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Introduction

Earthquakes are generally a product of seismic movements, namely by tectonic plates abrupt movements, releasing waves of energy. These waves that travel through the crust of the earth are the cause of the shaking that humans feel. For earthquakes with higher magnitudes, civil structures may be displaced laterally or even collapse [START_REF] Tao | Time-Frequency Energy Distribution of Ground Motion and Its Effect on the Dynamic Response of Nonlinear Structures[END_REF]. For countries that are more earthquake-sensitive, experience has driven them to innovation for countermeasures, typically the development of vibration control devices to increase the resilience of civil structures [START_REF] Li | On vibration suppression and energy dissipation using tuned mass particle damper[END_REF][START_REF] Spencer | State of the Art of Structural Control[END_REF].

An early and accurate prediction of earthquake occurrences may lead to better disaster management and preparations for structural damage control, and ultimately, leads to reducing injuries and deaths caused by earthquakes, as well as economic losses. As such, earthquake prediction is thought to be the 'holy grail' of seismology, as it is near impossible given the various factors and margin of error in time, place, and magnitude [START_REF] Hough | The Great Quake Debate: The Crusader, the Skeptic, and the Rise of Modern Seismology[END_REF].

As the spark for this research, Turkey and Syria saw an earthquake doublet: magnitude 7.8 occurring on 6th of February 2023, saw a total casualty of over 52,000 deaths in both Turkey and Syria [START_REF] Naddaf | Turkey-Syria earthquake: what scientists know[END_REF][START_REF] Dal Zilio | Earthquake doublet in Turkey and Syria[END_REF], and approximately 9 hours later a magnitude 7.6 earthquake occurred north-northeast from the former [START_REF] Dal Zilio | Earthquake doublet in Turkey and Syria[END_REF]. The estimated total structural damages and immediate production capacity losses are upwards of US$54 billion [START_REF] Demiralp | The Economic Impact of the Turkish Earthquakes and Policy Options[END_REF].

As these seismic movements or waves can be measured and recorded, with the intensity of the waves noted as magnitude, the recorded waves are essentially a time-series function describing the occurrences of earthquakes and their respective magnitudes. Time-Frequency Distributions (TFD) are used in signal processing to analyse and characterise signals in the time and frequency domains simultaneously, and have been used to analyse earthquake motion measured using accelerograms [START_REF] Demetriu | Time-frequency representations of earthquake motion records[END_REF][START_REF] Huerta-Lopez | Time-frequency analysis of earthquake records[END_REF]. In this research, we propose to analyse earthquake records using TFDs method to find precursory patterns in the time-frequency domain for earthquake prediction.

Methodology Data Sources

Datasets of the Turkish (2023), Indonesian (2018), Filipino (2022), and New Zealander (2016)r earthquakes were used for the analysis conducted in this research [START_REF] Dincer | EarthQuake Turkey 06 Feb 2023 -Latest[END_REF][11][12][13]. For this research, we will only be focusing on the timestamp and magnitude data provided in the dataset, as the time-series function to undergo Time-Frequency Distributions (TFDs). 1), all datasets appear to show irregular sampling, which is not meeting a crucial criteria for applying the key function for TFDs -Fast Fourier Transform (FFT) -i.e. the time-series data provided must be, or is assumed to be, regularly sampled [START_REF] Cochran | What is the fast Fourier transform[END_REF]. Therefore, a data interpolation method is used, to estimate and produce a regularly sampled data based on each dataset. The interpolation method used is linear interpolation, which is done by estimating values between two adjacent points using a straight line. As earthquake occurrences are not a high frequency phenomena, losing high frequency information due to linear data interpolation can be considered minimal impact to analysis result reliability, if not negligible.

Data Interpolation

Time-Frequency Distributions (TFDs)

Time-frequency analysis is mainly achieved by formulating a function which represents the input signal in both time and frequency spectrum simultaneously, instead of either within time or frequency domain. This function or process can then be changed to suit the various use-cases that contain a time-varying spectrum [START_REF] Hlawatsch | Time-Frequency Analysis[END_REF]. There is no objective representation for signal energy changes over time and frequency, and this resulted in several proposals [START_REF] Hlawatsch | Time-Frequency Analysis[END_REF].

Short-Time Fourier Transform (STFT)

The Short-Time Fourier Transform (STFT), also known as spectrogram distribution, is a signal processing method used to analyse multi-component non-stationary signals.

