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Abstract 

 

This paper presents the results of a study where AE-hit patterns are used for monitoring the 
location of AE sources.  The AE-hit patterns contain information about the spacing between hits 
and other additional information about the hits, e.g., the amplitude.  A methodology for detecting 
AE hits and coding the information is developed.  A procedure for searching for AE-hit patterns 
in the coded representation and for processing the search results is also presented.  The approach 
is demonstrated using experimental AE data acquired during fatigue cyclic testing of an assem-
bled CFRP prosthetic foot.  The results of this study show that the AE-hit patterns can be used to 
track the evolution of AE sources.  Additionally, the results show that by adding the peak ampli-
tude of AE hits to the hit patterns, the tracking of AE sources is improved significantly. 
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Introduction 

 
The research idea behind this study is to investigate whether damages in carbon fiber-

reinforced polymers (CFRP) generate characteristic sequences of AE hits, which could be used 
to monitor damage progression.  In [1] the authors used the peak hit amplitude for tracking the 
locations of evolving AE sources within fatigue cycles.  The purpose of this study was to evalu-
ate whether better results could be obtained by monitoring the temporal AE-hit patterns. 

 
One of the fundamental elements of music is rhythm.  Rhythm can be determined by the rela-

tion between note accents (attack) and the rests between notes [2].  The term can be used to refer 
to either a repetitive pulse, or a beat, which is repeated throughout the music or a temporal pat-
tern of pulses.  The modeling and the interpretation of temporal patterns are of interest to people 
working in different disciplines.  In the field of music information retrieval rhythm-based fea-
tures have been extracted from audio and used for classifying music styles [3], i.e., blues, disco, 
polka, etc.  In the field of computational neuroscience, patterns in spike trains are studied in or-
der to understand the “language of the brain”[4]. 

 
The first step of working with temporal patterns is to determine the pulses.  Once they have 

been determined, the rest, or duration, between them can also be determined and the results can 
be coded into features and processed.  The detection of pulses starts usually with the processing 
of the signal in order to make the detection more accurate.  The resulting signal is called a detec-
tion function and it can be in any domain of interest, e.g., time domain, frequency domain, and 
time-scale/time-frequency domain.  An example of a detection function is one made using a 
model called a rhythm track [5].  The rhythm-track model is based on the assumption that the 
audio can be considered to be a random signal and the signal’s energy increases significantly 
when a pulse occurs.  The rhythm track can be created using several methods; e.g., by using the 
signal’s instantaneous energy in the time- and the frequency domains [5, 6].  The pulses are de-
tected from the detection function.  The peaks in the detection function do not all correspond to 
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the onset of pulses, consequently, several approaches have been used to identify those that do; 
e.g., by using fixed threshold and peak-picking [6].  The approach taken here uses the signal’s 
envelope as the detection function and hits are determined by peak-picking. 

 
Interpreting hit patterns is a non-trivial task.  Similar patterns can be generated differently, 

e.g., closely spaced hits can either be due to rapid AE release or due to multiple AE simultane-
ously emitted from the numerous AE sources in the material.  In addition, the signal can be af-
fected by processes, such as reflection and attenuation.  The attenuation can be caused by geo-
metric spreading, dispersion, internal friction, and scattering [7].  During the progressive degra-
dation process of a cyclically loaded CFRP composite material, the damage mechanisms in the 
material grow and some evolve into different mechanisms [8]; i.e., delamination as a result of the 
coalescence of matrix cracks.  By monitoring the evolution of hit patterns, and detecting 
changes, the inception of critical damage mechanisms can possibly be detected before the onset 
of catastrophic failure. 
 
Methodology 

 
This section describes and discusses the methodology used for locating the AE hits and the 

procedure for coding the results into a compact form.  The procedure for searching and locating 
hit patterns in the coded representation is also described and discussed. 

 
The aim is to monitor the location of evolving AE sources within fatigue cycles.  Hence, the 

first step is to split the AE signal into segments of length equal to the period of one fatigue cycle.  
The AE hits are then determined from a detection function.  The detection function is generated 
by converting the AE signal into decibels (dB).  The logarithm transformation changes the dy-
namic range of the signal by enhancing low values, while compressing high values.  The trans-
formation is useful when the transducer cannot be placed at the location of damage and the AE 
signal suffers from high attenuation.  Furthermore, the transformation makes it possible to use 
one setting for detecting both high and low amplitude hits. 

