this saddle so that the ball remains
balanced on the saddle's (unstable) equilibrium point.

The procedure goes as follows (see figure 3): When
a point begins to move away from the desired periodic
orbit (the saddle’s equilibrium point) along the unstable
manifold, we shift the saddle slightly (by perturbing some
gsystem parameter) so that the point now lies on the stable
manifold. The natural motion of the system wili now tend
to move it toward the unsiable periodic point rather than
away from it. In a perfect world we could turn off the
perturbation when the system arrives at the desired pe-
riodic orbit. But small errors in our control calculations
and the noise inherent in any experimental system will
tend to knock the system off this desired orbit again, so
we will repeat the previous step as needed to keep the
system under control.

An important point to remember is that this procedure
does not require a model of the system. All that is needed
is to determine experimentally the local geometry around
the chosen unstabie periodic point: the position of the
saddle, the stable and unstable directions, the steepness
of these directions (that is, the stable and unstable eigen-
values) and, finally, the shift in the position of the saddle
with a small change in some system parameter. As has
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-« = The relevance, of thete’ .10 suéh bénisdeszire disbrdory a epilepdy  not clear. Tt may be thab iisiolling !
«bussts to make theq mote iy, actually increape.the seizare dctivity. Asan almenative, we implen Sehnique
L T for the maintenance of chaos in this gj¥efs, Somedd
3 : .. dubbed *anticantrol,” this technigye s setdally o form
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DIODE RESONATOR DATA. The system
consists of two coupled diode resonators, each a
series combination of an inductor and a p-n
junction diode. It is driven sinusoidally at
50-100 kHz. a: Poincaré section formed by
sampling the currents through the two
branches each drive cycle. b: Stabilized
period-62 orbit. Only half of the attractor is
shown. (Courtesy of Earle Hunt, Ohio
University.) FIGURE 4

approach, based on the work of Ute Dressler
and Gregor Nitsche of the Daimler-Benz
Research Institute in Germany,* uses a re-
cursive method to make available a wider
choice of system parameters for control.

Heart tissue. An experiment on an in
vitro rabbit heart septum used the drug
ouabain to induce arrhythmias in the
autonomous beating of the heart tissue® A
discrete-time embedding was constructed
using the intervals between heartbeats as
the system variable of interest. For this
induced arrhythmia, the presence of deter-
ministic chaos was confirmed by the obser-
vation of repeated approaches of the system
state to a period-one orbit, with each ap-
proach along the same stable direction and
with corresponding departures along the
same unstable direction. In this case, how-
ever, it was not possible to find a system
parameter that would move the system state
point onto the stable manifold. But it was
possible to intervene directly in the system
by injecting a premature heartbeat at an
interval timed to place the system state
point onto the stable manifold. The dynam-
ics of the system then naturally tended to
carry it toward the (unstable) pericd-one
motion. However, because it was possible
only to shorten the interbeat interval and
not to lengthen it, the control achieved was,
at best, period three. Further control ex-
periments are studying an artificially per-
fused canine heart undergoing ventricular
fibrillation.?

New directions

The arena of chaos control is growing at an accelerating
pace. Here we present some new directions; one of the
more exciting and controversial results appears in the box
on page 37.

Communications. In work by Scott Hayes and his
coworkers at the Army Research Laboratory, a chaatically
behaving oscillator is manipulated by a small control so
that the oscillator output can carry information. As an
example, they controlled a signal from an oscillator whose
free-running state is a sequence of positive and negative
peaks. Taking these peaks to represent the binary digits
1 and 0, respectively, they used the controlled signal to
encode information.!® The same idea should be applicable
to other kinds of signal sources, such as a chaotic laser.

Tracking. One situation often encountered in ex-
periments is that the system undergoes some slow change
with time (sometimes called “drift”), either intentionally

or unintentionally. Once chaos control has been estab-
lished, an important concern is whether it will be possible
to maintain control despite this drift. Recent methods
developed by Ira Schwartz and his coworkers at the Naval
Research Laboratory accommeodate such slow changes by
tracking the location of the controlled unstable orhit as
well as its stability properties.!!

This tracking technique has been used by Tom Carroll
and his coworkers (also of the Naval Research Lab) in an
electronic circuit, by Zelda Gills and her coworkers at
Georgia Tech in a multimode laser system, by Valery
Petrov and his coworkers at West Virginia University in
the B-Z reaction and by Visarath In and his coworkers
at Georgia Tech in the magnetoelastic ribbon.!2

Targeting. As we saw in the ribbon experiment, it
might take an unacceptably long time for the ergodically
wandering, uncontrolled system to come close enough to
the desired orbit to be captured by a small control. Given
an initial condition A and a small target region B, how
can we apply small controlling perturbations in such a
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LETTERS TO NATURE

Taming spatiotemporal chaos
with disorder

Y. Braiman*T, John F. Lindner*
& WilHam L. Ditto*

* Applied Chaos Laboratory, Schoot of Physics,
Georgia Institute of Technology, Atlanta, Georgia 30332, USA
1 The College of Wooster, Wooster, Ohio 44691, USA

