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Abstract:  

This work is devoted to the study of a nonthreshold method for detecting acoustic emission impulses. 
As a method of impulse detection, a statistical ranking algorithm based on comparing the ranks of 
samples in two neighboring sliding windows is considered. To select the setting parameters of the 
algorithm and verify its reliability, the modal analysis method is used. The modal analysis is a 
mathematically exact method that leads to a closed integral equation for the elastic fields in the 
waveguide and which naturally includes the problem of the selectivity of the mode, offering an idea of 
the physics of waveguide behavior. The non-threshold algorithm developed in the framework of this 
paper was tested using 10000 model signals. The results of the research showed its high reliability 
and accuracy. A numerical experiment based on model signals showed that using the proposed 
nonparametric rank detection algorithm, in comparison with the threshold method, the location error 
has decreased by 1.5-2 times. 

1. Introduction 

Among many methods of nondestructive testing the acoustic emission (AE) is one of the 
most complicated in the field of data processing. The raw data volume could be as big as 
several terabytes whereas the noise part in it is generally about 90-99%. So the upgrading of 
AE impulse detection methods is a critical task. Threshold method is a convenient one, as it 
is simple for realization, but it has substantial drawbacks, such as inaccuracy of measured 
arrival time and other AE parameters. This method easily provides low level of false 
detections, i.e. type I statistical errors. But if the noise level is high then it leads to high level 
of type II statistical errors, i.e. undetected AE impulses.  

Threshold-free algorithm, based on signal detection theory, would allow to substantially 
decrease the level of missed AE impulses as the level of false detections is set. Efficiency is 
provided by method intellectualization, as detection of AE impulses is based on its typical 
waveforms. Development of such an algorithm has a main problem in great variability of AE 
impulse parameters; it is induced in general by unknown acoustic propagation path.  

2. Description of work 

2.1. Non-parametric algorithm of AE impulse detection 
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A statistical non-parametric algorithm for the detection of AE impulses is proposed as an 
alternative to traditional threshold data recording. It allows to detect AE impulses in an 
automatic mode without setting a threshold value. 

Nonparametric detection methods [1] are effective for detecting AE impulses whose shape 
and parameters are a priori unknown. The methods are based on comparing the parameters 
of the AE signals distribution in the time intervals which can be neighboring, overlapping or in 
intervals of different time scales. In this case, the difference in the distribution parameters is 
verified by means of a statistical hypothesis. If the difference in distributions is ascertained 
with a high probability, the AE impulse is recognized. 

Nonparametric algorithms are widely used in the practice of AE data processing. An example 
of nonparametric analysis can be the use of LTA / STA technology, the Akaike criterion and 
the method of higher-order moments as hypothesis testing criteria [2-4]. As works devoted to 
non-parametric detection of AE pulses, we can also mention [5] and [6], in which the authors 
use the sequential probability ratio test and autoregressive analysis. 

In this paper, we investigate a ranking impulse detection method, based on comparing the 
ranks of the sample values of the AE signal in neighboring shifting time intervals. With the 
correct choice of the observation interval, comparison of ranks is a sensitive method of 
detecting AE impulses, which are represented by short-time burst parameter changes in the 
long-time noise process.  

 

Fig.1. AE impulse against background noise, two time intervals are marked with color 
rectangles 

In Fig.1 AE impulse with a characteristic waveform and corresponding to the growth of a 
fatigue defect is shown. The two time intervals allocated for comparing the distribution 
parameters are indicated by a red and blue rectangle, respectively. The left window contains 
noise samples. The onset of the impulse belongs to the right window. The samples of both 
windows are grouped together, sorted in ascending order and then samples taken from left 
window are replaced by zeros and samples taken from right window are replaced by ones. 
Fig. 2 shows the result of such operation. 
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Fig. 2. The processed ordered series for the samples from the neighboring windows, zeroes 
correspond to the left window, ones for the right 

Since the samples of the left window are grouped mainly at the left part of the ordered series, 
and the samples of the right window mainly at the right part, the probability distributions in 
the neighboring time intervals are different. The difference in the nature of the distributions is 
established using rank statistics, such as the Spearman test, the Kendal criterion [1], with a 
certain level of defined confidence. When implementing the algorithm, the rank statistics was 
chosen in such a way as to ensure a level of false detections of not more than 1 pulse per 
100 s of observation, provided that the noise has a colored spectrum and a distribution is 
close to normal.  

