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研究成果概要 
 
	 KAGRA などの重力波検出器によって得られたデータから重力波の情報を取り出し、
さらに、それを基に重力相互作用や天体現象に関する物理学的な研究を行うためには、

大きなノイズが含まれる時系列データから微少な信号を取り出す手法の開発が必要不可

欠である。平成２２年度から、本研究では、新しいデータ解析工程の設計からコード開

発、統計処理方法の研究を進めてきている。平成２５年度は、引き続き材料損傷検出や

生体モニタリングの分野において用いられている時間 -周波数解析の一つである 
Hilbert-Huang 変換 (HHT) を重力波データ解析に適用することを検討し、HHT を用
いたデータ解析工程の設計からコード開発、統計処理方法の研究を中心的に行なった。 
	 HHT解析では、まず一種の high-pass filter を繰り返して適用する Empirical Mode 
Decomposition (EMD) を行う。これにより時系列データからノイズを除去するとともに
データを複数の周波数帯域モード (IMF: Intrinsic Mode Functions) に分解する。さら
に、得られたそれぞれの  IMF に対して  Hilbert 変換を用いた  Hilbert Spectral 
Analysis (HSA) を行い、瞬時振幅 (IA) や瞬時周波数 (IF) の時間的変動を解析する。 

	  

Signal     :  GW bursts from core collapse and bounce rotating!
������� stars (Dimmelmeier’s&catalog)& at 10 kpc  !
                 (SNR = 15-20 which depends on waveform) !
Detector : AdvLIGO (frequency range 20Hz-4096Hz)!
&&&&&&&&&&&&&&&&&&&&
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▣ The Hilbert-Huang transform (HHT) [1] is a novel time-frequency    
   analysis  of  time series data which contain a physical oscillatory mode. 
 

▣ The HHT consists of  an empirical mode decomposition (EMD),  
   followed by a Hilbert spectral analysis (HSA).  
 

▣ Because the EMD is an adaptive time-frequency decomposition, the  
   HHT has high resolution of  the time-frequency. Thus, the HHT can be  
   applied to non-linear and non-stationary time series data. 
 

▣ The HHT has been applied to various fields:  
   biomedical engineering, financial engineering, image processing,   
   seismic studies, ocean engineering etc. 
 

▣ We consider application of   the HHT to search for gravitational wave  
   signals. 

𝑢 𝑡  must satisfy the following conditions to give a meaningful IA and IF :  

▣ ( # of  extrema ) – ( # of  zero crossings ) = 0 or ±1 

▣ The mean value of  the envelope defined using the local maxima and  
   the envelope defined using the local minima is zero. 

If    𝑢 𝑡  is the real part of  a holomorphic function   𝐹 𝑡  on the real axis  
𝑧 = 𝑡 and                                      for any positive constant 𝑘  ,  
 

then the imaginary part  𝑣 𝑡  is given by the Hilbert transform. 

lim
|௭|→ஶ

|𝑧𝐹(𝑧)| < ∞ 

𝐹 𝑡 = 𝑢 𝑡 + 𝑖𝑣 𝑡 = 𝑎(𝑡)𝑒ఏ(௧) 

𝜃 𝑡 = tanିଵ
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 , where 𝑃 indicates the Cauchy principal value 

𝑎 𝑡 = 𝑢(𝑡)ଶ + 𝑣(𝑡)ଶ : Instantaneous  
         amplitude (IA) 

𝑓 𝑡 =
1
2𝜋

𝑑𝜃(𝑡)
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 : Instantaneous  
           frequency (IF) 

1.1 Hilbert-Huang transform 

1.2 Reconstruction of waveform 

1.3 Why the HHT ? 

2.1 Hilbert spectral analysis 

2.2 (Ensemble) Empirical mode decomposition 

1. Introduction 2. Hilbert-Huang transform 

4. Conclusion 

For further noise reduction, we applied the ensemble EMD (EEMD) [4]. 
(1) Add a white noise series to data. 
(2)  Decompose the data with added white noise into IMFs. 
(3)  Repeat step (1) and (2) in many times with different white noise  
    series each time. 
(4)  Obtain the ensemble means of  corresponding IMFs of   
    the decompositions as the final result. 
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Fig.1 Waveforms with varying initial rotation states 
         while other parameters are fixed. 

▣ The waveform of  GW bursts is unknown. 
   But the waveform is strongly reflected in  
   the physical parameters (Fig.1) [2,3]:  
   the mass of  progenitor model,  
   precollapse rotation and EoS. 
 

▣ Reconstruction of  GW bursts signal from  
   noisy data obtained by observation is  
   one of  the most important issue in the  
   GW astronomy. 

▣ The HHT is not limited by the time-frequency uncertainty principle,  
   because we do not use the window functions, in contrast to traditional  
   time-frequency analysis using the short-time Fourier transform or 
   the wavelet transform.  
 

▣ We can analyze time-varying amplitudes and frequencies in time domain. 

