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Abstract 
 
 The precise and reliable determination of the first arrival of acoustic emission (AE) signals 
(or seismic signals) recorded by multichannel systems is one of the fundamental problems in 
nondestructive testing, rock mechanics and seismology. The article describes an approach based 
on high-order statistics (HOS), which is able to precisely determine the arrival time and sign of 
the first arrival without human intervention. The algorithm uses changes of HOS parameters such 
as skewness, kurtosis and empirical parameters based on statistic moments of fifth and sixth order 
of individual AE signals.  
 
Introduction 
 

Acoustic emission, microseismic tremors or earthquakes are technical or geophysical phe-
nomena, which are studied based on the recorded elastic waves. These waves are radiated during 
the energy-release process. Radiated waves are recorded by different types of sensors like pie-
zoceramic transducers, geophones, seismometers, etc. One of the fundamental problems is deter-
mination of the seismo-acoustic source origin and also the sign of the first signal arrival. Such a 
problem is generally solved by the determination of the time of signal arrival, or signal-phase 
arrival of compressional (P-wave), transversal  (S-wave), surface wave (Rayleigh, Love waves), 
etc., which are recorded by different recording sensors distributed at different directions and dis-
tances from the source of radiation. Most important is the first arrival of the signal to the sensor – 
arrival of compressional wave or P-wave, as this arrival is predominantly used for acous-
tic/seismic source location. Accurate arrival of this first arrival can be useful for many different 
applications like seismic/acoustic source location, structure description, seismicity designation, 
hazard assessment, etc. The determination of the sign of the first arrival is also important for ba-
sic determination of seismic/acoustic event mechanism. 

All of the above-mentioned phenomena produce huge amount of data, which call for auto-
matic data processing to determine individual phase time and sign arrival without human inter-
vention by means of sophisticated approaches. In past years different approaches were used for 
phase arrival determination, like crossing of threshold level, ratio of short-term average (STA) to 
long-term average (LTA) as shown by [1], seismic wave polarity assumption published by [2]; 
neural networks published by [3], wavelet transform published by [4], and high-order statistics 
(HOS) published by [5]. 

Saragiotis et al. [6] published the HOS-based approach to automatically determine P-phase 
arrival of radiated seismic signals by skewness and kurtosis values of recorded seismic waves. 
These parameters were applied in P-wave arrival determination of seismic signals recorded in 
Greece. The present authors [7] showed that such an approach is suitable also for the processing 
of AE signals; furthermore it was found that much more efficient is the application of the HOS 
parameter of higher order of sixth moment for reliable determination of their arrival time. 

This contribution attempts to design and analyze HOS parameters of third, fifth and sixth or-
der and to utilize these empirical HOS moments for the automatic determination of first-arriving 
AE signal parameters, i.e., arrival time (even moments) and their sign (odd moments), which are 
radiated from stressed rock samples. 
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Theory 

Four basic statistic moments are used in mathematical statistics: first statistic moment - mean 
value – S1, second statistic moment - standard deviation – S2, and third and fourth statistic mo-
ments are known as skewness – S3, and kurtosis – S4 (see [8]), but generally statistic moment of 
any order can be used in statistic computations, like S5 or S6. 

For univariate data Y1, Y2, ..., YN variance (first statistic moment) - S1 is defined as 

� 

S1 = Y = iYi=1
N∑
N

, (1) 

where 

� 

Y  is the mean value and N is the number of data points. Standard deviation (second stat-
istic moment) – S2 is defined as 

� 

S2 = 2σ =
( iY −Y )2i=1

N∑
N −1

. (2) 

Skewness - S3 is a measure of symmetry, or more precisely, the lack of symmetry. The distribu-
tion, i.e. data set, is symmetric, if it looks the same to the left and right to the peak point. The 
formula for skewness is:  

� 

S3 = skewness =
( iY −Y )3i=1

N∑
(N −1) 3σ

. (3) 

The skewness for a normal distribution is zero, and any symmetric data should have skewness 
near zero. Negative values for the skewness indicate data that are skewed left and positive values 
for the skewness indicate data that they are skewed right. It follows from Eq. (3) that skewness is 
defined as the 3rd statistic moment 

� 

( iY −Y )3i=1
N∑ (N −1) to be divided by the 3rd power of stan-

dard deviation. 
In contrast, kurtosis is a measure of whether the data are peaked or flat in relation to normal 

distribution. That is, data sets with high kurtosis tend to have a distinct peak near the mean value, 
decline rather rapidly, and have heavy tails. Data sets with low kurtosis tend to have a flat top 
near the mean rather than a sharp peak. A uniform distribution would be the extreme case. The 
formula for kurtosis - S4 is:  

� 

S6 =
( iY −Y )6i=1

N∑
(N −1) 6σ

−15

( iY −Y )6i=1
N∑ (N −1) 6σ

. (4) 

The formula 

� 

( iY −Y )4i=1
N∑ (N −1) 4σ  has a value of 3 for a standard normal distribution. For 

this reason, the kurtosis is defined as in Eq. (4). Positive kurtosis indicates a "peaked" distribution 
and negative kurtosis indicates a "flat" distribution. It follows from Eq. (4) that the standard nor-
mal distribution has a kurtosis equal to zero. 