One of the features of ranking algorithm implementation is the choice of the duration of the 
observation interval Twindow in accordance with the parameters of the analyzed signals. If the 
observation interval Twindow significantly exceeds the duration of the AE impulse, the 
contribution of the impulse count to the overall distribution of the time interval samples may 
be insignificant, which can lead to a missed pulse, as well as to a significant error in 
determining the beginning of the signal. On the other hand, if the observation interval is too 
short, the change in the distribution parameters may be statistically insignificant, which is 
also dangerous for the potential missing of the AE impulse. 

It should also be noted that in the ranking algorithm, unlike the threshold detection algorithm, 
the key parameter of the AE impulse will be not the amplitude, but the rise angle (RA) and 
rise time (RT), characterizing the rate of the AE impulse leading edge. It is precisely the short 
RT and small RA parameters in AE impulses that differ from the majority of acoustic noises 
that are either stationary or characterized by slow growth and decay trends. In previous 
studies [7-8], it was shown that the best result of detection of AE pulses is achieved if the 
duration of the time interval Twindow corresponds to RT/2. However, the high probability of 
detecting AE pulses remains for the relative wide time interval from 0.1 to 2 rise time 
depending on the rise angle and noise parameters against which the AE impulse is 
observed.  

 

   а)      b) 

Fig.3. a) Continuous friction noise. b) AE signals from the fatigue strange experiment 

The correct choice of Twindow makes it possible to detect AE impulses against the non-
stationary impulse noise, if these processes correspond to various time scales. Fig. 3a 
shows the intensive noise process generated by the friction of the rotating mechanisms of 
the dynamic equipment, in Fig. 3b for comparison, a signal containing AE impulses from the 
growing fatigue crack is shown. Impulses corresponding to friction and impulses 
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corresponding to the defect do not differ in amplitude, but differ significantly in time 
observation scale. The AE impulses have a relative small RT and RA, while these 
parameters for for friction noise process are substantially higher. 

Fig. 4 represents a scatterplot with the quantitative analysis result. On the dependences RA 
vs RT the points corresponding the noise are marked with the red color, the AE impulses 
from the crack growth are marked in blue. As you can see, the parameters RA and RT are 
significantly different and do not overlap on the scatterplot. 

 

Fig.4. Scatterplot Rise angle vs Rise time for AE signal (blue points) and friction noise (red 
points)  
 
Such a difference in parameters makes it possible to detect AE pulses against the friction 
noise due to the correct choice of the time interval Twindow. Fig. 5 shows the result of applying 
a ranking algorithm to processing a friction noise signal. Since the process is completely 
noise, all detected pulses correspond to false detections. Fig. 5 represents the dependence 
of the number of false detections on the duration of the observation interval. If the Twindow 
value is comparable with the RT of the noise signal, the number of false detections reaches 
hundreds. If Twindow parameter decreases by an order in comparison with RT, the number of 
false detections also decreases by approximately an order.  
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Fig.5 The number of false impulse detections depending on the duration of time interval 

Effective detection of AE pulses against the friction noise is achieved, in this case, due to the 
intellectuality of the non-threshold ranking algorithm of AE impulse detection. This algorithm 
allows indirectly, due to the choice of the observation interval, to take into account the 
waveform of the impulse, and not only its amplitude. 