DisorDER and nwise in physical systems usually tend to destroy
spatial and temporal regularity, but recent research into nonlinear
systems provides intriguing counter-examples. 1n the phenomenon
of stochastic resonance', for example, the presence of noise
improves the ability of some nonlinear systems to transfer informa-
tion reliably. Noise can also remove chaos in a model oscillator®,
and facilitate synchronization in an extended array of bistable
elements’. Here we explore the use of disorder as a means to
control spatiotemporal chaos*™ in coupled arrays of forced,
damped, nonlinear oscillators. Chaotic behaviour in spatially
extended systems, especially in biology and physiology""", might
be amenable to control, as occurs in low-dimensional temporaily
chaotic systems'"'”. In our numerical experiments, one- and two-
dimensional arrays of identical oscillators behave chaotically, but
the introduction of slight, uncorrelated differences between the
oscillators induces ordered motion characterized by complex but
regular spatiotemporal patterns.

If our oscillators are identical. then vur arrays are chaotic.
{ Nearby trajectories in the phase space of the array diverge expo-
nentially, as measured by a positive Lyapunov cxponent). Mak-

+ Present address: School of Physics. Emory University, Atlanta. Georgia 30322, USA.
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ing the oscillators non-identical by introducing disorder into a
parameter that characterizes their behaviour, removes the chaos
and freczes-in complex spatiotemporal patterns by frequency-
locking the motion to harmonics and subharmonics of the for-
cing. (Frequency-locking is distinct from phase-locking: the for-
mer tames chaos whereas the latter need not, as a synchronized
array may be chaotic.) This phenomenon appears robust with
respect to both the parameter range and the size and realization
of the disorder. In fact, when we numerically calculate the lead-
ing Lyapunov exponent of the array as a function of the size of
the disorder, we find large regions in parameter space where
disorder leads to complete {requency-synchronization of the
array. Moreover. we have observed this effect in multiple
systems.

To demonstrate the phenomenon clearly, we first suggest an
intentionally simple example. We consider a one-dimensional
array (or chain) of forced. damped, nonlinear pendula governed
by the equation

ol 8, + y0,= —mgl, sin 0,4+ T+ 7 sin @
+(8,. — )+ k8, —8)

wheren=1.2..... N. and where the ends are free (6, =8, and
8., = 8., For simplicity. we take the acceleration due to grav-
ity g¢=1.0 and the mass of the pendulum bob m=1.0. Other
parameters are damping ¥ =0.75, length £, = 1.0, d.c. torque ¢' =
.7155, a.c. torque r = 0.4, angular frequency @ =0.25, coupling
x =0.5 We numerically integrate the equations of metion using
a fourth-order Runge Kutta technique with a time step d/ =
T 2.500, where T=1n w.

Each isolated (uncoupled) pendulum operates in a region of
purameter space consisting of a region of chaotic orbils separat-
ing regions of qualitatively distinct periodic orbits. The default
length /= 1.0 results in chaotic motion, characterized by a posi-
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tive Lyapunov expenent. Shortening the pendulum results in an
overturning motion, a ‘rotation’, wherein the applied a.c. and
d.c. torques combine to rotate the pendulum 360° over the top.
Lengthening the pendulum results in a non-overturning motion,
a 'libration’, wherein the applied torques are insufficient to fully
overcome the pendulum'’s increased rotational inertia.

Figure | depicts the continuous spatiotemporal evolution of
arrays of N =128 pendula. Time increases from left to right. The
colours code the angular velocities of the pendula; red indicates
negative velocities and blue positive velocities; the saturation of
the colours decreases 10 zero (white) as the angular speed
decreases to zerc. Thus narrow bands of red and blue lines rep-
resent sudden rapid motion of the arrays. Figure la depicts an
example of the evolution of a homogeneous array. The predomi-
nance of blue over red is a consequence of the d.c. term in the
torque. The evolution not only appears disordered but is in fact
chaotic: the system is characterized by a positive leading Lya-
punov exponent. The subsequent panels depict what happens
when the array is disordered by uniformly varying the lengths
of the pendula.

Figure 1b depicts one example of introducing a uniform and
symmetric disorder of +20% so that the pendula lengths are
uniformiy distributed in the interval {0.8, 1.2]. After a short
transient (not shown). a relatively simple but non-trivial pattern,
periodic in space and time, emerges. This pattern repeats every
two forcing periods. as indicated by the horizontal black bar.
Figure ¢ depicts a second example of +20% disorder. Operating
on a different random realization of lengths, and beginning with
a different set of random initial conditions. the array self-organ-
izes a more complex spatiotemporal pattern, one that repeats
every 20 forcing periods. Finally. Fig. id depicts an example of

.
»'

bowr
rablFun,

FIG. 1 Spatiotemparal evolution of chains of N =128 coupled pendula.
Time increases continuoustly from left to right. The colours code angular
velocities; blue indicates positive velocity and red negative velocities.
Horizontal black bars indicate the length {(a. b) or half length (¢, d) of
periodic spatiotemporal patterns. Parameters are: y=0.75, r'=
0.7155, r =04, ©=0.25, T=2513, x=0.5.
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introducing a uniform and symmetric disorder of +10% so that
the pendula lengths are uniformly distributed in the interval
[0.9, 1.1]. This trial resulted in an especially complex pattern.
Although the bottom edge of the array repeats every forcing
period, other segments repeat every three, four, six and twelve
forcing periods, so that the entire array repeats every 24 periods.
Through repeated trials we can thus obtain a rich variety of
periodic spatiotemporal pat erns. .