Following the previous definition of statistic moments, we designated the moments of higher 
order than four, i.e. moments of 5th order– S5 and 6th order – S6, as below:  

� 

S5 =
( iY −Y )5i=1

N∑
(N −1) 5σ

. (5) 

� 

S6 =
( iY −Y )6i=1

N∑
(N −1) 6σ

−15 . (6) 

The formula 

� 

( iY −Y )6i=1
N∑ (N −1) 6σ  has a value of 15 for a standard normal distribution. For 

this reason, the S6 is defined as in Eq. (6) to have a zero value for standard distribution. 
The sensitivity of S5 and S6 parameters was tested by the analysis of more then several thou-

sands AE signals in comparison to S3 and S4 parameters. For each recorded signal, values of sta-
tistic moments were calculated one point before the manually determined time of arrival and also 
values of statistic moments one point after the determined time of arrival. The difference of these 
two points was determined for both S5 and S6 parameters. The sum of both these parameters 
showed that sum of S6 is nearly 50 times higher then sum of S4. This higher sensitivity of S6 
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parameter is supported also by the fact that for 30% of signals, their arrival time was determined 
by 1-2 points earlier, what was in very good agreement with manual determination of first-arrival 
time. Due to this fact only results obtained for S5 and S6 will be presented. Also dependence of S3 
will be shown, to demonstrate much higher sensitivity of S5 parameter.  

 
Experiment 
 

Laboratory measurements were carried out on a migmatite rock sample. The sample under the 
study has cylindrical shape, 50-mm diameter and 100-mm height. On the surface of the sample, 8 
wideband transducers (WD, Physical Acoustics Corp. - PAC) were fixed. This transducer has 
broad response in a frequency range from 100 kHz to about 800 kHz.  

Cylindrical rock sample was subjected to uniaxial compression load with a constant stress 
rate of 0.5 kN/min, achieved by a servo-hydraulic press (MTS 815). Ultimate strength of the 
migmatite rock sample was 125 MPa. Waveform of the radiated AE signals were amplified by 40 
dB with preamplifiers (10 kHz to 1.2 MHz). AE signals were recorded by 8-channel Vallen 
AMSY-5 system. Sampling frequency was 10 MHz and each waveform had a time length of 
204.8 µs, with 16-bit A/D resolution. The multichannel signal waveform data was stored in *.tra 
file by Vallen system. Recorded data from *.tra file were extracted by means of Vallen ActiveX-
User-Interfaced XTR component, which was used under Agilent VEE Pro 7.0 programming envi-
ronment. The software was designed to determine the arrival time by means of two different 
methods – by LTA/STA method and by HOS-based method. In this study analysis of selected AE 
signals recorded by the system will be presented. In the following study, signals recorded by 
Vallen system having different amplitude (energy), will be shown. 

 
Results and Discussion 
 

AE signals radiated from stressed rock samples have a very high range of amplitudes, energy, 
frequency or duration. Hundreds of thousands of recorded AE signals were processed by follow-
ing procedure. For each recorded signal was calculated third HOS moment S3 (skewness) accord-
ing to Eq. (3), fifth HOS moment S5, according to Eq. (5). For the identical signal also sixth HOS 
moment S6 was calculated according to Eq. (6). For all processed signals the moving window 
having the length of 100 points was used.  

   
 Fig. 1: Synthetic signal (AE 1), used by AE  Fig. 2: Real AE signal (AE 2).  

system for transducer calibration.  
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Figure 1 shows “AE 1”, an example of a strong low-frequency signal, where signal-to-noise 
ratio of AE signal is about 800. This signal represents the calibration signal of Vallen AE system. 
The amplitude of all recorded signals is expressed in points of the resolution of A/D converter. 
Left column of Fig. 1 displays whole length of the recorded signal and statistical parameters. 
Time length of all signals is 80 µs. Right side of Fig. 1 shows the initial 10 µs, where the arrival 
time of the signal is observed. First-row "signal” shows the signal, which was generated during 
ultrasonic sounding of the rock sample. There is observed negative onset of the signal. Amplitude 
of the first onset was about 2000 points.  Second row shows the dependence of S6 parameter. Due 
to the simple signal shape the signal of S6 parameter is pronounced. At the time of signal arrival, 
there is observed significant change of the signal to high positive value; whenever even-HOS 
moments are positive, signal arrival is observed. This dependence is similarly prominent in the 
third row S6Slope. As only positive change of S6 parameter is expected with respect to the signal 
arrival, also positive change of S6Slope should be found.  S6Slope definitely shows signal arrival, but 
there was a small dip at the start. Fourth row shows dependence of S3 parameter. As signal “AE 
1”is a simple signal, with negative amplitude of the signal arrival, both, S3 and S5 display signifi-
cant changes at the arrival time of the signal. As the recorded signal has a negative onset of the 
first arrival, also the change of S3 and S5 parameters has a negative direction. Also the maximum 
value of S5 parameter (about 1200) is much higher than that of S3 parameter (about 12). The sig-
nal “AE 1” shows that arrival of the signal is indicated by a positive change of even-statistic mo-
ment S6. On the contrary, negative onset of the signal is indicated by negative change of S5 pa-
rameter. Generally, S5 can be used for both – arrival signal time determination and determination 
of the sign of the recorded signal onset. 

