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The penciled record of Wakayama Observatory is provided by ERI paleo earthquake and tsunami record committee.

We’re just entering an era of data science. 
It’s time to fuse AI and seismology.
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Currently, thousands of seismographs are deployed throughout Japan to monitor seismic activity.
Earthquake research begins with the collection of past records. 
Research into the phenomena and tendency of seismic activi ty is progressing with "Ear thquake catalogs",  which collect 
information on detected ear thquakes, such as arr ival t ime, epicenter, and so on. However, These catalogs do not include 
small  ear thquakes that  are not  fe l t  by the body,  for  example recent ly  discovered s low ear thquakes and low-frequency 
microtremors, despite their great importance for research.
A I  is  capable  of  c omprehens ive ly  p roces s ing vas t  amounts  of  data  and is  by  far  the mos t  c os t- ef fec t ive  and fas tes t  
way to  c o l le c t  more data .  Fur ther more ,  machine lear n ing ,  a  t y pe of  A I ,  is  a lso  good a t  re c ogniz ing pat te r ns  in  data ,  
s u c h  a s  v o i c e  a n d  i m a g e  r e c o g n i t i o n ,  a n d  i s  e x p e c t e d  t o  h a v e  a  h i g h  a f fi n i t y  w i t h  e a r t h q u a k e  d a t a  r e c o r d e d  i n  
wavefor ms .  In  the  fu ture ,  the  re la t ionship  be t ween ear thquakes and microt remors  may be newly  e luc idate d through 
t h e  r e - d e t e c t i o n  o f  m i c r o t r e m o r s ,  a n d  t h e  i n t r o d u c t i o n  o f  A I  i s  e x p e c t e d  t o  g e n e r a t e  m o r e  a c c u r a t e  e a r t h q u a k e  
predict ion models.
Even with seemingly all -powerful A I ,  the abil i t y of skil led professionals to instantly detect anomalies from a big-picture 
perspective, or natural intelligence, is still high. In addition, the deep learning process is a black box, and human judgment 
is always required as to whether the conclusions are correct and how the results should be handled. Recently, new methods 
have been developed to incorporate scientific knowledge and physical laws based on human experience and knowledge into 
the machine learning process in order to draw more useful conclusions. Thus, the key is to carefully consider and examine 
the respect ive s trengths of ar t ificial  and natural  intel l igence,  ut i l ize them, provide appropr iate feedback ,  and mutually 
develop them.
We will  accelerate the practical application of “AI x Seismology ”. This new init iative will  make ear thquake research more 
fruitful and contribute to the prevention of excessive damage from natural disaster.
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SYNTHA-Seis, which star ted in July 2021, is already in its fourth year. Toward the realization of the research project 's goal of 
“dialogue and collaboration between artificial intelligence and natural intelligence,” SYNTHA-Seis is making remarkable progress 
with three project researchers and individual advice from professors of information science. As a new development in FY2023, 
five members, including myself, visited the Seismology Laboratory of the California Institute of Technology (Caltech), a pioneer 
in the development of deep learning models in seismology. We were greatly inspired by the excellent research environment and 
free atmosphere of the institute. We, the two organizations, have concluded an international exchange agreement to begin 
regular personnel exchanges. In April , 2024, Dr. Zachary E. Ross and two of his students from Caltech visited our institute and 
discussed future collaborations in the interdisciplinary field between information science and seismology.
We will continue to develop this field with such international and domestic collaborations. Please stay tuned for our activities in SYNTHA-Seis.

