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中井 拳吾氏 (東京海洋大学) との共同研究
・K. Nakai and Y. Saiki (2018). Machine-learning inference of fluid variables from data using reservoir 

computing, Phys. Rev. E 98, 023111. https://arxiv.org/abs/1805.09917
・K. Nakai and Y. Saiki (2020). Machine-learning construction of a model for a macroscopic fluid variable using 

the delay-coordinate of a scalar observable, Discrete and Continuous Dynamical Systems S, online first.  
https://arxiv.org/pdf/1903.05770
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Reservoir computation
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Modelling of the Reynolds number dynamics using the 
delay-coordinate   (Takens 1981, Sauer, Yorke and Catagli 1991)
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Poincaré section                Distribution
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A single reservoir model can infer time-series from 
various initial conditions for some time
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The number of successful cases for each set of the time-delay 
Δτand the dimension M of the coordinate under two criteria
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Auto-correlation function C(x) and its envelope Ce(x)
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Summary
• We infer time-series of both microscopic and macroscopic variables 

of fluid flow by machine-learning technique using reservoir 
computation without a prior knowledge of a physical process. 

• In order to generate a time-series data of a macroscopic variable of a 
fluid flow, we do not need to go back to the microscopic dynamics. 

We have especially succeeded in constructing a closed form equation of a  
fluid flow describing macroscopic behavior only from data.
Time-delay coordinate of an input vector should be chosen as follows: 

・Delay-time Δτ is so that the auto-correlation function C is 
0.45<C(Δτ)<0.55 for the first time.

・Dimension M is chosen so that the envelope Ce of C is 
0.35<Ce(MΔτ)<0.40. 25

References
[a] Ishioka, K. (1999). Ispack-0.4.1. http://www.gfd-dennou.org/arch/ispack/ , GFD Dennou Club
[b] Jaeger, H. (2001). The "echo state" approach to analysing and training recurrent neural networks. GMD  Report 
148:13
[c] Jaeger, H. and Haas, H. (2004). Harnessing nonlinearity: Predicting chaotic systems and saving energy in wireless 
communication. Science 304:78-80
[d] Lu, Z., Hunt, B. R., and Ott, E. (2018). Attractor reconstruction by machine learning. Chaos 28(6):061104
[e] Lu, Z., Pathak, J., Hunt, B., Girvan, M., Brockett, R., and Ott, E. (2017). Reservoir observers: Model-free inference 
of unmeasured variables in chaotic systems. Chaos 27:041102
[f] Lukosevivcius, M. and Jaeger, H. (2009). Reservoir computing approaches to recurrent neural network training. 
Computer Science Review, 3:127-149
[g] Maass, W., Natschläger, T., and Markram, H. (2002). Real-time computing without stable states: A new 
framework for neural computation based on perturbations. Neural Computation 5 14:2531-2560
[h] Nakai, K. and Y. Saiki. (2018). Machine-learning inference of fluid variables from data using reservoir computing, 
Phys. Rev. E 98, 023111. https://arxiv.org/abs/1805.09917
[i] Nakai, K. and Saiki, Y. (2020). Machine-learning construction of a model for a macroscopic fluid variable using the 
delay-coordinate of a scalar observable, , Discrete and Continuous Dynamical Systems S, Online first.  
https://arxiv.org/pdf/1903.05770
[j] Pathak, J., Hunt, B., Girvan, M., Lu, Z., and Ott, E. (2018). Model-free prediction of large spatiotemporally chaotic 
systems from data: A reservoir computing approach. Physical Review Letters 120:024102
[k] Pathak, J., Lu, Z., Hunt, B., Girvan, M., and Ott, E. (2017). Using machine learning to replicate chaotic attractors 
and calculate lyapunov exponents from data. Chaos, 27:121102
[l] Sauer, T., Yorke, J. A., and Casdagli, M. (1991). Embedology. Journal of Statistical Physics 65:579-616
[m] Takens, F. (1981). Detecting strange attractors in turbulence. In Dynamical systems and turbulence, Warwick 
1980 (Coventry, 1979/1980), volume 898 of Lecture Notes in Math., 366-381. Springer, Berlin-New York 26

1

10

18

21

22

23

24

25

26