The key idea of this method is to apply FFT over a fixed width window moving over time, resulting in the change of spectral information of a signal over each frame.

Wigner-Ville Distribution (WVD)

The Wigner-Ville distribution (WVD) for a continuous signal is given as follows:

𝑊𝑉 𝑡,ω = 1 2π ∫ 𝑠 𝑡 + τ 2 ( ) 𝑠 * 𝑡 -τ 2 ( ) 𝑒 -𝑗ωτ 𝑑τ (1) 
With its kernel function being 1.

The WVD covers most mathematical properties involved in analysis; real-valued, maintains time and shifting frequencies, and satisfies marginal features that generate an instantaneous power and power spectrum.

Choi-Williams Distribution (CWD)

One of the most significant and well-known representations of signal energy distribution is the quadratic class, or Cohen's class [START_REF] Li | Analysis of time-frequency energy for environmental vibration induced by metro[END_REF]. However, Cohen's class distribution is hampered by unwanted cross-terms between frequency components [START_REF] Pereira | Reducing cross terms effects in the Choi-Williams transform of mioelectric signals[END_REF]. Among the best methods for reducing these terms to the minimum is the Choi-Williams [START_REF] Choi | Improved time-frequency representation of multicomponent signals using exponential kernels[END_REF] class kernel (CWD), with the discrete form expressed as follows:

𝐶𝑊𝐷 𝑛,ω = 2 𝑘= 𝑁/2 𝑁/2-1 ∑ 𝑒 -𝑖2ω𝑘 𝑚=-𝑀/2 𝑀/2 ∑ σ 4π𝑘 2 𝑒 - σ 𝑚-𝑛 ( ) 2 4𝑘 2 𝑥 𝑚 + 𝑘 ( ) 𝑥 * 𝑚 -𝑘 ( ) (2) 
Pereira proposed more cross-term reduction for Cohen's class so that only the positive matrix part contains the data information, while the negative part is related to the cross-terms and therefore excluded.

Mean Energy Concentration

The mean energy concentration of TFDs refers to the distribution of energy across the time and/or frequency axes in the TFD representation of a signal, and provides insights into the dominant time/frequency/time-frequency regions where the signal's energy is concentrated. For this research, we will be focusing on the mean energy concentration on the time axis of the TFD representation of the earthquake datasets, to observe the dominant time regions of the earthquake datasets for any precursory behaviour of major earthquakes in the time domain. The mean energy concentration of the discrete time-frequency is calculated, via determining time slots of the TFD with a marginal magnitude (N). For time slot N, and number of samples S:

𝑀 𝑡,ω = 1 𝑁 𝑡=𝑁 𝑆 ∑ 𝑓 ∑ 𝑇𝐹(𝑡, ω) (3) 
The result from (3) is then normalised as follows:

𝑀 𝑛𝑜𝑟 = 𝑀 𝑡,ω -𝑀𝑖𝑛[𝑀 𝑡,ω ] 𝑀𝑎𝑥[𝑀 𝑡,ω ] -𝑀𝑖𝑛[𝑀 𝑡,ω ] (4) 

Results

The TFDs chosen for this research will be compared in regards to their accuracy and energy concentration as they are utilised to represent and analyse the earthquake data.

The earthquake dataset of Turkey was obtained from Kaggle, which spans from 4th of January 2023 to 6th of February 2023 (the onset of the reported major earthquake).

The data is then linearly interpolated to preserve the low frequency (sub-Hz) content, to produce a dataset with constant sampling rate of 200 seconds/sample. This allows the interpolated data to be analysed using the time-frequency analysis methods STFT, CWD, and WWD, as a constant sampling rate of a signal is a prerequisite for any frequency or time-frequency analysis.

The sampling rate of 200 seconds is chosen from the average of the sampling difference in the original dataset. The normalised mean energy concentration is calculated using a time slot of 10.

The interpolated data is then compared to each set of heatmap plots and the normalised mean 

Discussions

From the TFD visualisations of the earthquakes, it can be said that the TFDs were able to pinpoint and provide more insight on the onsets/primary/major of the earthquake incidents, providing the spectral information of the earthquakes, as well as the frequency variations over time.