If we disorder the penduli asymmetrically, by either shorten-
ing all of them or lengthening all of them, then either rotation
or libration dominates the motion. If the lengths are decreased,
a fraction of the pendula rotate easily and these quickly entrain
the others until the entire array is rotating end-over-end in uni-
son. I the lengths are increased, a fraction of the pendula only
librate and these quickly inhibit the others from rotating.

We have obtained similar results in higher dimensions. Figure
2 illustrates a two-dimensional example of a square array of
128 x 128 pendula. Here each pendulum is coupled to its four
nearest neighbours. We represent the angular velocities of the
square array once for each forcing period. Introducing +20%
spreadsin the pendula lengths converts the chaotic motion of the
homogenecus array (forcing periods 17-24) into the complex
periodic motion of the inhomogeneous array (forcing periods
91-98). Large areas of the array repeat after two forcing periods,
whereas some small regions repeat after three or four forcing
periods.

We have observed similar phenomena in other extended sys-
tems. For example. in numerical experiments (Y.B.. J.F.L. and
W.L.D., manuscript in preparation), we have used nonuniform
realizations of disorder to convert the chaotic motion of a homo-
geneous array of forced damped Duffing oscillators, described
by £+ pE,=kx—k'x'+ A sin @+ (X000 — X )+ KXo X)),
into the periodic motion of the corresponding inhomogeneous
array. In one example the oscillators of the homogeneous but
chaotic array freely explore both wells of the Duffing double-well
potential. However, introducing the appropriate inhomogeneity
localizes all the oscillators in a single well, thereby regularizing
the motion.

We should .ike to distinguish two elementary mechanisms by
which disorder may stabilize a chaotic system. One mechanism
requires small but non-zero disorder, whereas the other may
involve arbitrarily large disorder. We have observed both these
mechanisms at work in the pendulum array and Duffing array
in different parameter regimes. (In fact we believe that both
mechanisms are involved in the formation of the patterns in
Figs ! and 2). The first mechanism can be best understood by
considering the topology of a system’s dynamical attractors. An
extended system occupies a large many-dimensional parameter
space, including all the parameters of the individual components
of the system. If the system is dissipative, every neighbourhood
in parameter space Is typically asgociated with very many
dynamical attractors. Disordering the system by changing its
parameters moves it in parameter spack and consequently trans-
forms its attractors, Often even a small\amount of disorder can
shift the dynamics from a chaotic attractor to a nearby periodic
attractor. (This topological feature of attractors is often ex-
ploited in the control of chaos.) The disorder needed to stabilize
a chaotic array depends on both the distance and the direction
in parameter space to the nearest periodic attractor. These are
controlled by the magnitude and the distribution of the disorder.
In our pendulum array, two simple but gualitatively distinct
periodic motions, namely synchronized libration and synchro-
ntzed rotation {both following the external a.c. drive), exist
ncarby in parameter space and can be reached by lengthening or
shortening all the pendula. Many complex nonchaotic motions
(attractors), like the ones depicted in Fig. 1 also exist nearby in
parameter space and these can be reached by shortening some
pendula and lengthening others. For this mechanism to work,
it is not essential to remove some or all of the pendula from
their chaotic tegimes. Indeed, we have succeeded in stabilizing
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FiG. 2 Spatiotemporal evolution of a grid of N=128x128
coupled pendula. The time evolution is ‘strobed’ once each
forcing period T. Disordering the grid convens chactic motion
{top) into periodic motion (bottom). The colours and param-
eters are the same as in Fig. 1.

an array while keeping all the pendula in their chaotic regimes.
We obtained this result by creating a simple example of nine
different pendula each of which is chaotic when uncoupled but
all of which form a periodic array when coupled.

The second simple mechanism by which disorder may stabilize
4 chaotic array can involve arbitrarily large perturbations. Dis-
order can be used to remove some of the oscillators of an array
from their chaotic band. thereby creating distinetly different
populations of osaillators, The periodic population can fock the
remaining chaotic population to the external a.c. drive, thereby
creating peniodic sotutions to the equations of motion. (To dem-
onstrate the possibility that coupling stable and unstable naps
can yield a stable solution one can analyse the simple linear map
Xt (G, )+ KX, -~ x.}. The uncoupled maps
u#,.=0 have fixed points x,=0 that are stable if H.<1 and
unstable if y4,> 1. The coupled maps have a stable fixed point
.. =0 even when some p, > 1.) This second mechanism does not
restrict the size of the disorder. Indeed. we found an example,
in a different pendulum array, in which 75% uniform disorder
optimizes spatiotempordl order by minimizing the leading Lya-
punov exponent.