SYNTHA-Seis Deepens “Information Science x Seismology”
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Principal Investigator: Hiromichi Nagao
Associate Professor, Earthquake Research Institute, The University of Tokyo

Earned  Doctor of Science at Graduate School of Science, Kyoto University in 2002. Af ter studying at the Japan Atomic 
Energy Agency, the Japan Agency for Marine-Earth Science and Technology, and the Institute of Statistical Mathematics, he 
has been working at the current posit ion since 2013. He specializes in the interdisciplinar y research between applied 
mathematics including statistics and solid earth science.
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Earthquake Detection Based on Deep Learning Method 
Inspired by Observation of Seismic Waveforms

RESEARCH INTRODUCTION

Figure3: The panels in the first row show waveforms of the north-south (N), east-west (E), and up-down (Z) components. The panels in the second and third rows 
show the detection probability of earthquakes (P-wave in red; S-wave in blue) evaluated every 0.1 second by the GPD method and the proposed method.

Figure1: The 4-second waveforms of P wave, S wave, and noise were overlaid with 10 
instances. The vertical axis denotes normalized amplitude, whereas the horizontal axis 
elapsed time with initial motion aligned in the center. The four color-coded sections 
are likely to be distinctive.

F igure2 : Schematic diagram of the proposed method. The 4 -second waveform is 
divided into first half, and second half. On top of the whole waveform, these local 
waveforms are also subjected to a deep learning model of P-wave, S-wave, and noise. 
The resultant detection probabilities are integrated to obtain the final probability.

His exper t ise is in the development and 
application of machine learning methods, 
especially clustering methods. In this project, 
h e is  d eve lo p ing ear thquake d e te c t io n 
methods based on deep learning ,  whi le 
utilizing his expertise.

In recent years, AI technology has come to be used for earthquake detection. By using a 
large amount  of  waveform data and hav ing A I  learn the charac ter is t ic s of  se ismic 
waves, it is now possible to detect earthquakes more accurately than ever before. In this 
study, we developed a new AI method based on the idea from observing seismic waves 
with the “human eye”,  improving an existing AI method. The key idea was to incorporate 
not only the entire seismic wave but also local waveform patterns of seismic waves into 
A I  l ea r n in g ,  s o  t ha t  ea r t h quake s  c a n  b e  d e te c te d  b as e d o n  b ot h  lo c a l  a n d  g lo b a l  
charac ter is t ic s .  A s a  resul t ,  the  weak nes s of  the ex is t ing method ,  which tends to  
misclassify ear thquakes, has been overcome and ear thquakes can be detected more 
accurately.

Tomoki Tokuda
Project Assistant Professor, ERI, UTokyo

To day,  ear t h quake  d e te c t i o n  is  bas e d o n  s e is m o m e te r s  t ha t  
measure ground motion. Since the ground sur face is constantly 
shaking due to var ious factors including human activ i t ies ,  i t  is 
n e c e s s a r y  to  d is t in g u is h  s e is mi c  wave s  f ro m t h e  m e as u re d  
shaking in order to detect ear thquakes. Conventional detection 
methods evaluate rapid temporal changes in shaking amplitude 
and determine seismic waves when they exceed a threshold value. 
In recent years, with the development of AI technology, earthquake 
detect ion A I based on deep learning models has been act ively 
developed. By having AI learn from the vast amount of seismic 
w a v e  d a t a ,  i t  i s  n o w  p o s s i b l e  t o  d e t e c t  e a r t h q u a k e s  m o r e  
accurately by capturing features of seismic waves that have been 
overlooked by conventional methods. The key to the success of 
t h e s e  A I  t e c h n i q u e s  i s  t h a t  t h e y  a r e  n o t  r e s t r i c t e d  t o  t h e  
characteristics of rapid temporal changes in amplitude, but rather 
they learn the unique character ist ics of seismic waves. On the 
other hand ,  most of  the A I  techniques used to date have been 
developed and used in fields other than seismology, such as image 
recognit ion ,  and are not special ized for ear thquake detect ion. 
There is a wide variety of deep learning models, and it is not easy 
to give a clear answer to the question of which model should be 
used. In an attempt to address these issues, this study developed 
a new AI technique based on the characteristics of seismic waves.