On observation of the comparisons of the earthquake data, heatmap of respective TFDs, and the mean energy concentration derived from the respective TFDs, cropped to a window containing the major earthquakes (Figures 1a-3a for Turkish Earthquake, Figures 1b-3b for the Indonesian Earthquake, Figures 1c-3c for the Filipino Earthquake, and Figures for the New

Zealander earthquake 1d-3d), it is found that there are a few minor peaks visualised in the mean energy concentration graphs, which were initially barely, if not unnoticeable, in the earthquake signals, raw or interpolated.

The resulting elapsed time in seconds of the peaks since the first sample timestamp of the respective datasets were noted, and the estimated timestamps in UTC are calculated. It is noted that the estimated timestamps are considered estimated, as the mean energy concentration graph were calculated in time bins of 5 or 10 interpolated samples depending on the dataset, resulting in a mean energy concentration value representing windows of 2000 seconds (Turkey, New Zealand), 13000 seconds (Indonesia), and 7500 seconds (Philippines). On comparison of these estimated timestamps with the original datasets, the nearest local peak magnitudes are noted, and a summary of each minor peak corresponding to minor earthquakes prior to each major earthquake is tabulated in Tables 2345.

In the analysis of the Indonesian Earthquake, it is noted that CWD observed a major peak towards the timestamp equivalent to 29th of September 2018 (see Figure 2b, as compared to Figures 1b and3b). This is the result of endpoint effect which causes distorted or inaccurate representations of the signal's time-frequency content near the edges of the signal segments (29th September being the end of timestamp range) [START_REF] Lv | Optimization of the End Effect of Hilbert-Huang transform (HHT)[END_REF]. According to reports, it is also possible that this major peak stems from the aftershocks of the major earthquake which lasted until 30th

September 2018 [START_REF]Map of epicentres of mainshock and aftershocks in first 24 hours[END_REF]. Regardless, for the purpose of conformity and summary, this peak will be treated as an anomaly, and the mean energy concentration of the Choi-Williams TFD will be re-normalised in the following table ( From the tables documenting the observation of the minor earthquake peaks, it is shown that for all major earthquakes in question, there are at least 1 minor earthquake occurring between 20

to 70 hours prior. The minor earthquakes are noted to be of several magnitudes lower than the major earthquakes. On the raw earthquake data, it is noted that this lower magnitude level (4.0 to 6.0) is somewhat common (Table 6). Typically, magnitudes 4.0 to 5.0 are barely noticeable, and magnitudes 5.0 to 6.0 are noticeable but incidents or injuries caused by these magnitudes are extremely rare [START_REF] Rafferty | Richter scale. Encyclopedia Britannica[END_REF]. Observing the number of minor earthquakes recorded against the number of major earthquakes recorded, the ratio of recorded minor earthquakes (magnitudes 4.0 to 6.0) to major earthquakes (magnitudes 6.0 and above) are staggeringly high (87.9:1, 301:1, 51:1, 73:1 for the Turkish, Indonesian, Filipino, and New Zealander earthquakes respectively). This indicates that the occurrences of minor earthquakes alone does not constitute a precursor to the occurrence of major earthquakes, and as such, observing the time-series data of earthquake signals is insufficient to predict major earthquakes.

Magnitude

In support of this research's proposed method, as shown in Figures 123, the mean energy concentration of the time-frequency distribution data of the earthquake signals provides possible hints towards the major earthquake occurrences, with peaks corresponding to some of the minor earthquakes. However, it is also noted that not all recorded minor earthquakes have a corresponding mean energy concentration peak. In other words, the occurrences of minor earthquakes within a time period is not the sole factor in contribution to the mean energy concentration of that time period, but the mean energy concentration is indicative of a signal or data pattern which could indicate a major earthquake.

Limitations and Further Research

This research employs only the magnitude of earthquakes in the investigated regions and their respective time detected to form a time-series signal in the method of analysis, and therefore, is able to predict only an estimated time, magnitude, and the region of major earthquake (time, size, and location) [START_REF] Wyss | Why is earthquake prediction research not progressing faster?[END_REF]. Various other measured parameters have yet been considered and so, the authors exhort for further research to investigate the potential of various parameters such as GPS coordinates and depth, in contribution to the accuracy of earthquake prediction.

The time window between the precursor pattern to the major earthquake found in this research ranges between 20 to 70 hours, which perhaps is acceptable for a prediction timeframe, providing enough time for institutions to warn the general public, however the authors believe that the accuracy of the time window can be improved.

