Random dynamical systems modeling for brain wave synchrony
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Abstract—A random dynamical systems model is stud2. Experimental data
ied to understand coupled dynamics of auditory area and
motor area modulated by external force. We measure trans-Fourteen healthy right-handed volunteers participated in
fer entropy of coupled oscillators with the presence of noisél€ music perception experiment. All subjects gave writ-

The study was approved by the RIKEN Ethical Commit-

tee. In our experimental setting, there were two condi-
1. Introduction tions: (1) resting (without music) and (2) listening to mu-
sic. Each condition lasted for three minutes. We measured

Why does one feel excited when listening to music? T63-channel with a sampling rate of 1,000 Hz. Figure 1
consider this problem, we investigate dynamics within oushows an experimental view. The music used in our ex-
brain when emotional shifts occur associated with musigeriments was Born This Way by Lady Gaga.
perception. This study is also motivated to develop prod-
ucts based on interaction between human motion and emo-
tional response at Yamaha Motor Co., Ltd.

It has been reported that interactions between auditory
area and motor area are involved in musical processing in
human brain [11]. However, there are very few studies on
causal relationship between the two areas associated with
music perception. We therefore investigate this problem by
measuring transfer entropy, which is an alternative entropy
measure to mutual information taking information trans-
port into account [1], in large-scale neural synchrony net-
works mediating music perception by human brain wave
experiments.

Physiological data such as electroencephalography
(EEG: brain wave), heartbeat and respiration have been
studied by using oscillatory systems with coupled oscilla-
tors [2, 3, 4, 5, 8]. Lin et al. investigate the influence of Figure 1: Experimental setup.
random external force to a coupled phase oscillator system
and discover shear induced chaos [6], which is explained in We extracted instantaneous phase of EEG signals and
terms of random strange attractors. Sato et al. study a raamalyzed phase dynamics [9, 10]. In our preliminary analy-
dom sine circle map to study synchrony between humases we found most prominent large-scale neural synchrony
heartbeats and pedaling rhythms with music as the extessociated with music perception at 8 Hz. We therefore
nal modulation [7]. Inspired by these studies, we adopnalyzed information transfer between 8 Hz phase signals
randomly perturbed coupled oscillators to model EEG syrfrom auditory area (electrode T7) and motor area (electrode
chrony associated with music perception. We then exan@3) assuming that these areas are involved in music percep-
ine the transfer entropy both in experimental and modelingpn [11]. Figure 2 shows typical EEG phase time series
data. data from a single subject for electrode T7 and C3 at 8 Hz.




with other brain areas, which is a white Gaussian random
variable£. Regarding the féect of music as a random ex-
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c12 and cy; are the coupling strengths from to 6, and

Figure 2: Top: a time series of the phase for T7 (auditoryJfOm 62 10 61, respectively. _
Bottom: a time series of the phase for C3 (motor). The natural frequency is normalized to be= 1, corre-
sponding to 8 Hz frequency filtering of experimental data.

The phases of T7 (auditory) and C3 (motor) are deIgioth coupling strengths are supposed to be weak and iden-

scribed with variables; andé., respectively. The transfer tical, and set to bey, = ¢ = 0.1. The influence of com-

. on noise is supposed to be relatively strong and steady.
entropy from the auditory area to the motor area for leng ) . 7
. . ) o he mean of is 0 and the variance of it is®. These pa-
N time series data with resolutiaxt is represented as

rameters are set to be constant throughout the model simu-
N lations. We are interested in the influence of external force
T1.2(7) = Z P(62.nat+s 02.nat 01.0at) 10G . to the system, which is regarded as an open and uncertain
n=0 P(62natirlf2nat) environment for the coupled oscillators. We assume that
o . the external force follows a white Gaussian distribution
'I_'he traps_fer entropy for the other directid.(r) is de- with mean 01, and its variance is a control parameter.
flneq similarly. . The open and uncertain environment is modeled as the ex-
Figure 3 shows the transfer entropies between T7 aM8rnal noise with fluctuation size. In particular, the con-

C31for the same subjept as in Fig. 2.,.Wher:e. 0.125 [S].= dition without music is modeled by setting= 0, and the
under the experimental conditions with and without, | +vi 1 with music by ~ 2.5