The inspiration for the AI technique devised in this study came 
from qualitative and quantitative observations of waveform data. 
Figure 1 shows the waveforms of three phases of an ear thquake 
(P -wave, S -wave, and noise; several waveforms are overlapped), 
wi th the maximum ampli tude set to 1.  I t  can be seen from this 
figure that the waveform patterns of the three phases are different, 
and it is also important to note that the three phases have different 
characteristics not only in the entire waveform but also in the first 
half or the second half of the waveform. The basis of this idea is 
s o m e t h i n g  w e  e x p e r i e n c e  i n  o u r  d a i l y  l i f e .  F o r  e x a m p l e ,  a  

butterf ly/moth or a plum tree/peach tree can be misidentified by 
looking at only the whole from a distance, but can be accurately 
ident i fi ed by pay ing at tent ion to the wings and f lowers ( local  
information). Similarly, if the differences among the three phases 
in  t h e  l o c a l  a re a  have  d i f fe re n t  i n fo rmat i o n  f ro m t h e  ove r a l l  
waveform, we can expect to be able to distinguish the three phases 
more accurately by util izing this information. To confirm this , a 
statistical method called multiple cluster ing was applied to the 
waveform data .  Whi le convent ional  c lus ter ing methods group 
objects based on all features , multiple clustering automatically 
selects multiple features and identifies multiple grouping patterns. 
In  th is  s tud y,  th e  mul t ip le  c lus te r ing  m e th o d was app l i e d  to  

waveform data including P -wave,  S -wave ,  and noise ,  using the 
amplitude of the waveform at each time point as the feature value. 
The results show that the data points are divided into four regions 
(black , green, blue, and red), as indicated by the color coding of 
the waveforms in F igure 1, and that each region has a dif ferent 
pattern of waveform groups. This result suggests that the first half 
and the second half of the four regions have different information 
about the waveform classification of the three phases , which is 
consistent with the waveform observation results described above.

Based on this idea ,  we developed a new deep learning model .  
Specifically, we improved an existing detection method called the 
GPD (General ized Phase Detect ion) method , which is a t ypical  
deep learning model consisting of convolutional neural network 
( C N N )  l a y e r s  a n d   f u l l y  c o n n e c t e d  l a y e r s .  T h e  C N N  l a y e r  
automatically extracts waveform features by multiplying a large 
n u m b e r  o f  w e i g h t  m a t r i c e s  t o  t h e  d a t a ,  w h e r e a s  t h e  f u l l y  
connected layer integrates these features to distinguish the three 
phases by calculating the detection probability of P-wave, S-wave, 
and noise. For continuous waveform data , P -wave, S -wave, and 
noise are distinguished sequentially by shifting the 4-second time 
window little by little (e.g., in 0.1-second increments). In this study, 
the GPD method was improved to incorporate not only the entire 
s e i s m i c  w a v e f o r m  b u t  a l s o  l o c a l  i n f o r m a t i o n  b a s e d  o n  t h e  
aforementioned idea (Figure 2). In the improved model , seismic 
detection models were constructed for both the whole waveform 
and the local waveform, and the final resul ts were obtained by 
integrating the results from each model. By incorporating local 
waveform information into the model in an explicit form, the model 
c a n  m o re  a c c u r a te l y  d is t i n g u is h  wave fo r m s t ha t  te n d  to  b e  
misclassified. When applied to continuous waveform data, it was 
confirmed that false positives were reduced (Figure 3).

In this study, we developed a new AI technology inspired by what 
we ob s er ve d wi th  “ human eyes”.  O ne of  the  drawbac ks  of  A I  
technology is that it is black-boxed, i.e., the process of reaching a 
conclusion is not clear. In practical use, there may be no particular 
problem if the correct conclusion is obtained using AI ,  but i t  is 
a ls o  t r u e  t ha t  t h e  b la c k - b ox in g  ma ke s  i t  d i f fi c u l t  to  s e e  t h e  
direct ion of  A I  technology development .  Our approach in th is 
research provides one solution to such a problem, which we find 
very useful for the development of AI specialized for the field of 
se ismolo g y.  We would  l i ke  to  c ont inue our  e f fo r ts  to  f ur ther  
develop AI technology needed in the field of seismology by making 
the best use of human “natural intelligence”.