Disorder can tame chaos and foster periodic patterns, We
hope that this work will stimulate further study into the regular-
izing and pattern-forming potential of disorder in extended Sys-
tems. This phenomenon is possible in sitwations where arrays

of nonlinear elements have a natural or unavoidable spread of

features. Our results suggest that the role of disorder in spatiatly
exlended systems may be less of a randomizing influence than
an intrinsic mechanism of patiern formation. self organization
and control. 1
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Controlling chaos in the brain

Steven J. Schiff , Kristin Jerger , Duc H. Duong’, Taeun Chang’,

Mark L. Spano’ & Willlam L. Ditto’
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and The George Washington University School of Medicine, Washington DC 20010, USA
t Naval Surface Warfare Center, White Oak Laboratory, Silver Spring, Maryland 20903, USA
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In a spontaneously bursting neuronal network In vitro, chaos can be demonstrated by the
presence of unstable fixed-point behaviour. Chaos control techniques can increase the
periodicity of such neuronal population bursting behaviour. Perlodic pacing Is also effective
in entraining such systems, although In a qualitativeiy different fashion. Using a strategy of
anticontrol such systems can be made less periodic. These techniques may be applicable to

in vivo epileptic foci.

FoLLowinG the recent theoretical prediction that chaotic
physical  systems might be controllable with  small
perturbations'”, there has been rapid and successful application
of this technique to mechanical systems’, electrical circuits®,
lasers® and chemical reactions®’. Following the demonstration
of the control of chaos in arrhythmic cardiac tissue®, there are
no longer any technical barriers to applying these techniques to
neural tissue.

One of the hallmarks of the human epileptic brain during
periods of time in between seizures is the presence of brief bursts
of focal neuronal activity known as interictal spikes. Often such
spikes emanate from the same region of brain from which the
seizures are generated but the relationship between the spike
patterns and seizure onsets remains unclear’*®. Several types
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of in vitro brain slice preparations, usually after exposure to
convulsant drugs that reduce neuronal inhibition, exhibit popu-
lation burst-firing activity that in many ways seems analogous
to the interictal spike'’. One of these preparations is the high
potassium concentrauon ([K"]) model, where slices from the
hippocampus of the temporal lobe of the rat brain (a frequent
site of epileptogenesis in the human) are exposed to artificial
cerebrospinal fluid containing 6.5-10 mM [K*)". After expo-
sure to high [K'], spontaneous bursts of synchronized neu-
ronal activity originate in a region known as the third part
of the cornu ammonis or CA3 (ref. 13). Impulses from the
CA3 bursts are propagated through a recurrent collateral fibre
tract (the Schaffer collateral fibres) from CA3 to CAl, where
electrographic seizure-like discharges can frequently be
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observed'*. A detailed computer model of the high [K']
burst discharges in CA3 successfully replicates many of the
experimental findings'® (reviewed in ref. 16). Although it is
difficult to identify determinism in long time series of such
bursting activity using nonlinear prediction techniques, some
evidence of determinism was recently identified'™'®. We sought
to determine whether such neuronal bursting activity was
amenable to control.

There have been substantial efforts to influence neuronal acti-
vily with electric fields and currents. Regarding the in vitro
hippocampal slice, brief direct current (d.c.) currents from nen-
polarizabie electrodes in the perfusion bath can influence the
cvoked excitability of pyramidal cells in normal [K*] when the
electric fields are suitably oriented'®. Apparently similar effects
can be achieved with brief currents from monopelar polarizable
microelectrodes placed directly into the tissue®™®?'. To our know-
ledge the use of electrical stimulation to entrain spontaneous
burst discharges from CA3 in high [K*] has not been attempted,

a Stimylation electrode
Schalfer coilateral librest

Recording
elecirode

Pyramidal cells Denlate granuie cells

FIG. 1 a. Schematic diagram of the transverse hip-
pocampal slice, and arrangement of recording
electrodes. Female Sprague-Dawiey rats weighing
125-150 g were anaesthetized with diethyl-ether
and decapitated. Transverse slices 400 pum thick
were prepared from the hippocampus with a tissue
chopper and placed in an interface-type perfusion
chamber at 32-35 C. Slices were perfused with
artificial cerebrospinal fluid (ACSF) flowing at
2mimin'! and composed of 155 mMNa’,
136 MM Ci 35 mMMK’, 1.2 mM Ca®",
1.2mMMg>’, 1.25mMPO} . 24 mMHCO,,
1.2 mM S02", and 10 mM dextrose. After 90 min
of incubation, slices were tested for viability by recording a greater than
2 mV unitary population spike in the stratum pyramidale of CAl, in
response to stimuiation of Schaffer collateral fibres in the stratum radia-
tum with 100 us constant current 50-150 pA square-wave pulses
delivered at 0.1 Hz through tungsten microelectrodes. Recordings were
made with 2—4-M(] glass needle electrodes filled with 150 mM NaCl.
With confirmation of viability, the perfusate was switched to ACSF
containing 8.5 mM [K }and 141 mM [Cl ]. After 15-20 min of high [K']
perfusion, spontaneous burst firing could be recorded from CA3a or
CA3b. Recordings were digitized across 12 bits at 5 kHz with a Digidata
1200 analogue 1o digital converter {Axon Instruments), and stored on a
personal computer using Axotape 2.0 (Axon Instruments). CA3 interburst
intervals were measured with Datapac H {Run Technologies). For controi
purposes, a separate computer system, digitizing across 16 bits at
1 kHz, identified spontaneous bursts from CA3 using a threshold and
peak amplitude detection strategy. This computer triggered a stimulator
(Model SR800, Grass Corp.) linked to a photoelectric stimulus isolation
unit (Model SIU7, Grass Corp.). to deliver 100-us constant current
square-wave pulses to the Schaffer collateral fibres through a tungsten
microelectrode. At times, double pulses consisting of pairs of 100-us
pulses with 150-us interpulse intervals were used. b, Shown are 1003
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whether indirectly with electric fields or with direct stimulation
of the nerve cells themselves. Dtrect stimulation can be accom-
plished for CA3 neurons by stimulating the Mossy fibre neurons
that synapse on the CA3 pyramidal cells (orthodromic stimula-
tion) or by stimulating branches of the CA3 pyramidal cell axons
(Schaffer collateral fibres}) and allowing the action potentials
to propagate into the pyramidal cells in a retrograde fashion
(antidromic stimulation).