P(02,nat+7102,nat, O1nat)

g[Hz
music . Note thafl,,; becomes greater than_,> under  Figure 4 and 5 show the time series with= 0 and with
the condition with music. This ffierence is Statistica“y o=25 respective|y, which are generated with a random]y

significant over the 14 subject® (< 0.05). Therefore, the chosen initial condition and an external noise realization.
transfer entropy from the motor area to the auditory area is

rather dominant in this case. Linyanyi J 7] 77 7 7 7 7 7 7
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Figure 3: Transfer entropy of experimental data.  one can see that the common noise causes phase modula-

tion in both oscillators even withr = 0 in Fig. 4. When
the external noise becomes strongekrat 2.5 as in Fig.

3. Model simulations 5, perturbation to the oscillatég weakly propagates to the
oscillatoré,.

Starting with coupled oscillators as a model of phases In order to compare with the experimental data, we cal-
dynamics of EEG in the auditory area and the motor areaulate the transfer entropy in our model. The transfer en-
we introduce a common noise term to describe interactianopy atr = 1 for o € [0, 10] is depicted in Fig. 6, where
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With o = 2.5, the trajectories are perturbed by the exter-
nal noise but still cope with the deterministic structure in
state space including the limit cycle and its basins of attrac-
tion. However, witho- = 6 trajectories show almost random
behavior independent of the deterministic state space struc-
ture. In this case, transfer entropy becomes smaller again,

o but not 0, because of density concentratiodtc= 0 and
;NO.S / / / // / / / / / / / / / / to 6, = 0.5 based on the random variailenultiplicative
/ / / / to sin 2r6,. This can be one of the mechanisms of the ob-
Q 100 served noise-induced transition of transfer entropy and the

t

Figure 5. Time series withr = 2.5. Top: 6,(t). Bottom:
02(t).
the calculation is realized by taking an average of transfer

entropies over 20 sets of randomly chosen initial condition
and noise realization for each Notably, it turns out that
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Figure 6: Transfer entropy withr € [0, 10] in the model.
Dotted line:T1_,». Solid line: To_,1.

T,_,; becomes greater than_,, ato ~ 2.5. This result is
comparable with the experimental results.

How can we interpret the behavior of transfer entropy?
It would be useful to observe phase portraits to understand
it. Figure 7 shows the phase portraits for= 0,2.5 and 6,
together with a deterministic limit cycle in the case that the
random variabl& vanishes and- = 0.

In general, transfer entropy between two independent
random variables is 0. To the contrary, for totally pre-
dictable dynamics without irregularity, such as oscillation,
transfer entropy is 0 again. In our model, whers around
0, the trajectories still stay close to the deterministic limit
cycle. This means that bothy and 8, keep small pre-
dictability under presence of common noise. Thus, both
T1.2 andT,_,; remain small, but not 0. However, when
becomes larger around = 2.5, §; becomes unpredictable

0

reason why a peak exists Tp_,; curve at a point around
o=25.
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because of the external noise, witiikeeps its predictabil- Figure 7: Phase portrait for eaoh A typical trajectory of

ity because of the weak coupling. As a result, ofpy,;  EGs. (1) and (2) is depicted with a randomly chosen initial
increases because transfer entropy from a predictable vagfndition and a noise realization by using Euler-Maruyama
able to an unpredictable variable is larger as long as tif¢heme. Parameters are set to (topy 0, (middle)o =
variables are still causally dependent. On the other handp, and (bottomp- = 6. For reference, a deterministic
wheno becomes very |arge around= 6, T,_,; decreases limit CyCle in the case that the random VariasleaniSheS
again, as, becomes anfeectively independent variable ando = 0O, is superimposed as a solid line in each phase

from 65. portrait.



In all cases with parametess= 0, 2.5, 6, we eventually [2] Y. Kuramoto, “Chemical Oscillations, Waves, and Tur-
observe noise-induced synchronization for an ensemble of bulence,” Springer-Verlag, Berlin, (1984).

initial conditions. However, we can say that dynamics with

o = 2.5 shown in Fig. 7 is the most complex because it3] L- Glass, M. R. Guevara, A. Shrier, and R. Perez, "Bi-
is semi-predictable while dynamics with = 0 is almost furcation and Chaos in a Periodically Stimulated Car-

predictable and those with = 6 is almost unpredictable.  diac Oscillator,Physica 7D, p89-101, (1983).