Inspiration from data Seismic detection results before and after the 2016 Bombay Beach earthquake swarm

Reference: Tomoki Tokuda, Hiromichi Nagao (2023) Geophysical Journal International, doi:10.1093/gji/ggad270
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Specialty : Mathematical statistics , missing-value data 
analys is ,  and semiparametr ic infe renc e . H is re c ent 
research focuses mainly on point process data analysis, 
including statistical seismology and survival time analysis.

Specialty: Statistical science and machine learning with a 
focus on unsuper v ised learning. His recent research 
focuses mainly on the theory and applications of clustering 
methods and functional data analysis for large-scale data.

The result of estimating the magnitude μ(t) for detecting an aftershock with a 50% 
probability at time t (day)
(Data of the 2004 Niigata Chuetsu earthquake in the JMA catalog) Results of applying the proposed method to seismic wavefields imaging

OSAKA UNIVERSITY STATUS REPORT

Estimation for aftershocks distribution 
immediately after a large main shock 
using the detection probability of 
self-exciting aftershocks
Since seismic act iv i t y becomes act ive immediately af ter the 
m a i n  s h o c k ,  n u m e r o u s  a f te r s h o c k s  o c c u r  a n d  s o m e la r g e  
aftershocks of the relatively same magnitude as the main shock 
are observed. For disaster damage prevention, it is necessary to 
develop a method to estimate the “characteristics of aftershock 
activity ” quickly from the data. Previous studies have been able 
to estimate the probability distribution of aftershocks based on 
the occurrence frequency and size of aftershocks, but the results 
are biased because the number of aftershocks is underestimated 
due to active aftershock activity. Therefore, it becomes possible 
to construct an estimation method without the bias caused by 
underestimation of the number of af tershocks by introducing 
aftershock detection probabilities that depend on the arrival time 
of aftershocks and their magnitudes and incorporating them into 
statistical models.
Meanwhile ,  in seismology,  the Omori - U tsu law is known as a 
p robab i l i t y  law fo r  af te rsho ck f re quency d is t r ibu t ion .  T h is  
probability law is valid globally, but a parametric model that is 
not suitable for expressing detailed local probability laws. Then, 
the Epidemic Type Af tershock Sequence (E TAS) model , which 
uses a self-exciting model of historical event information, can 
represent the probability law of the frequency distribution well , 
even local ly.  This s tudy proposes a detect ion probabi l i t y  of  
af te rsho cks that  is  expres s ive  enough even for  parametr ic  
model ,  by using a self - exci t ing model that ut i l izes his tor ical  
aftershock data as well as the ETAS model (see the figure below).

A fast smoothing method 
for spatio-temporal data and 
application to seismic wavefields imaging
When an earthquake occurs, early assessment of shaking in urban 
areas is useful for estimating the damage and for prompt recovery 
effor ts. However, it is not possible to observe seismic motions 
at all locations. This study deals with a smoothing problem for 
spatio - temporal data , which aims to predict and complement 
long-period seismic motion at unobserved times and locations using 
time-series data of limited stations.
In general ,  smoothing methods for spat io - temporal  data are 
computationally expensive. For example, the kriging method requires 
parameter estimation for each unobser ved location , which is 
computationally expensive for imaging applications and also has the 
problem of poor accuracy when the stationarity assumption is not 
appropriate. Therefore, we focused on smoothing methods based 
on basis function expansions, which do not require parameter 
estimation for each unobserved location. On the other hand, existing 
methods based on basis function expansions are computationally 
expensive when the number of bases increases, making it difficult 
to use them for immediate evaluation. Therefore, we proposed a fast 
smoothing method using orthogonalized basis funct ions and a 
computationally efficient regularization method. Through numerical 
experiments, we confirmed that the proposed method can significantly 
speed up the estimation process without sacrificing the accuracy.
We also applied the proposed method to the imaging the long-period 
seismic wavefield of the earthquake that occurred in the southern part 
of Ibaraki Prefecture in 2014, and the proposed method can reconstruct 
it in about 3 seconds on a general laptop computer, including the 
selection of tuning parameters (selected from 1000 candidates) and 
complementary calculations using the cross-validation method.