With the observation that it was feasible to entrain burst dis-
charggs from CA3 with both orthodromic and antidromic stimu-
lation'(K.J. and §.J.S., manuscript in preparation), we were in
a position to ask the following questions: (1) is there evidence
for deterministic chaotic behaviour in this preparation; and (2)
could such activity be controlled?

If one observes the timing of events from a chaotic physical
system, those events are aperiodic. The timing of events evolves
from one unstable periodicity to another. Furthermore the
approach to these unstable pericdicities shows recurring patterns

of recording from an extraceliular electrode within CA3 following expo-
sure to 8.5 mM [K']. The upper four traces in red show the burst dis-
charges occurring at irregular intervals. The lower four traces in blue
show the effect of turning on chaos control. When control of chaos
pulses are delivered to the Schaffer collateral fibres, large stimulation
artefacts are seen at the onset of a burst. Note that each control pulse
evokes a synchronized discharge in CA3. As control becomes more
stabie, the bursts become increasingly periodic, as seen maost clearly
on the bottom trace. Note that the controt pulses are delivered only
intermittently. The plot of the full series of these intervals hefare and
during control is seen in the first half of the plot in Fig. 3. ¢, Shown are
100 s of recording from the same experiment before (red) and after
(yellow} the initiation of neriodic pacing. Note that periodic pulses
immediately entrain the population bursts in the fifth tracing (10/10
putses), but by the sixth tracing, there is occasional escape behaviour
evident when the population bursts just before the delivered pulse (seen
in 3,10 bursts in tracing 6, 2/11 in tracing 7, and 2/10 in tracing 8).
The plot of the full series of these intervals before and during periodic
pacing is seen in the second half of the plot in Fig. 3. The calibration
mark indicates 5 mV ordinate and 1 s abscissa.
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FIG. 2 a, Return plots of interburst intervals |,
versus the previous interval i, ., without control.
Seven sequential points are colour coded and
numbered 1-7. Note that as the trajectory crosses
the line of identity along a particular direction from
1 to 2, the next points take a peculiar sequence
that stants close to the line of identity at point 3,
and then alternates on either side of the tine of
identity and progressively diverges from it along a
nearly straight line for points 3-7. The points col-
oured in green (1, 2), define a stable direction or
manifoid, whereas the points in red (3-7) define
an unstable manifold. The intersection of these
manifolds with the line of identity defines the
unstable fixed point. Note that, as for other phys-
ical and biological systems®?®, the saddle observed
in these preparations is a flip saddle; that is, while
the distances of successive state points from the
fixed point increase in an exponential fashion
along the unstable manifold, the state points
alternate on opposite sides of the line of identity.
b, Return plot showing multiple colour-coded tra-
jectories that did-not follow each other in time, The
starting ‘point for each sequence, numbered 1 in
each, began at burst numbers 87 (blue), 210 (red)
and 317 (green), out of a total series of 320 bursts.
The stable manifold is shown with arrows pointing
towards the unstable fixed point, and the unstable
manifold has arrows drawn in the direction away
from the unstable fixed point. Note that each
sequence starts at a point roughly the same dis-
tance from the unstable fixed point in a region
close to the stable manifold. Each trajectory fol-
lows roughly the same path, and after closely
approaching the unstable fixed point for the points
labelled 2 (red, green and blue), there evolves for
each trajectory a sequence of exponentially
diverging jumps (on alternating sides of the line of
identity along the unstable manifold). Although the
trajectories are clustered along the unstable mani-
fold for four bursts, the fifth bursts are widely scatt-
ered (not shown). This is the manifestation of the
sensitivity to initial conditions typical of chaotic
systemns. These plots show clear evidence for non-
random structure in these trajectories, and their
patterns bear the halimarks of deterministic chaos,

which can be gquantitatively understood by examining the
relationship between the timing of sequential events. This can
be visualized using a plot which is a type of a return map. Such
a map plots the present interval between events, /,, versus the
Jjth previous interval, [, .,. Periodicities {(of period j} are revealed
on such a plot as intersections with the line of identity, /,=1,_,.
in a chaotic system these intersections are known as unstable
fixed points. These unstable fixed points are deterministically
approached from a direction called the stable direction or mani-
fold and exponentially diverge from these points along the
unstable direction or manifold. This type of tocal geometry has
the shape of a saddle. Chaos control'** consists of the identifi-
cation and characterization of these saddles. followed by a
control intervention which exploits the local geometry of the
saddle to increase the periodic behaviour of the system.

