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Vortex, the key to information processing
capability: Virtual physical reservoir
computing

June 17 2021

Credit: CCO Public Domain

In recent years, physical reservoir computing, one of the new
information processing technologies, has attracted much attention. This
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is a physical implementation version of reservoir computing, which is a
learning method derived from recurrent neural network (RNN) theory. It
implements computation by regarding the physical system as a huge
RNN, outsourcing the main operations to the dynamics of the physical
system that forms the physical reservoir. It has the advantage of
obtaining optimization instantaneously with limited computational
resources by adjusting linear and static readout weightings between the
output and a physical reservoir without requiring optimization of the
weightings by back propagation.

However, since the information processing capability depends on the
physical reservoir capacity, it is important that this is investigated and
optimized. Furthermore, when designing a physical reservoir with high
information processing capability, it is expected that the experimental
cost will be reduced by numerical simulation. Well-known examples of
physical reservoir computing include its application to soft materials,
photonics, spintronics, and quanta, while in recent years, much attention
has been paid to waves; neuromorphic devices that simulate functions of
the brain by using non-linear waves have been proposed.

The fluid flow of water, air, etc. represents a physical system that is
familiar but shows various and complicated patterns that have been
thought to have high information processing capability. However, virtual
physical reservoir computing using numerical simulation or investigation
of information processing capability of fluid flow phenomena has not
been realized due to its relatively high numerical computational cost.
Therefore, the relationship between the flow vortex and information
processing capability remained unknown.

In this study, Prof. Hirofumi Notsu and a graduate student of Kanazawa
University in collaboration with Prof. Kohei Nakajima of the University
of Tokyo investigated fluid flow phenomena as a physical system,
especially the fluid flow that occurs around a cylinder, which is well
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understood. It is known that this physical system is governed by the
incompressible Navier-Stokes equations, which describe fluid flow, and

also includes the Reynolds number, a parameter indicative of the system
characteristics.
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A: Outline of the study. B: Typical fluid flow at each Reynolds number. C:
Inputs along time sequence and the results of NARMA?2 and NARMA3 models.
Target values are in black while values by virtual physical reservoir computing
using vortices are in red. D: Values of errors (normalized mean square errors,
NMSE) at each Reynolds number in NARMA?2 and NARMAS3 models. The

error is minimal with Reynolds number being around 40. Credit: Kanazawa
University

This physical system was virtually implemented by spatial two-
dimensional numerical simulation using the stabilized Lagrange-Galerkin
method, and the dynamics of flow velocity and pressure at the selected
points in the downstream region of the cylinder were used as the
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physical reservoir. The information processing capability was evaluated
using the NARMA model.

It is known that in the flow of fluid around a cylinder, as the Reynolds
number value increases, twin vortices formed in the downstream region
of the cylinder gradually become larger and eventually form a Karman
vortex street, the alternate shedding of vortices. In this study, it was
clarified that at the Reynolds number where the twin vortices are
maximal but just before the transition to a Karman vortex street, the
information processing capability is the highest.

In other words, before the transition to a Karman vortex street, the
information processing capability increases as the size of the twin
vortices increases. On the other hand, since the echo state property that
guarantees the reproducibility of the reservoir computing cannot be
maintained when the transition to the Karman vortex street takes place,
it becomes clear that the Karman vortex street cannot be used for
computing.

It is expected that these findings concerning fluid flow vortices and
information processing capability will be useful when, in future, the
information processing capability of the physical reservoir can be
expanded using fluid flow, e.g. in the development of wave-based
neuromorphic devices recently reported. Although the numerical
computational cost of fluid flow phenomena is relatively high, this study
has made it possible to handle macroscopic vortices that are physically
easy to understand and has clarified the relationship between vortices
and information processing capabilities by virtually implementing
physical reservoir computing with spatial two-dimensional numerical
simulation.

Virtual physical reservoir computing, which used to be applied to a
relatively large number of physical systems described as one-
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dimensional systems, has been expanded to include physical systems
with two or more spatial dimensions. It is expected that the results of this
study will allow the virtual investigation of the information processing
capabilities of a wider range of physical systems. In addition, since it is
revealed that vortices are the key to information processing capability, it
1s expected that research for creating or maintaining vortices will be
further promoted.

More information: Ken Goto et al, Twin vortex computer in fluid
flow, New Journal of Physics (2021). DOI: 10.1088/1367-2630/ac024d
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