Conclusion

In this study, we have explored the utilisation of Time-Frequency Distributions (TFDs) on seismic signals for earthquake prediction, demonstrating the effectiveness of TFD-based techniques and enabling the identification of patterns of minor earthquakes leading up to major earthquakes.

Through extensive experimentation on real-world earthquake datasets, the results indicate that TFD-based techniques show great potential in accurately predicting seismic events. The incorporation of TFDs provides valuable insights into the underlying dynamics of earthquakes, while the identification of subtle precursor patterns enables improved prediction capabilities.

This information can aid in the development of advanced prediction models and early warning systems, and consequently, proactive measures for disaster (earthquake) management and potentially reduce human and economic losses caused by earthquakes. As this research merely peeks into the usage of TFDs to analyse earthquake signals, further investigations are needed to explore its full potential in predicting earthquakes. Future studies should consider incorporating additional data sources and parameters, such as geodetic measurement, atmospheric data, latitude, longitude, altitude, and depth measurements, to enhance the predictive capabilities. Moreover, the development of robust and scalable TFD algorithms will facilitate real-time analysis and improve the efficiency of earthquake prediction systems.

In conclusion, the analysis of earthquake data using TFDs opens up new possibilities in earthquake prediction, a feat which many considered to be impossible previously. The advancements made in this study contribute to the growing body of knowledge in seismology, offering valuable insights for researchers and practitioners working towards improving our understanding of earthquakes and developing effective strategies for disaster damage control.

  energy concentration plot of the TFDs (spectrogram/STFT distribution, Choi-Williams distribution, Wigner-Ville distribution).The entire process above is repeated using Indonesia's 28th September 2018 earthquake dataset (dataset spanning from 1st September to 30th September 2018), Philippines' 27th July 2022 earthquake dataset (dataset spanning from 1st July 2022 to 31st July 2022), and New Zealand's 16th November 2016 earthquake dataset (dataset spanning from 1st November 2016 to 30th November 2016). It is noted that the datasets for these earthquakes have varying ranges of samples, and therefore, several parameters are adjusted, namely the resampling rate for interpolation of data, the window sizes for the TFDs in order to optimise both time and frequency resolution for STFT, and the time slots used for mean energy concentration calculation. Figures1, 2, and 3 visualises the comparisons for the interpolated data against the spectrogram distribution set, Choi-Williams distribution set, and Wigner-Ville distribution effect respectively.(a) Turkish earthquake (b) Indonesian earthquake (c) Filipino earthquake (d) New Zealander earthquake
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 123 Figure 1: Comparison between interpolated signal of the dataset against heatmap and mean energy concentration of spectrogram/STFT distribution

Table 1 :

 1 Summary of dataset to be processed While the average sampling period can be calculated from observing the summary of each dataset (refer Table

	Earthquake	Range of timestamp	Number of samples Average sampling period
		(UTC)		(seconds)
	Turkish	2023-01-07 09:39:24 to	9399	275.681
		2023-02-06 09:24:52		
	Indonesian	2018-09-01 00:25:13 to	2709	924.244
		2018-09-29 23:54:50		
	Filipino	2022-07-01 00:37:00 to	1801	1485.441
		2022-07-31 23:45:00		
	New	2016-11-01 02:00:55 to	7767	332.316
	Zealander	2016-11-30 22:59:13		

Table 3

 3 

	).

Table 2 :

 2 Summary of mean energy concentration peaks and corresponding earthquakes of the

	Turkish Earthquake.

Table 3 :

 3 Summary of mean energy concentration peaks and corresponding earthquakes of the

	Indonesian Earthquake.

Table 4 :

 4 Summary of mean energy concentration peaks and corresponding earthquakes of the

	Filipino Earthquake.

Table 5 :

 5 Summary of mean energy concentration peaks and corresponding earthquakes of the New Zealander Earthquake.

Table 6 :

 6 Summary of raw earthquake signal collected from datasets.

	Percentage in					
	Turkish Earthquake (%)	5.47 26.1 42.22 13.53 3.19 8.52 0.85 0.09 0.02
	Percentage in					
	Indonesian Earthquake (%)	0	0	0.6 19.32 49.7 27.36 2.92	0	0.1
	Percentage in					
	Filipino Earthquake (%)	0	0 27.23 53.49 16.36 2.84 0.06 0.06	0
	Percentage in					
	New Zealander Earthquake (%)	0 0.45 10.51 61.58 21.74 4.92 0.72 0.06 0.01