However, the complexity of the algorithm has not only advantages, but also drawbacks. One 
of them is a greater number of specific settings parameters, which values should be precisely 
selected. For example, the correct operation of the ranking algorithm in the case under 
consideration is achieved if the value of the Twindow interval, firstly, is compliant with the RT 
and RA parameters of typical AE impulses; second, its value should be as small as possible 
to ensure a minimum number of false detections. 

It is well known that the propagation path of the testing structure has the greatest influence 
on the shape of the AE impulse [10]. The greater the distance from AE source to AE sensor, 
the greater RT and RA parameters of AE impulse. Therefore, in order to correctly select the 
parameters of the impulse detection algorithm, it is necessary to know the distribution of the 
AE impulse parameters that are expected at certain acoustic properties of the structure, the 
length of the propagation path, the presence or absence of isolation, etc. To study the 
influence of the propagation path, numerical simulation was used in this paper. The 
application of the modeling approach allows to study the main influencing factors, without 
resorting to a large number of experiments. As a result of the simulation, a numerous AE 
signals corresponding to all possible geometric and acoustic parameters of the testing 
structure were obtained.  

2.2. Modal analysis approach 

Modal analysis approach was used for acceleration of modelling because it is an effective 
analytical method based on the expansion of the forcing terms acting in the waveguide into 
the set of its proper modes. Modal analysis is a mathematically exact technique that leads to 
a closed form integral equation for the elastic fields in the waveguide, and which incorporates 
in a natural way the issue of mode selectivity, offering insight on the physics of waveguide 
behavior.  
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The PCDISP package proposed in [9] for analyzing the L-, F-, and T-modes in the waveguide 
in the framework of the Pochhammer-Chree model was used as the basis for the 
mathematical apparatus. This mathematical package was reworked for calculations related 
to Lamb waves in a plate. In general, the calculation of the model signal �,  is as follows: 

 �, = �− [� �, � ],   (1) 

where 

 � �, � = � , � �� �, � ;   (2) 

 � �, −� = �∗ �, � ,    (3) � , �  contains information about the spectrum of the emitted signal, �� �, �  contains both 

the frequency response of the AE sensor, and the effects caused by propagation of the 
signal in the form of normal waves. One of the main stages of calculations is the computation 
of phase velocities of normal waves for a certain set of frequencies. 

The thickness and material of the plate, the distance between the source of the signal and 
the sensor, the emitted Lamb mode, as well as the time dependence of the emitted signal 
are used as model parameters. 

The limitation of the method is as follows: an infinite plate is modeled without defects and 
inhomogeneities, damping is not taken into account. In addition, there is no possibility of 
studying the dependence of the energy ratio of different Lamb modes and the spectrum of 
the emitted signal on the type of defect, its depth and orientation [10-11]. 

Calculations were carried out for plate thickness values from 3 to 40 mm, at propagation 
paths from 0.5 to 12 m. Acoustic parameters of carbon steel were used: cL = 5900 m/s, cT = 
3100 m/s. 

Separately, signals that came in the form of S0 or A0 waves were modeled separately, then 
such signals were used individually or as a sum. The frequency of digitization of the 
simulated signal was 1 MHz. The duration of the simulated waveforms was from 4096 to 
16384 μs, while the typical calculation time on a computer with a processor with a clock 
speed of 3.5 GHz when using one core was from 0.04 to 0.16 s, respectively (without taking 
into account the time for recalculation of the dispersion curves required for each new 
thickness value or when changing material parameters). 