Jeffrey Church
Doctoral student 2nd year, UTokyo

Reported by"Caltech Seismo Lab" Visit Report
DATE 2023.12.4-8

People around the world have various experiences and points of view, and scientists are no exception. Naturally, scientific progress 
benefits greatly from incorporating such diversity. This belief was one of the driving factors of my decision to pursue a doctoral degree at 
the University of Tokyo. I wanted to learn from the diverse field of researchers at the University of Tokyo’ s Earthquake Research Institute 
(ERI) and incorporate their various perspectives into my own research. In December 2023, I had the opportunity to visit the Caltech 
Seismological Laboratory with my colleagues from the Nagao & Ito laboratory, ERI, with the goal of fostering international collaboration on 
AI seismology research. This visit to Caltech was an invaluable opportunity to learn from brilliant researchers on the other side of the 
world and expand my desire for collaboration to a global scale.

During our visit we had the pleasure of interacting with Dr. Zachary Ross and his group. Dr. Ross was the first scientist to apply deep learning 
to the problem of seismic phase picking with his Generalized Phase Detection (GPD) architecture. Dr. Ross’ AI phase picking technique, along 
with others developed in recent years, have greatly increased the size of earthquake catalogs. As my research interests at the University of 
Tokyo are also in the area of deep learning phase picking architectures, I was excited for the opportunity to converse with Dr. Ross and to learn 
about his group’s current research. I hoped that what I learned might inspire the future direction of my research at the University of Tokyo.

After a tour of the South Mudd building, home to the Caltech Seismological Laboratory, the visit kicked off with a pair of seminars with the 
Ross Laboratory, in which members of both groups introduced their research topics. Dr. Ross’ group presented the innovative PhaseNO phase 
picking architecture, which produces cutting edge phase picking results by simultaneously analyzing data recorded at multiple seismic 
stations, an approach which better emulates the manual process by which human experts perform the task of phase picking. I found the 
seminars to be very inspiring, not only because of the impressive results of the Ross group’s current research, but also because of the history. 
Dr. Ross began the pursuit of AI phase picking with his 2018 GPD paper, and his group continues to push the limits of what is possible today. 
For our goals, I believe there may be no better group in the world to collaborate with, and I look forward to a future exchange of ideas.

The visit concluded with a presentation by Dr. Nagao at the Caltech Seismological Laboratory Seminar. In his presentation, Dr. Nagao 
introduced current approaches to AI seismology in Japan. Highlighted was the increased volume of seismic data available to researchers in 
Japan, and the corresponding need for improved AI tools to process this glut of information. In pursuit of such AI advancements, Dr. Nagao 
introduced a new five-year collaboration between the ERI and the Caltech Seismological Laboratory, including the exchange of visiting 
researchers. During the presentation, I felt that these two groups were a perfect match for such a collaborative effort, as both groups are 
concerned with generating and processing large quantities of seismic data. I am very optimistic that our collaboration will be productive, and I 
am excited to make my own contributions to the project. During our visit to Caltech, the Ross group demonstrated what is possible to achieve 
in the field of AI seismology, and I am filled with renewed determination to become a researcher of the same caliber. After our visit to Caltech, 
my commitment is even stronger to producing useful research in the future that will make the world a safer place from seismic hazards.

Kosuke Morikawa
Associate Professor, Graduate School 
of Engineering Science, Osaka University

Yoshikazu Terada
Associate Professor, Graduate School
of Engineering Science, Osaka University
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