 
The hits are detected and located by peak picking of the detection function.  The peak pick-

ing is performed by an algorithm, which incrementally removes peaks and valleys that have 
peak-to-peak values below a threshold, Tpp, starting with the smallest ones [9].  The threshold 
controls the sensitivity of the approach.  If the sensitivity is increased then smaller pulsations in 
the AE signal will be detected as hits. 

 
Once the hits have been located, the results are coded into a coding vector.  The structure of 

the coding vector can be accomplished in many different ways.  Figure 1 outlines one possible 
structure of the coding vector, in which the coded inter-spike intervals (ISI) can be used with ad-
ditional information.  The information is coded and put in a vector, which is placed in between 
each coded ISI.  Hence, each hit is represented by a substring in the coding vector. 

 
In this study, two different coding approaches are investigated.  The first uses only ISI cod-

ing and the second combines the ISI coding with a coded representation of the peak amplitude.  
The coding of the ISI is made by first logarithmically transforming (Log10) the time between the 
peak amplitudes of successive hits, measured in milliseconds.  The results are then shifted, 
scaled, and rounded so that each interval is represented by integers between NISI and 1.  The 
coding of the peak amplitudes is performed similarly.  The amplitudes are logarithmically 
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transformed (Log10), shifted, scaled, and rounded so they are represented by integers ranging 
from 1 to NAMP. 
 

 

Fig. 1.  The generation of the coding vector illustrated using substrings with coded amplitude and 
coded ISI. 

 

 

Fig. 2.  The procedure for finding hit patterns and processing the results into a feature vector. 
 

The procedure for searching for hit patterns in the coding vector is illustrated in Fig. 2.  Be-
fore starting the search, the user must choose the lengths of the hit patterns.  The lengths must be 
integer multiples of the substring length.  The locations where a pattern, HP, is observed are 
stored in an observations vector, OP, where P = 1 ... NP and NP is the number of hit patterns.  The 
observation vector is of same length as the original AE signal segment and initially contains only 



 263  

zeros.  The locations where a pattern, HP, is observed within the AE signal are indicated by 
ones (1) in the observation vector.  The vector is then partitioned into K intervals and the number 
of observations in each interval is counted.  The results are put into a feature vector which has K 
entries. 
 
Results. 

 
The test specimen, the test setup, and the experimental procedure used in this study, were de-

scribed in references [1] and [9].  The experimental data and the graphical tool presented in [1] 
were used for studying the evolution of AE hit patterns.  The same settings were used for the 
subband filtering.  The peak-to-peak threshold, Tpp, was adjusted for each subband, so the aver-
age number of amplitude pulses in the first 5 measurements was around 10.000; i.e., average 
pulse duration was 0.1 ms.  The values of NISI and NAMP were both set to 10 and K = 200 inter-
vals were used when computing the feature vectors.  Two different coding representations were 
studied: one using only ISI information and another using both ISI and the peak amplitude of the 
hits. 

 
ISI coding 

Approximately 60 patterns were obtained for each subband using ISI coding.  However, only 
a handful of the patterns provided images which could be used to track the locations of the AE 
sources within the fatigue cycles.  The two intensity images in Fig. 3 show the results obtained 
by logging the locations where two different patterns were observed.  The prominent paths ob-
served in both images show that the ISI is a characteristic feature of certain AE sources and it 
can be used to locate interesting AE sources for further study, or for tracking.  Half of the foot 
delaminated at segment no. 239, but the displacement failure criterion was not met [6].  Due to 
the rubbing of the delaminated surfaces high number of AE hits with similar ISI were emitted.  
As a consequence, only few paths can be identified from the remaining segments. 