At first, the Morlet wavelet was used as the emitted signal, which made it possible to obtain 
compactness both in the time and in the frequency domain. Model AE signals were obtained, 
possessing all the characteristic features of real AE signals relating to the shape of the 
envelope and frequency filling (Fig. 6). Both in model and real signals, the fastest, but at the 
same time low-frequency components of the S0-mode are observed in the initial part of the 
signal corresponding to velocities of about 5000 m/s. In the middle of the signal, as a rule, 
the maximum value of the instantaneous amplitude is observed, caused by the almost 
simultaneous arrival of many components of the S0 and A0 modes having different 
frequencies, but practically the same velocity of the order of 3000 m/s. In the final part of the 
signal, corresponding to velocities of the order of 1500-2000 m/s, acoustic beat can occur 
due to the interference of simultaneously arriving two components of the S0-mode having 
slightly different frequencies and the same velocities. On the spectrograms [10, 12] of the 
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model signals, the dispersion curves of Lamb waves were found, which lends evidence the 
correctness of the simulation (Fig. 7). 

 

a)       b) 

Fig. 6. a) Model signal for thickness of 17 mm and a distance of 5 m, created on the basis of 
the Morlet wavelet with a center frequency of 160 kHz; b) the actual signal received by the 
GT200 sensor on the 17 mm plate at a distance of 5 m from the source 

 

Fig. 7. Continuous wavelet transform of the model signal shown in Fig. 6a 

Hereafter, waveforms of the real signals received by the GT200 sensors (130-200 kHz), 
which was located at a distance of 2 cm from a crack, were used as the emitted signals. This 
method made it possible to take into account in the calculations the spectrum of the AE 
source and the impulse response of the AE sensor.  

Signals modelled in such a manner had a more complex envelope shape (Fig.8) than the 
signals modelled with the use of the Morlet wavelet. This circumstance is associated with a 
complicated form of the spectrum of real AE sensor, which affects the distribution of the 
amplitudes of different frequency components of the signal arriving at different times. 
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   a)      b) 

Fig. 8. a) Real signal detected by the GT200 sensor at a distance of 2 cm from a crack; b) 
modelled signal, which would be registered after passing 12 m along a plate with a thickness 
of 17 mm 

It was found that with the same source signal and the absence of the attenuation, the 
envelope of modelled signals received at different distances is practically identical and differs 
in fact only by scaling along the time axis (Fig. 9). 

  

a)       b) 

Fig. 9. Signals modelled on the basis of the same emitted signal, corresponding to the 
distances: a) 9 m, b) 12 m 

Thus, the modal analysis method has appeared an effective analytical method, as a result of 
which it was used to model the order of 104 signals during the development of the algorithm 
for automatic threshold-free data recording based on the theory of signal detection. 

2.3. The account of attenuation during propagation through an acoustic path  

Since the PCDISP model does not include attenuation calculation, the attenuation of AE 
waves in the object was calculated using a special algorithm. The algorithm was 
implemented as follows, it was assumed that the amplitude of each frequency component of 
the signal decreases with the distance from the source in accordance with the power law, 
with the damping coefficient proportional to the frequency. Therefore, the simulation of 
attenuation of AE waves was carried out using a set of digital filters, with a transfer 
characteristic (4), of the form 
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� � = −��,      (4) 

where α – empirical coefficient, which depends on the acoustic properties of the tested 
object.  

 

Fig. 10. The transfer function for the attenuation filters 

The transfer characteristics of the filters are shown in Fig. 10. To match the filter with the 
frequency characteristics of the AE system, the filter (4) is combined with a high-pass filter 
with a cutoff frequency of 30 kHz. 

3. Results and discussion 

As a result of using the reworked PCDISP package and the attenuation algorithm, realistic 
models of AE pulses were obtained, with the help of which, without resorting to complex field 
experiments, it was possible to determine the correspondence between the numerical 
parameters of the AE pulses and the physical parameters of the monitored object. Gaussian 
noise level of 30 dB was added to all signals having amplitude 60 dB. 

