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involved studies of inhomogeneous excitable media, pattern formation, and
applications of control theory to chemical systems.




FINAL Report - Part I1

a Principal Investigator: Kenneth Showalter
b. Phone Number: (304) 293-3435 x6428
c. Cognizant ONR Program Officer:  Michael Shlesinger

i

Program objective: The development and application of control methods for
spatiotemporal systems.

€. Significant results:

In Ref. 1 (see Part I, b.), "Topographic Organization of Hebbian Neural Connections by
Synchronous Wave Activity," we study the evolution of initially random unidirectional connections
between two excitable layers of FitzHugh-Nagumo neurons with simulated spontaneous activity in
the input layer. We find in this simple model system a rapid topographic reorganization arising from
synchronous wave activity due to lateral diffusive coupling within the layers and from Hebbian
learning in the coupling between the layers. Topographically organized patterns of neural
connections in which neighboring neurons project to neighboring sites in the target occur throughout
the nervous system. In the vertebrate visual system, the retina sends images to be further processed
in the lateral geniculate nucleus (LGN). The required topographically precise connection network
develops by processes that are not fully understood but are believed to involve electrical activity in
the retina before the onset of vision.

In Ref. 2, "Spatial Symmetry Breaking in the Belousov-Zhabotinsky Reaction with Light-
Induced Communication," we report on novel spatiotemporal patterns in the photosensitive BZ
reaction arising from a nonlocal feedback that imposes short-range activation and long-range
inhibition. Domains containing spiral waves form on a stationary background with light-induced
feedback that alternates from positive (activatory) for short distances to negative (inhibitory) for
larger distances. Complex behavior of colliding and splitting wave fragments is found with feedback
radii comparable to the spiral wave length. We show that such a feedback gives rise to a
"Turing-like" instability, and, as a result, patterns with more than one characteristic length scale are
formed.

We present a detailed characterization of the excitability limit for spiral waves in Ref. 3,
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"Experimental and Theoretical Studies of Feedback Stabilization of Propagating Wave Segments.”
The evolution of waves with free ends is influenced not only by the excitability of the medium but
also by the wave size, such that smaller wave segments contract laterally until they disappear while
larger waves expand to form spirals. There is a critical wave size separating these two outcomes that
is an unstable waveform inherent to the medium, which will either grow or decay when perturbed.
Different critical wave sizes exist for different excitabilities in the boundary regime, and the size of
these waves increases with decreasing excitability. We study the locus of critical wave sizes by
stabilizing the unstable waves with a feedback control algorithm. The medium excitability is
continually adjusted according to the wave area such that it is increased when the wave area
decreases and vice versa, thereby stabilizing the wave segment at its critical size. We describe
experimental and numerical studies implementing this control method in the Belousov-Zhabotinsky
reaction and present a theoretical study based on a kinematic analysis.

In Ref. 4, "Feedback Stabilization of Unstable Waves," we refine our theoretical description
of stabilized unstable waves in weakly excitable media. The locus of steady-state wave size as a
function of excitability defines the perturbation threshold for the initiation of spiral waves. This locus
also defines the excitability boundary for spiral wave behavior in active media. Our kinematic
analysis, based on stationarity of the stabilized unstable waves and velocity dependence on curvature,
yields the wave shape and size as a function of excitability. The analysis is generally applicable to
all excitable media.

Intricate patterns of wave propagation are exhibited in a chemical reaction-diffusion system
with spatiotemporal feedback. In Ref. 5, we describe particle-like waves that propagate in effectively
user defined patterns. Normally unstable, the waves are first stabilized by global feedback to the
overall excitability of the medium. The wave motion is controlled by a secondary feedback to yield
a desired trajectory, such as hypotrochoid target trajectories. Wave propagation akin to Brownian
motion is exhibited when random variations in the excitability gradient are imposed. The variations
lead to completely different explorations of the medium by subsequent waves. When aboundary rule
is incorporated into the control algorithm, waves are confined to a designated region of the medium.
A wave can be confined to the vicinity of a rectangular box by imposing a constant gradient outside

the box, maintained perpendicular to the direction of wave propagation, which causes it to reenter
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the box. Two waves "interacting" with each other are observed when attraction and repulsion terms
are incorporated into the control algorithm. When the interaction strength is the same for both waves,
they settle into a stable orbit with their separation maximized. Our experiments and simulations
demonstrate how different modes of feedback can be combined to give patterns of spatiotemporal
behavior that would otherwise not be possible. Spatiotemporal behavior is pervasive in living
systems, and these control methods offer a promising direction for probing underlying mechanisms.

The synchronization of coupled chaotic oscillators has attracted much attention in recent
years, and complete, phase, lag, and generalized synchronization have been distinguished in such
systems. Recently, synchronization phenomena in spatially extended systems have attracted
increasing attention, and identical synchronization and phase synchronization have been observed
in systems exhibiting spatiotemporal chaos. The synchronization of two distributed
Belousov-Zhabotinsky systems is experimentally and theoretically investigated in Ref. 6, where
symmetric local coupling is carried out using a video camera-projector setup. Spatial disorder in the
coupled systems, introduced as random initial configurations of spirals, gradually decreases until a
final state is attained that corresponds to a synchronized state with a single spiral in each system. The
experimental observations are confirmed with numerical simulations of two identical Oregonator
models with symmetric local coupling, and a systematic study revealed generalized synchronization
of spiral waves.

In Ref. 7, the transient nature of spatiotemporal chaos is examined in reaction-diffusion
systems with coexisting stable states. Transient spatiotemporal chaos has been suggested as an
explanation for species extinction in ecological systems, and it has been studied in models for
semi-conductor charge transport and the CO oxidation on single-crystal Pt surfaces. Chaos-like
spatiotemporal dynamics has also been found to be transient in a system of coupled one-dimensional
maps. We find the apparent asymptotic spatiotemporal chaos of the Gray-Scott system to be
transient, with the average transient lifetime increasing exponentially with medium size. The collapse
of spatiotemporal chaos arises when statistical spatial correlations produce a quasi-homogeneous
medium, and the system obeys its zero-dimensional dynamics to relax to its only stable asymptotic
state.

Complex chemical behavior, such as periodic, quasiperiodic, and chaotic oscillations, has
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been widely studied, e.g., in continuous-flow stirred tank reactors and as transients in batch reactors.
Such dynamical behavior has challenged long-held notions concerning reproducibility in chemical
systems that have the same experimental conditions. In Ref. 8, we study how different initial
conditions can give rise to completely different dynamics in a chemical model system, from steady
state to periodic to chaotic behavior. We describe how deterministic chemical kinetics can exhibit
an extreme sensitivity to fluctuations, such that qualitatively different dynamical behaviors would

be explored in an experimental chemical system where such fluctuations are unavoidable.
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