We demonstrate here three separate approaches to control:
periodic pacing, an implementation of chaos control theory, and
the inverse of chaos control which we term anticonirol.
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Brain slice preparation

Hippocampal slices were prepared using standard techniques'®.
Glass micropipette electrodes in CAl and CA3 were used to
record neuronal activity, and a computer calculated and
delivered appropriately timed controi pulses. The anatomy of
the transverse hippocampal slice and arrangement of electrodes
are itustrated in Fig. la, and details of the experimenial prepara-
tion are summarized in the figure legend.

Chaos identification and control

A key feature of chaotic systems is that they contain an infinite
number of unstable periodic fixed points™. That these spontan-
eously active neuronal networks are chaotic was supported by
cvidence of unstable fixed points in the return maps with the
characteristics showr in Fig. 24, b. These candidate unstable
fixed points met four criteria. First, the sequence of points
approaches the unstable fixed-point candidate along a stable
direction and diverges from it along an unstable direction.
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FIG. 3 Plot showing chaotic (red) interburst inter-
vals I, before and after single-pulse chaos control
{blue) and single-puise periodic pacing (vellow).
Burst number is indicated by n. Note the qualita-
tive differences in the control achieved with each
method. Raw data from the onsets of chaos control
and periodic pacing are shown in Fig. 1b, c.

FIG. 4 Comparison of anticontrol (pink), doubie-
putse chaos control {green} and singie-puise con-
trot {blue). Note how anticontrol reduces the peri-
odicity of the preparation. Aiso note that doubie-
puilse control is more effective than single-puise
control, a; was generally the case (see Table 1).

Second, the departing trajectory must be locally linear. Third,
multiple approaches to the same candidate along the same stable
direction with the corresponding departures along the same
unstable direction must be detected. Last. the distances of the
departing points from the candidate fixed point must increase
exponentially, thereby demonstrating the sensitivity to initial
conditions that is the defining feature of chaos. Although short
single approaches to candidate unstable fixed points can be
occasionally observed in random data, multiple approaches fit-
ting these stringent criteria will not be seen.

In the implementation of these criteria, we excluded higher
period behaviour (period 2, period 3, and so on). insisted that
the geometry about the fixed point candidates be a flip saddle,
and set criteria for the minimum acceptable hnearity of the
unstable manifold. We also set criteria for limits on the rates of
approach and div:rgence of the trajectories. Because on these
return plots it is easily shown that the eigenvalues (local rates
of expansion and contraction along the respective manifoids)
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are simply the slopes of the respective manifolds, it is important
to note that we found that the stable manifolds had negative
slopes with magnitudes less than | and that the unstable mani-
folds had negative slopes with magnitudes greater than |, further
supporting the presence of chaos in these data (see Fig. 2).

Our chaos control technique begins with a learning phase
consisting of the identification of unstable fixed points and the
performance of local linear least-square fits to obtain the stable
and unstable directions along with the rates of approach and
divergence along them. The control phase consisted of waiting
until the system executed a close approach to the unstable fixed
point (within a small radius &) along the stable direction,
followed by an intervention that modified the timing of the pre-
dicted next interval in order to place it back onto the stable
manifold. In this way we use the saddle structure inherent in the
chaotic dynamics to bring the system back to the desired
unstable fixed point with minimal intervention.
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FIG. 5 Comparison of doubie-puise chaos control
(green} with doubie-pulse periocdic pacing {orange}
in an exceptional experiment where double-pulse
chaos control was not very tight, and where double
pulse periodic pacing was a better control method.
Note the frequent escapes and recaptures of con-
trol with the chaos controi method. This example
helps illustrate how the chaos control method
differed from overdrive periodic pacing. b, Experi-
mental run where a wide range of control behav-
iours were observed, There are 5 sequential
attempts to identify unstabie fixed points and learn
the manifold structure. Each control run is coded
in blue. The first control run demonstrates what
we classify as good control in Table 1. After
relearning, the second attempt at control was aiso
pood, but at a higher fixed point {where the period
of the underlying periodic orbit of the fixed pont
is larger). The thirg trial, despite learning nearly
the identical fixed point as the previous trial, chose
different manifolds and the control was not as
good. We call such control runs, where intervais I,
targer than the fixed point are selectively elimin-
ated partial control; note that this is a manifesta-
tion of the manifold selection and not just a
function of the mean frequency of stimulation. This
point is further clarified in the fourth and fifth con-
trol runs. The fourth control run selected a larger
fixed point than the previous runs but control was
a failure. The fifth and final control run of this
sequence, despite selection of the highest fixed
point of this series, achieved partial control with
more adequate manifold and fixed-point selection.