Fig. 11a, b shows the dependence of the mean values of the parameters RT and RA on the 
distance between the AE source and the sensor. As can be seen, the parameter RT 
increases linearly, with a speed of approximately 150 μs/m, RA parameter increases 
according to the x·exp(x) law, increasing at a distance form 0.5 to 12 m by approximately two 
orders. 
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  a)       b) 

Fig.11 Rise time and rise angle parameters calculated for the modeling signals depending on 
the distance between the defect and sensor 

Fig. 12 represents the correlation plane rise time vs. rise angle, which shows the parameters 
of pulses, the source of which according to the simulation is located at a distance of 1, 5 and 
10 m from the sensor. As can be seen from fig.12 there is a significant variation in the 
parameters, which is explained by the fact that the modeling is based on AE data obtained 
from a real defect, having an original shape and spectrum. The spread of the parameters is 
the greater as the length of the acoustic path is longer. 

 

Fig.12. The scatterplot rise angle vs. rise time for the modelling signals 

On the basis of the dependences obtained, it is possible to automatically adapt the 
parameters of the nonthreshold algorithm for AE impulses detecting. As mentioned above, 
the recommended value for the observation interval is a half of RT. For testing structure of a 
short extension up to 1 m, it is recommended to select the Twindow parameter not exceeding 
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50-100 µs, at long distances it can reach 1000 µs. It is also recommended to use multi-scale 
processing algorithms for more reliable impulse detection in the case of large-scale testing 
structures. 

Models of AE impulses were used for a comparative analysis of the efficiency of the 
traditional threshold algorithm and a nonthreshold ranking algorithm. The comparison was 
carried out as follows, for each pair of model AE impulses calculated for distances �  and � , 
the arrival time was determined by the threshold (  ℎ  and  ℎ ) and the nonthreshold 
automatic method (  ��  and  �� ), then based on arrival time differences ∆ ℎ =(  ℎ −  ℎ ) and ∆ �� =(  �� −  �� ) the location of the AE source was 
conducted. When calculating the position of the AE source, it was assumed that the first 
sensor is located directly nearby the defect, and the coordinate of the second is � + � . If the 
arrival time difference is correctly determined, the result of the location should be equal to � . 
The threshold level was selected 36 dB which is two time higher than the noise level. The 
average location errors are shown in Table 1.  

Table 1. Average location errors 

 Average location error, m 

Distance between sensors, m 1 2 3 4 5 6 7 8 9 10 

Threshold method 0.18 0.29 0.34 0.33 0.39 0.34 0.37 0.33 0.35 0.41 

Ranking method 0.12 0.16 0.14 0.17 0.16 0.21 0.20 0.18 0.18 0.23 

As follows from the Table 1, the error of location for the ranking algorithm is 1.5-2 times 
smaller than for threshold. This accuracy is explained by the fact that the ranking algorithm 
allows to determine the impulse arrival time with a significantly lower delay than the threshold 
algorithm.  

Fig. 13 shows the result of processing the AE pulse models calculated for the same radiated 
impulse and different distances from 1 to 12 m. The arrival times calculated by the rank and 
threshold algorithm are shown in Fig. 13 as a function of distance. 
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Fig.13. Time of arrival depending on the distance between the source and the sensor 

The times of arrival obtained with the rank algorithm increase linearly depending  on the 
distance, and therefore correspond to the same velocity of AE waves propagation equal to 
approximately 5400 m/s, which corresponds to the fastest component of the Lamb waves the 
low-frequency part of the S0 wave. Times of arrival, calculated with the help of the threshold 
algorithm, depend on the propagation distance nonlinearly and consequently correspond to 
different components of the Lamb waves. 

4. Conclusion 

Modal analysis approach has appeared an effective analytical method for the modelling of 
waveforms of AE signals propagated in plates. It was used for the modelling of the order of 
104 AE signals received by sensors mounted at different distances from AE sources. 

As a result of the conducted researches, a threshold-free automated algorithm for detecting 
AE impulses is proposed, that uses the modal analysis approach for selecting setting 
parameters. A numerical experiment based on model signals showed that when using the 
proposed nonparametric rank detection algorithm, in comparison with the threshold method, 
the location error has decreased by 1.5-2 times. 