3. Simulation 
3.1 Results of the HHT 

3.3 the reconstructed waveform in various signals 

3.2  Summation of IMFs 

Signal: GW bursts from core collapse and bounce rotating stars at 10 kpc 
Noise: AdvLIGO with frequency range 20 Hz - 4092 Hz  
             (angular sensitivity of  the detector is simply treated as the angular  
               efficiency factor F = 0.4) 

The reconstruction of  GW bursts is one of  the most important issue in the 
GW astronomy. We investigate the reconstruction of  waveform with the HHT.  
We obtained the reconstructed signal with C.L. = 90 % in various signals.  
The physical parameters of  rotating stars are likely to be determined with 
sufficient accuracy.  

Reference 
[1] N. E. Huang, S. R. Long and Z. Shen, Adv. Appl. Mech. 32, 59 (1996) 
[2] H. Dimmelmeier et al, PRD 78, 064056 (2008) 
[3] C. Rover et al, PRD 80, 102004 (2009) 
[4] N. E. Huang and Z. Wu, Rev. Geophys. 46, RG2006 (2006) 

To obtain the reconstructed waveform, we sum appropriate IMFs  
including the signal                                          . We assume that noise of  IMFs  
is stationary and Normal distribution with zero mean                                      .  
If                         , this IMFs include the signal and we sum those IMFs to get  
the reconstructed signal. 

𝑐 𝑡 = ℎ 𝑡 + 𝑛(𝑡) 
𝑛 𝑡 :  𝑋~𝑁 0, 𝜎ଶ  

𝑐 𝑡   ≥ 4𝜎  

𝑐 𝑡 :   𝑌~𝑁 ℎ(𝑡), 𝜎ଶ = ℎ(𝑡) + 𝑁 0, 𝜎ଶ  

𝑐 𝑡 :


  𝑊~𝑁   ℎ(𝑡), 𝜎′ଶ   = ℎ(𝑡) + 𝑁 0, 𝜎′ଶ    ℎ(𝑡) =ℎ(𝑡)


 

𝜎′ଶ =cov 𝑋, 𝑋
,

 

Also we obtain IMFs                                                                               and summation 
of  IMFs                                                                                        
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                .  

reconstructed signal 

Model:  
s20a2o13_shen [2] 

Injected signal 

Signal + Noise 
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Fig.3 Waveform of IMFs (red line: the injected signal and signal add to noise, blue line: IMFs) 

the reconstructed signal 
the injected signal 

C.L. = 90% 
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Fig.4 The reconstructed signals 

Fig.2a Fig.2b 

Fig.2c 

for 𝑖 = 0 to 𝑖௫ 

ℎ 𝑡 = 𝑢 𝑡  

ℎ, 𝑡 = ℎ 𝑡  
for 𝑘 = 0 to 𝑘௫ 

Identify the local maxima  
and minima of  ℎ, 𝑡  (Fig. 2a) 
Define the upper (lower) envelope joining  
the local maxima (minima) using a cubic  
spline. (Fig. 2b) 
𝑚, 𝑡 =the mean of  the upper and lower  
envelope 
ℎ,ାଵ 𝑡 = ℎ, 𝑡 − 𝑚, 𝑡  (Fig. 2c)+ 

Exit from the loop 𝑘 if   
 𝑚, 𝑡

ே

ୀ

 ℎ, 𝑡

ே

ୀ

൙ < 𝜀. 

𝑐 𝑡 = ℎ, 𝑡 ;  ℎାଵ 𝑡 = ℎ 𝑡 − 𝑐(𝑡) 𝑐 𝑡 : 𝑖-th intrinsic mode function (IMF 𝑖) 

The EMD is a series of   high-pass filters in a sense. 

Angular sensitivity of the detector is simply treated as the angular efficiency factor F = 0.4 !
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図 1:  EMD を実行し得られた各 IMF（左）に対して HSA を行い 

瞬時振幅 (IA) や瞬時周波数 (IF) を用いたて作成した時間-周波数マップ（右）。 



 平成２５年度の本研究では、超新星爆発から放出される重力波波形にガウスノイズを加
えたものに対して EMD を実行し IMF に分解した後、各 IMF に対して HSA を行い
瞬時振幅（IA）や瞬時周波数（IF）の時間的変動を解析した（図１）。 
	 また、それらの結果を基にして、重力波波形を再構築する手法の検討をし、どの程度

波形を再構築できるか中心に系統的に調べた。その一例を図２に示す。その結果、パラ

メータを的確に与える事により、HHT 解析により 1 台の重力波検出器の時系列データ
より重力波波形を取り出すこと（再構築）が可能であることを示した。現在、論文を準

備中である。さらに、HHT 解析コードの改良をさらに進め、HHT を用いた解析パイプ
ラインの整備を進めていく予定である。 
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▣ The waveform of  GW bursts is unknown. 
   But the waveform is strongly reflected in  
   the physical parameters (Fig.1) [2,3]:  
   the mass of  progenitor model,  
   precollapse rotation and EoS. 
 