[n the following experiments, for periodic pacing, we used the
same pulse interval as our calculated unstable fixed point. For
anticontrol, we chose an interval that placed the next point on
a line that was completely off the manifolds. We somewhat
arbitrarily chose a direction that was the mirror image of the
unstable manifold about the line of identity. This anticontrol
technique proved effective in diverting the state of the system
away from the stable direction and therefore from the unstable
fixed point.

Experimental results
We did 91 experimental tnals on 22 hippocampal slices from 9
rats. These trials consisted of combinations of chaos control.
periodic pacing and anticontrol using both single and double
stimulation pulses (Table 1). Double pulses were used at times
to increase the effectiveness of stimulation.

Figure 1 shows an example of the synchronized burst dis-
charges recorded extracellularly in CA3. The upper four traces
show the burst discharges occurring at irregular intervals before
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control. On the fifth tracing chaos control pulses are delivered
to the Schaffer collateral fibres, seen as large artefacts at the
onset of a burst. Note thal each control pulse can evoke a
synchronized discharge in CA3, but control pulses are only given
intermittently. As control becomes more stable, as seen most
clearly on the bottom trace, the spontaneous bursts become
increasingly periodic. We examined the relationship between
burst intensity (duration, integrated amplitude and root mean

TABLE 1 Summary of experiments

Chaos control Periodic pacing Anticontrol
Single Double Single Double Single Double
Good 10 4 6 2 4 1
Partial 15 2 5 ) — —
Bad 21 G 6 0 16
Total 46 (= 17 2 20 1
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square deviation) and interburst interval but found no correla-
tions. The plot of the full series of these intervals before and
during control is seen in the first half of the plot in Fig. 3.

Figure lc shows i00s of recording from the same experi-
mental run before and after the initiation of periodic pacing.
Note that now pulses immediately entrain the population bursts
in the fifth tracing, but by the sixth tracing there is occasional
escape behaviour evident when the population burst-fires just
before the delivered pulses. The plot of the full series of these
intervals before and during periedic pacing is seen in the second
half of the plot in Fig. 3.

Figure 3 illustrates burst intervals before, during and after
both single-pulse chaos control and single-pulse periodic pacing.
Note that there is a qualitative difference in the control achieved
with each method, as was seen from the traces of raw data shown
in Fig. 15, c.

Figure 4 compares the effects of anticontrol, double-puise
chaos control and single-pulse chaos control for another experi-
ment. Here, the effect of anticontrol in reducing the periodicity
of the preparation is clearly seen. We also demonstrated an
increase in the effectiveness of double over single pulsing for this
experiment.

Figure 5a illustrates an experiment where double-pulse chaos
control and periodic pacing were compared, but the degree of
control with chaos control was not as good as with periodic
pacing. This experiment was exceptional, because most of the
double-pulse experiments achieved very tight control (sce Fig.
4, and summary in Table 1). Note that even with the increased
stimulation of double pulsing, chaos control was not simply
overdrive pacing, in that there were frequent escapes and recap-
tures of control consistent with the interactive control
hypothesis.

Figure S& illustrates the full gamut of results obtained with
single-pulse chaos control. The first control trial demonstrated
good control. Note that during this control sequence, the quality
of the control improved. We then allowed the algorithm to re-
learn the fixed point and it chose one with a longer interval,
again with good control. Whether this is a manifestation of the
non-stationary nature of the system, or truly reflects the presence
of multiple unstable period 1 fixed points is unclear. Relearning
a third time, the algorithm selected different manifolds without
substantially changing the value of the fixed point, but the con-
trol is not as good. This third controf run exhibited what we call
partial control in the results shown in Table I in partial control,
manifold selection was not optimal, and time intervals longer
than those of the chosen fixed-point interval appear eliminated.
Relearning a fourth time, a fixed point is chosen at a longer
interval than the previous three attempts. This was a control
failure. Nevertheless, relearning a fifth time with an even longer

fixed-point interval gave partial control. This sequence demon-
strates that the quality of control is not simply a function of the
frequency chosen, the control is critically dependent on the qual-
ity of the fixed points and manifolds selected.

Discussion
This is the second attempt at achieving control of a chaotic

biological system® with a derivative method of Ott, Grebogi and
Yorkﬁ. The cbservation of smatll-scale structure and the identi-
ficatian of stable and unstable manifolds near unstable fixed
points for many of these burst-firing slices demonstrated the
presence of deterministic chaos in this simple neuronal system.
For this preparation, complicated control theory is not required
just to achieve relatively fast periodic behaviour. Above certain
frequencies, periodic pacing was effective in entraining the spon-
taneous burst discharges in CA3. However, the quality of control
with periodic pacing was not equivalent with the chaos control
method ; furthermore, the chaos control method has the advan-
tage over overdrive periodic pacing in terms of its ability to
identify-and track fixed points over time. In addition, the control
of chaos. strategy- offers the ability to break up fixed-point
behavifur with anticontrol. The anticontrol method used here
uses a minimal number of stimuli needed to prevent periodic
behaviour.