A nonparametric rank detection algorithm for signals was implemented at the hardware level 
in the UNISCOPE portable system of the company INTERUNIS-IT LLC [13]. 

At present, the study of the nonthreshold algorithm for detection of AE impulses is in 
progress. It is planned to optimize the choice of rank criteria to minimize type I and type II 
errors. It is also planned to study the results of the algorithm in the case of various types of 
noise, and also to calculate the probability of defects detection using the procedure for 
modeling of the propagation path. 

0

500

1000

1500

2000

2500

3000

3500

0 2 4 6 8 10 12

tim
e 

of
 a

rr
iv

al
, µ

s 

distance, m 

ranking algorithm threshold algorithm



 

 

13 

 

References: 

1. Shakhtarin B.I. Signal detection. Gelios press (in Russian), 488 p. 

2. Karen M Holford and Mark Eaton. Recent Advances in Acoustic Emission. 
Proceedings of World conference of Acoustic emission, 2011, Beijing, pp. 58-66. 

3. 3. P. Sedlak, Y. Hirose, S.A. Khan, M. Enoki and J. Sikula. New Automatic 
Localization Technique of Acoustic Emission Signals in Thin Plates. Ultrasonics, 49, 
2009, pp. 254-262. 

4. 4. T. Lokajicek and K. Klima. A First Arrival Identification System of Acoustic Emission 
(AE) Signals by Means of a Higher-Order Statistics Approach. Measurement Science 
and Technology. 17, 2006, 2461-66. 

5. G. Por, P. Bereczki, Z. Danka, P. Trampus. Detecting Acoustic Events during 
Thermal and Mechanical Loading. Proceedings of the 31st Conference of the 
European Working Group on Acoustic Emission, Dresden, 2014. 

6. Rastegaev I.A., Danyuk A.V., Vinogradov A.Y., Merson D.L., Chugunov A.V. Location 
of noise-like sources of acoustic emissions using the spectral similarity method. 
Russian Journal of Nondestructive Testing. 2013. V. 49. № 10, pp. 553-561. 

7. S. Elizarov, V. Barat, A. Shimansky. Nonthreshold Acoustic Emission Data 
Registration Principles. Proceedings of the 31st Conference of the European Working 
Group on Acoustic Emission, Dresden, 2014. 

8. V. Barat, S. Elizarov, I. Bolokhova, E. Bolokhov Application of ICI Principle for AE 
Data Processing. J. Acoustic Emission. V. 30, 2012. 

9.  F. Seco and A.R. Jiménez, Modelling the generation and propagation of ultrasonic 
signals in cylindrical waveguides. In Ultrasonic waves, chapter 1, pp. 1-28, Intech 
Open Access Publisher, 2012. http://www.car.upm-
csic.es/lopsi/people/fernando.seco/pcdisp/ 

10. Hamstad M. A., O’Gallagher A., J. Gary. A Wavelet Transform Applied to Acoustic 
Emission. J. Acoustic Emission, 20 (2002), pp. 39-82. 

11. Gallego A., Martinez-Jequier J., Suárez E., Juanes F. J., Valea A. Real-time 
Algorithm to Classify AE Events of Lamb Waves in CFRP. Proceedings of the 31st 
Conference of the European Working Group on Acoustic Emission, Dresden, 2014. 

12. Suzuki H., Kinjo T., Hayashi Y., Takemoto M., Ono K., Appendix by Hayashi Y. 
Wavelet Transform of Acoustic Emission Signals, J. Acoustic Emission, Vol. 14, No.2 
(1996, April-June), pp. 69-84. 

13. S. Elizarov, V. Barat, A. Shimansky. Intelligent Acoustic Emission System. 
Proceedings of the 31st Conference of the European Working Group on Acoustic 
Emission, Dresden, 2014. 

http://www.car.upm-csic.es/lopsi/people/fernando.seco/pcdisp/
http://www.car.upm-csic.es/lopsi/people/fernando.seco/pcdisp/