 

 

Fig. 3.  The resulting images for two patterns using only ISI coding. The image on the left shows 
the results for the 333-366 kHz subband and the one on the right shows the results for the 133-
166 kHz subband.  
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ISI/peak amplitude coding 

By combining the ISI information with the peak amplitude of each hit, the total number of 
patterns increased up to approximately 600 patterns for each subband.  The increase is a function 
of the number of quantization levels used for the amplitude, NAMP.  By visually inspecting the 
evolution of patterns and selecting patterns that show evolving trends, a composite image can be 
made which enables better understanding of the evolving damages in the material. 

 
Figure 4 shows such an image, made by picking out, overlaying, and enhancing paths from 

28 patterns.  The patterns were handpicked from all subbands.  The image on the right side of 
Fig. 4 shows the evolution of the AE energy in each segment.  The AE energy was computed 
from the unfiltered AE signal by summing up the signal's values squared. 

 

Fig. 4.  A composite image made by overlaying and enhancing the results from 28 patterns (left) 
and the evolution of the signal’s energy from each segment (right). 
 

A comparison of the intensity images in Fig. 3 to the intensity image in Fig. 4 reveals that the 
addition of the peak amplitude makes it possible to track the evolution of several AE sources af-
ter segment no. 239.  The tracking improvement can also be observed by comparing the 765-
1000 ms region of the images.  In this region of the fatigue cycle, the initiation of 3 paths can be 
observed (circled).  These three paths can be monitored up to segment no. 239 where half of the 
foot delaminated. 

 
In the 765-1000 ms interval strong AE signals were emitted from splinters [9].  Splinters, or 

tear outs, on the sides were commonly observed on the foot component in the area from the mid-
foot to the ankle.  The reason for the formation of splinters was the varying width of the foot 
components.  The ends of the cut fibers were only held together by the matrix, which eventually 
failed due to repeated compression and tension loading.  The splinter for this foot was located at 
the lower half of the foot component, i.e., below centre line.  This caused the splinter to push out 
during upward movement of the toe’s actuator (loading) and snap back during unloading, often 
producing an audible sound. 
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The reliability of the additional paths obtained by the combining the ISI and the peak ampli-
tude in the pattern coding can be evaluated by comparing the paths, which can be obtained using 
both coding approaches.  Based on this evaluation method, the additional paths must be consid-
ered to be significant. 
 
Conclusions 

 
In this paper, we developed a methodology for detecting AE hits and for coding information 

extracted from the detected hits, i.e., the duration between hit peaks.  We also developed a pro-
cedure for searching for AE-hit patterns in the coded representation and for processing the search 
results.  The approach was then demonstrated using experimental AE data acquired during the 
fatigue testing of an assembled CFRP prosthetic foot. 

 
The results show that the information provided by the inter-spike intervals (ISI) of the AE 

hits alone can be used to track the locations of AE sources.  This is especially interesting since 
the study of ISI as a feature to track AE sources has, to the best of our knowledge, not been stud-
ied previously.  In [1] the authors proposed a graphical tool for tracking the locations of AE 
sources in cyclically loaded objects.  The tool was demonstrated by using the maximum ampli-
tude in each interval of the cycle as a feature to track.  This tool was also used here for tracking 
AE sources.  The results obtained by using only ISI information are similar to the results pre-
sented by the authors in [1]. 

 
A significant improvement in the source tracking was accomplished by combining the ISI in-

formation with the peak amplitude of each hit.  The addition of the peak amplitude makes it pos-
sible to track sources when there is very high AE activity, for example once delamination has 
occurred.  The reason for this is the additional information provided by the amplitude of the AE 
hits, which produces a higher number of AE-hit patterns.  This increase in the number of patterns 
is because the observations of patterns with certain ISI coding were divided between several pat-
terns; i.e., patterns with the same ISI coding but different amplitude coding.  Hence, the ampli-
tude addition worked like a filtering. 

 
Currently, selecting useful hit patterns for AE tracking is done manually by visual inspection.  

It is unlikely that the same patterns will be useful for other test specimens.  It would be, there-
fore, useful to develop a technique for the automatic selection of useful patterns. 

 
Finally, the experimental data used for this study was obtained during multi-axial cyclic load-

ing of an assembled (bolted) complex-shaped composite.  Hence, it is concluded that the ap-
proach used here can be successfully applied in a real world setting. 
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