Although it was easy to observe the unstable manifolds from
this preparation, it was difficult to place accurately the stable
manifold. This is because the system has many degrees of free-
dom (that is, is high dimensional), and the expectation of fully
disentangling its dynamics with a two-dimensional embedding
is simplistic. In addition, increasing amounts of noise in a system
will increase the frequency of escapes from control and eventu-
ally render control impossible'. Despite these difficulties, good
or partial control could frequently be achieved with our imple-
mentation of chaos control. The application of ngw theoretical
techniques recently developed for the control of high dimen-
sional systems® could improve the reliability of control for such
neuronal preparations.

We experimented with several varianis of stimulation delivery.
In addition to single pulses, double pulses were used and were
often more ef =ctive in achieving higher quality control. We also
explored limiting the delivery of control pulses by prohibiting
consecutive control pulses without an intervening spontaneous
burst. This latter method was less effective than permitting con-
secutive pulsing.

Becapse this neuronal preparation shares similar character-
istics with epileptic interictal spike.foci, we believe these methods
may be applied to such foci, Although it is impossible to predict
what effect increasing the periodicity of epileptic foci will have,
the opposite effect of breaking up fixed-point periodic behaviour
with anticontrol could be a more useful intervention. d

Receved 11 May, accepted 5 July 1984,

Ott, £, Grebogi. C. & Yorke, J. A. Phys. Rev. Letl 84, 1196-1199 (1990},

. Shinbrot. T., Grebog, C.. Ot E. & Yarke, J. A. Nature 383, 411-417 (1983}

Ditto. W. L.. Rauseo, 5. N. & Spano, M. L. Phys. Rev. Lert. 86, 3211-3214 (1990).

. Hunt, E. R. Phys, Rev. Lett. 47, 1953-1855 (1991).

Ray, R., Murphy, T. W.. Maier, T. D. & Gilis, Z. Phys. Rev. Lett. 88, 1259-1262 (1992).

Petrov, V., Gaspar, V.. Masere. J. & Showaiter, K. Nature M1, 240-243 {1993).

Rolins, R. W., Parmananda, P. & Sherarg, P. Phys. Rev, E47, R7B0 (1993).

Garfinkel. A.. Spano, M., Ditto. W. L. & Werss, J. Science 287, 1230-1235 {1992).

. Gotmarn. ). Can. J. neuroi. Sci. 18, 573-578 (1991).

. Katz, A.. Marks, D. A., McCarthy, G. & Spencer. S. 5. Electroenceph. clin. Neurophysiol. e,
153-156 (1991).

11. Pedley. T. & & Fraub, R. D. i Current Practice of Clinical Electroencephalggraphy 2nd edn

(eds Daly. D D & Pedley. T A 107-137 (Raven. New York, 1990).

12. Rutecki. P. A.. Lebeda, F. J. & Johnston, D. J. Neurophysiol. B4, 1363-1374 (1985).

13, Korn, 5. 1. Giacching, J. L. Chamberlin, N. L. & Dingleding, R. /. Neurophysiol. BT, 325341

{1987},

OWOADW AL

=

820

14, Traynelis, S. F. & Dingledine, R. J. Neurophysiol. 88, 259-276 (1988).

15. Traub, R. D. & Dingleane, R. J. Neurophysioi, &4, 1009-1018 (1950).

16. Traub. R. D. & Miles, R. Neuronal Networks of the Hippocampus (Cambridge Univ. Press,
Cambridge, 1991).

17. Chang T.. Schiff, $. )., Sauer, T.. Gossard, J.-P. & Burke, R. E. Biophys. J. 7, 671-683
(1994,

18, Schift, S, )., Jerger, K., Chang, T.. Sauer, T. & Aitken, P. G. Biophys. ). 81, 684691 (1994).

19. Jeflerys, J. G. R. J. Physiol. 31%, 143-152 (1981).

20. Durand, D. Brain Res. 382, 139-144 (1986).

21. Kayyali, M. & Gurand, D. Exp! Neurol. 1138, 249-254 {1991).

22. O, £ Chaos in Dynamical Systems (Cambridge Univ. Press, Cambridge, 1993).

23. Auerbach. D., Grebogi, C., Ott, E. & Yorke, §. A. Phys. Rev. Left. §8, 3479-3482 (1992).

ACKNOWLEDGEMENTS. We thank P. G. Aitken for his invaluable teaching and advice and
S. Mahan for research assistance. We gratefulty acknowiedge support from an NIMH grant
{5.J.5.) the Children’'s Research Institute (S.).5. and T.C.}, an Office of Naval Research Young
Investigator Award (W.L.0.}, the Naval Surface Warfare Center's Independent Research Program
(M.L.5.) and the Physics Divsion of the Office of Naval Research (M.L.S. and W.L.D.) The contri-
bution of software from Manugistics Inc. is greatly appreciated.

NATURE - VOL 370 - 25 AUGUST 1994



