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Data Synchronization in a Network of Coupled Phase Oscillators
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We devised a new method of data mining for a large-scale database. In the method, a network of locally
coupled phase oscillators subject to Kuramoto’s model substitutes for given multivariate data to generate
major features through phase locking of the oscillators, i.e., phase transition of the data set. We applied the
method to the national database of care needs certification for the Japanese public long-term care
insurance program, and found three major patterns in the aging process of the frail elderly. This work
revealed the latent utility of Kuramoto’s model for data processing.

DOI: 10.1103/PhysRevLett.98.024102

In a society of mutual communication, individuals usu-
ally look for a consensus, despite their differences, and
opinions spontaneously converge into a few representative.
ideas referred to as public opinion. This common phe-
nomenon residing in democratic societies might reflect
synchronization of individual neuronal entities with de-
grees of freedom. Inspired by this conjecture and recog-
nizing the social needs for using public databases of an
explosively growing scale thanks to recent progress in
computer science and information technology, we devised
a new method of data mining based on spontaneous data
clustering for a large-scale database. In the method, a
network of locally coupled limit-cycle phase oscillators
subject to an analogue of the Kuramoto model [1-4] sub-
stitutes for a set of multivariate data by encoding the data
vectors into the natural frequencies, yielding instantaneous
renewal of the data represented by the time derivatives of
the phase vectors. Local phase locking of the network
generates a few common frequency vectors that represent
major features of the data set. Information is represented
and processed by the oscillator’s rhythms. This might be
reminiscent of a version of a hypothesis for temporal
coding in synchronous electrical activity of neurons [5-
13], although the present method is not concerned with
neuroscience but involves phase transition in a large popu-
lation of data. Our method requires no initial templates to
generate patterns from data, unlike existing methods such
as self-organizing mapping [14]. Rather, the method is
based on the expectation that prototypical patterns lurk in
data themselves. We applied the method to the national
database for the Japanese public long-term care insurance
program, finding three major classes to categorize aging
status of the frail elderly.

Collective synchronization is the phenomenon that a
group of events spontaneously comes into occurrence in
unison with a common rhythm, despite differences in the
individual rhythms of the events, actually emerging in
many real-world networked systems. Following the pio-
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neering work by Winfree [15], Kuramoto established a firm
foundation of the physics underlying collective synchroni-
zation with a network of coupled limit-cycle phase oscil-
lators as a comprehensive and mathematically tractable
model to unravel the intriguing machinery [1]. As appre-
ciated by Mirollo and Strogatz [3], the Kuramoto model
was a breakthrough in nonlinear science. For instance, the
Kuramoto model has been applied to neuroscience to
provide new insights into the binding problem in vision,
i.e., the linking of sensory input across multiple receptive
fields, and information processing based on pulsatile elec-
trical activity of neurons [6,7,11,12]. This paper focused on
data clustering in a network of coupled phase oscillators.
Nevertheless, the present study might share with previous
literature on neuroscience the issue of how information
codes are processed in a synchronous dynamic system.

Our aim is expressed as “let data find patterns by
themselves without any prior knowledge.” Given N multi-
variate data points with D degrees of freedom, ¥; =
(e (1), ..., x{(D)) (i = 1,..., N), we devise, as an analogue
of the Kuramoto model, a network of coupled phase oscil-
lators to whose natural frequencies the data vectors X; are
encoded: '

Kk X -~ v‘
= x;(n) + = > H(d; ;) sin(8;(n) = 8,(n)). (1)

Here, K is a positive coupling constant and 8;(n) is the nth
component of the phase vector 8; = (6,(1),..., 6;(D))
whose initial values can be set to random numbers. The

derivatives of 8; with respect to time are instantaneous
“frequency’” vectors representing renewals of X;. We de-
sign the nonlinear interaction so as to work only between
neighboring phase vectors. The neighborhood of 5,- is
defined by a partitioning function H. Let us express the
distance as d;; = |%; — %;|. We define the partitioning
function as H(d; ;) = 1 if d;; = dy and H(d; ;) = 0, other-
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