It is thought that this simple model may explain our exper[4] L. Glass and M.C. Mackey, “From clocks to chaos: the

imental results of transition of transfer entropy. thythms of life,” Princeton Univ. Press, Princeton, NJ,
Considering further about transfer entropy under pres- (1988).

ence of noise-induced phenomena in nonlinear dynamics,

such as stochastic resonance [12], noise-induced synchfg} M. Courtemanche, L. Glass, J. Bi Lair, D. Scaglioti’i,
nization [13], or noise-induced chaos [14], external noise and D. Gordon, “A circle map in a human heaR[iys-
typically alters predictability of observed systems. In some ica, D40, p299-310, (1989).

cases, large noise rather enhances predictability, but in . } .

other cases, small noise causes significant unpredictadff] K- Lin and L.-S. Young, “Shear-induced chaosion-
ity. Thus, one can find that, in general, it is far from trivial ~ lin€arity, 21 p899-922, (2008).

to compute transfer entropy in noised Qynamical system[sﬂ Y. Sato and K. Matsumoto, “Random dynamics from
apart from the problem whether causality is measurable. time-serieses of physiological rhythmsfiokkaido

University Preprint Series in Mathematicg$/1012,
4. Conclusions and Discussions (2012).

We investigated theffect of music from the viewpoint of [8] D. Taylor and P. Holmes, “Simple models for excitable
brain wave synchrony in auditory-motor interactions. We and oscillatory neural networksJ. Math. Biol, 37,
extracted the time series of phase from EEG data and cal- p419-446, (1997).
culated the information flow by using the transfer entropy. o .
As a result, we confirmed that transfer entropy from thg\g] K. Kitajo, S. M. Doesburg, K. Y,:”‘m‘f"”a!‘a' D. Nozaki,
motor area to the auditory area becomes greater than those L. M. Ward, and Y. Yamgmgto, Noise-induced 'f"“ge'
with reversed direction under the condition with music. We sfc_ale phas_e synchron|zat|or_1 of human b_ram ac-
constructed a model with two randomly coupled phase os- tvity assouated_ with behavioural stochastic reso-
cillators to explain the experimental data. The characteris- nance.Europhysics Lettes0 p40009-1-6, (2007).

tics of this model is to have two stochastic terms: One ig0] F. varela, J.P. Lachaux, E. Rodriguez, and J. Mar-
the external noise which expresses an uncertain input such tinerie, “The brainweb: phase synchronization and

as mUSiC, the other is the internal noise which expresses in- |arge_sca|e integrationNature Review Neuroscience
teraction with other brain areas. The behavior of transfer 2 5229-239, (2001).
entropy is consistent with the experimental results.

In our experiments, transfer entropy from the motor arefl1] R. J. Zatorre, J. L. Chen, and V. B. Penhune, “When
to the auditory area becomes dominant by tfieat of mu- the brain plays music: auditory-motor interactions in
sic. Yet one might think that it looks contradictory, because ~music perception and productiotNat Rev Neurosc8
the upstream auditory area receiving music is supposed to (7), p547-58, (2007).
drive the downstream motor area. In this sense, music ef)- . .
ables the direction of dominant transfer entropy to be re- 2]“I§elg23{g’ra?.s';lc?gr?ggtit. 'r\gls\c/)\llwaarg’c:nv(\j/itﬁi:atr:]]:rrrﬁ:]’an
versed, which may imply that information transport from brain.” Phys. Rev. Letg0, p218103, (2003)
humans to external environments is measured and observed r CNYS. ' 'P ' '
with this entropy measure. Going back to the original motif13] J. Teramae and D. Tanaka, “Robustness of the noise-
vation of this study, we would like to develop exciting prod- induced phase synchronization in a general class of
ucts which lead to dynamic change of information flow. limit cycle oscillators,”Phys. Rev. Lett93, p204103,

(2004).
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