 

 
Fig. 3: Typical AE signal (AE 3). 



EWGAE 2008  28-European Conf. AE Testing 

 86  

Figure 2 shows a real AE signal, “AE 2”. This example is a stronger one and has a positive 
onset and higher frequency content. The first amplitude of the signal is about 100 times smaller 
than the previous one, 20 relative points (cf. Figs. 1 and 2). Second row, S6, as well as third row 
S6Slope have a positive deviation in agreement with the positive onset of the recorded AE signal. 
Stair-case shape of S6 parameter implies that the process of acoustic energy release is compli-
cated. Second, much more intensive change of S6 parameter shows that there is another signifi-
cant signal arrival, which arrives at ~0.7 µs after the first one. This phenomenon can be explained 
mainly by complicated acoustic energy release process, by radiation pattern of the source or by 
reflection of ultrasonic signal from some boundary, or by the combination of these phenomena. 
This effect is also supported by S3 and S5 dependence, as in accordance with the shape of re-
corded signal, small, but significant positive HOS parameter changes were observed, and after 
0.7 µs, significant negative changes were observed. 

Figure 3 is a representative of typical AE signals, “AE 3”, where signal/noise ratio is about 
15. In this case the waveform of the recorded AE signal is distinct and clearly differs from the 
noise before AE signal arrival. The signal has a pronounced negative onset. S6 and S6Slope have a 
significant positive onset, which coincide with signal arrival time. The changes of S3 and S5 also 
coincide with the shape of recorded signal. Both parameters have a significant negative onset at 
the time where the negative onset of the signal is observed. Only S3 parameter before the signal 
arrival displays higher fluctuations than the previous ones. This can be explained by the weak 
signal and high sensitivity of odd-HOS parameter to any change of signal amplitude. 

Figure 4 shows an example of a weak signal, “AE 4”, where the maximum of the recorded 
signal is only twice over noise. Even for this type of signal, there is explicitly sign of the arrival 
time of the signal by significant positive change of S6 and S6Slope. Similar positive change is also 
observed for S3 and S5 parameters, mainly at same time of positive change of even-HOS parame-
ter. There is observed for both odd-HOS parameters high fluctuations before the signal arrival 
time. Mainly S3 parameter displayed significant fluctuations, and their amplitude nearly coin-
cided with the amplitude of S3 parameter at the time of signal arrival. 

The sensitivity of S5 and S6 parameters was tested by the analysis of more then 10000 AE 
signals. For more than 95% of the recorded AE signals, a good agreement was observed between 
operator determined time of the first arrival and arrival time determined automatically by S5 and 
S6 parameters. In these cases analyzed, the arrival time was determined within an accuracy of 
±200 ns, or within accuracy of ±2 sampling points. Such accuracy is sufficient for the signal sam-
pled at 10 MHz, especially considering the need to process tens of thousands of individual AE 
events. Due to the mathematical calculation procedure applied, S5 and S6 computation is suitable 
for real-time implementation in acoustic/seismic determination of arrival time of the signal. 

 
Conclusions 
 

It is demonstrated that high order statistics (HOS) can be used for reliable and accurate de-
termination of P-wave arrivals and its sign in processing the AE signals radiated from stressed 
rock samples. HOS parameters can be applied for the acoustic/ultrasonic signals in a wide energy 
range. This procedure is also efficient even for weak signals, where the amplitude of the signal is 
just above noise. The theoretical analysis and experimental results showed higher sensitivity 
(higher signal-to-noise ratio) of the S5 and S6 parameters compared with parameters S3 and S4. 
Influence of the HOS approach for location accuracy of AE events will be subjected to subse-
quent analysis. Also sensitivity of HOS parameters to the number of window points should be 
examined further. Preliminary analysis shows that the number of points should coincide with the 
number of points of the first wave of the signal. Due to the mathematical calculation procedure, 
HOS is suitable for real-time implementation in acoustic/seismic determination of arrival time of 
the signal. This approach is suitable for the determination of sign and arrival time of longitudinal 
wave in rocks or P-wave in seismology. 
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The above HOS-based 
analysis can be used 
whenever a recorded sig-
nal converts from random 
distribution to non-random 
one. Generally speaking, 
such an approach is not 
suitable for the determina-
tion of arrival time and 
sign of multipath signals, 
since subsequent arrival 
parameters will be proba-
bly hidden in the tail of 
previous signal. In some 
cases, when the separation 
of P- and further wave 
phase is observed, the 
present approach may be 
used.  
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Fig. 4: Weak AE signal (AE 4). 
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