▣ Reconstruction of  GW bursts signal from  
   noisy data obtained by observation is  
   one of  the most important issue in the  
   GW astronomy. 

▣ The HHT is not limited by the time-frequency uncertainty principle,  
   because we do not use the window functions, in contrast to traditional  
   time-frequency analysis using the short-time Fourier transform or 
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3. Simulation 
3.1 Results of the HHT 

3.3 the reconstructed waveform in various signals 

3.2  Summation of IMFs 

Signal: GW bursts from core collapse and bounce rotating stars at 10 kpc 
Noise: AdvLIGO with frequency range 20 Hz - 4092 Hz  
             (angular sensitivity of  the detector is simply treated as the angular  
               efficiency factor F = 0.4) 

The reconstruction of  GW bursts is one of  the most important issue in the 
GW astronomy. We investigate the reconstruction of  waveform with the HHT.  
We obtained the reconstructed signal with C.L. = 90 % in various signals.  
The physical parameters of  rotating stars are likely to be determined with 
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To obtain the reconstructed waveform, we sum appropriate IMFs  
including the signal                                          . We assume that noise of  IMFs  
is stationary and Normal distribution with zero mean                                      .  
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the reconstructed signal. 
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Fig.3 Waveform of IMFs (red line: the injected signal and signal add to noise, blue line: IMFs) 
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for 𝑖 = 0 to 𝑖௫ 

ℎ 𝑡 = 𝑢 𝑡  

ℎ, 𝑡 = ℎ 𝑡  
for 𝑘 = 0 to 𝑘௫ 

Identify the local maxima  
and minima of  ℎ, 𝑡  (Fig. 2a) 
Define the upper (lower) envelope joining  
the local maxima (minima) using a cubic  
spline. (Fig. 2b) 
𝑚, 𝑡 =the mean of  the upper and lower  
envelope 
ℎ,ାଵ 𝑡 = ℎ, 𝑡 − 𝑚, 𝑡  (Fig. 2c)+ 
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To obtain the reconstructed waveform, we sum appropriate IMFs  
including the signal                                          . We assume that noise of  IMFs  
is stationary and Normal distribution with zero mean                                      .  
If                         , this IMFs include the signal and we sum those IMFs to get  
the reconstructed signal. 

𝑐 𝑡 = ℎ 𝑡 + 𝑛(𝑡) 
𝑛 𝑡 :  𝑋~𝑁 0, 𝜎ଶ  

𝑐 𝑡   ≥ 4𝜎  

𝑐 𝑡 :   𝑌~𝑁 ℎ(𝑡), 𝜎ଶ = ℎ(𝑡) + 𝑁 0, 𝜎ଶ  

𝑐 𝑡 :


  𝑊~𝑁   ℎ(𝑡), 𝜎′ଶ   = ℎ(𝑡) + 𝑁 0, 𝜎′ଶ    ℎ(𝑡) =ℎ(𝑡)


 

𝜎′ଶ =cov 𝑋, 𝑋
,

 

Also we obtain IMFs                                                                               and summation 
of  IMFs                                                                                        
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                .  

reconstructed signal 

Model:  
s20a2o13_shen [2] 

Injected signal 

Signal + Noise 

IMF1 

IMF2 

t - tb [s] 

IMF5 

IMF3 

IMF4 

IMF6 

t - tb [s] 
Fig.3 Waveform of IMFs (red line: the injected signal and signal add to noise, blue line: IMFs) 

the reconstructed signal 
the injected signal 

C.L. = 90% 

S20a3o15_shen 

S20a2o13_shen 

S11a3o12_ls 

t - tb [s] 

t - tb [s] 

Fig.4 The reconstructed signals 

Fig.2a Fig.2b 

Fig.2c 

for 𝑖 = 0 to 𝑖௫ 

ℎ 𝑡 = 𝑢 𝑡  

ℎ, 𝑡 = ℎ 𝑡  
for 𝑘 = 0 to 𝑘௫ 

Identify the local maxima  
and minima of  ℎ, 𝑡  (Fig. 2a) 
Define the upper (lower) envelope joining  
the local maxima (minima) using a cubic  
spline. (Fig. 2b) 
𝑚, 𝑡 =the mean of  the upper and lower  
envelope 
ℎ,ାଵ 𝑡 = ℎ, 𝑡 − 𝑚, 𝑡  (Fig. 2c)+ 

Exit from the loop 𝑘 if   
 𝑚, 𝑡

ே

ୀ

 ℎ, 𝑡

ே

ୀ

൙ < 𝜀. 

𝑐 𝑡 = ℎ, 𝑡 ;  ℎାଵ 𝑡 = ℎ 𝑡 − 𝑐(𝑡) 𝑐 𝑡 : 𝑖-th intrinsic mode function (IMF 𝑖) 

The EMD is a series of   high-pass filters in a sense. 

Note that, for most of the injected signals, we obtained the similar results.�

(SNR�15)�

(SNR�17)� (SNR�15)�

Results of reconstruction�

 
図 2: HHTを用いて重力波波形を再構築した結果の例 
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