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Abstract 
In [1, 2] the X22-correlation was presented, which enables clustering and evaluation of time differences based on 
acquired signals (transient recorder data) from multi channel acoustic emission acquisition. The algorithm 
cancels some effects of sensor characteristics and source functions which promises special characteristics in 
comparing signals. 
In this paper an interpretation of X22-correlation is given. Afterwards the algorithm is applied to data from an 
experiment, which was done a few years ago. Acoustic emission data from an artificial weld defect, acquired 
during the first pressure test after defect generation, during cyclic fatigue testing, and during another pressure 
test were selected and analysed. The goal is to get a first idea from which insights are expected by this type of 
analysis, and how to interpret the results. 
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1. Introduction 
X22-correlation [1, 2] is a similarity measurement based on sampled signal data, which can be 
used to compare events for clustering, and to get time differences for relative location 
processing. 
The model (Fig. 1) consists of a body with a number of acoustic emission (seismic) sensors 
(SENj) mounted at fixed positions. Acoustic emission signals from micro fracture or other 
natural sources are acquired by the acoustic emission equipment via sensors, preamplifiers, 
and filters. A limited period of emission at one source is called event (Ei). The time between 
successive events must be large enough that the acquired signals from sensors, aij, can be 
grouped to events (usual event building process in acoustic emission measurement). 
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Figure 1: Basic model for wave transfer, sensor application, and data acquisition 

 
The application of X22-correlation is based on the following model: 
Wave initiation, wave propagation, and the measurement of the surface movement can be 
described by Eq. 1, which means: 
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The signals from one single event originate from a physical process which can be expressed 
by a single source function and linear transfer functions. 
 
 )()()( tetutsa jijiij ∗∗= .............................................. (1) 
 

)(tsi  source function for the event Ei 
)(tuij transfer function from the source function si(t) to the sensor SENj 
)(te j transfer function of sensor (SENj), amplifiers, filters and acquisition equipment 
)(taij signal function acquired by the equipments from sensor SENj and event Ei 

*convolution operator 
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Figure 2: X22 considers the signals from two events at two sensors (sensor pair) 

 
X22-correlation compares two events based on the signals received at two sensors (Fig. 2). 
When more than two sensors are applied, all possible sensor combinations can be used. 
Two events are similar in the sense of X22-correlation, if the curves resulting from the 
convolutions at both sides of equation (2) are similar. The expression (t) means that the result 
of the convolution is a function of time, and )( 21,21 −−− dtt  indicates that a time shift between 
both sides of the equation is allowed. 
 
 ))(())(( 21,2121121122 −−−∗≈∗ dttaataa .............................. (2) 
 
Inserting Eq. 1 in Eq. 2 results in Eq.3, which shows the important property of the similarity 
described by Eq.2: Both source functions s1 and s2 arise on both sides of the equations and 

21 ss ≠  do not destroy similarity. The sensor and equipment transfer functions are cancelled in 
a similar way. 
 
 ))(())(( 21,211212212111112222 −−−∗∗∗∗∗≈∗∗∗∗∗ dtteuseusteuseus .... (3) 
 
Similarity between the curves on both sides of Eq. 2 is measured in the following way: 
 
A normalized cross correlation function is evaluated with the compared curves. X22-
correlation is the maximum of this normalized cross correlation function. The time shift 

21,21 −−dt , at which the maximum 21,21, −−cρ  is evaluated, can be used e.g. for relative location 
processing. One X22-correlation 21,21, −−cρ  and one time shift 21,21 −−dt  are evaluated for each 
combination of two sensors and two events. Values of 21,21, −−cρ  near to 1 mean large 
correlation and similarity. A more detailed mathematical description is given in [1, 2]. 
 



The mathematical formulations above are valid if the acquired signal curves aij include the 
complete signal, which results from the event Ei. But, if experimental data is used, transienten 
recorder pages have to be processed by cutting, windowing, or damping before further 
processing. One reason therefore is that the acquired transienten recorder pages are cut before 
the end of the signal. Another reason is that better results are expected if only the first part of 
the acquired signal (signal which results from the wave running directly from the source to the 
sensor) is processed. This cutting, windowing, or damping has to be done in a mathematical 
consistent way, to get proper results. 
 
2. Interpretation of X22-Correlation 
 
To have a better insight to the meaning of X22-correlation, the transfer functions are spit up in 
three parts (Eq.4): 

a) One part )(tueq  which is equal for all sensors and all events. It may originate from 
sensor transfer functions, equipment transfer functions or other parts of the transfer 
functions, which are equal for all sensors and all considered events. Because this 
transfer functions arises two times on both sides of Eq.2 it does not destroy X22-
similarity. 

b) A second part, )(tuEi , is the same for the two considered sensors within each event i 
(it is different for different events). This part arises also on both sides of Eq.2 and does 
not destroy similarity. The source functions, )(tsi , which are per definition not part of 
the transfer function, behave like this part of the transfer function. Therefore, different 
source functions of the compared events i do not destroy X22-similarity. 

c) The third part, )(21, tu SEi − , is the part of the transfer function for Event i which is 
different between sensor j=1 and sensor j=2. This part of the transfer function decides, 
whether or not two events are similar in the sense of X22-correlation. If )(21, tu SEi − for 
the sensor pair j=1,2 is the same for both considered events, a time shift is allowed, 
X22-correlation is large. 
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Therefore, the X22-correlation, which is evaluated for two events and a sensor pair, can be 
interpreted in the following way: 
X22 compares the ratio of the signal curves (ratio of the transfer functions) of the 
considered sensor pair. 
Ratio means in this context deconvolution. Due to convolution on both sides of Eq.2 the 
evaluation of deconvolutions is avoided. 
 
3. Additional analysis 
 
Before checking X22-correlation (Eq.2), checking similarities of the signal curves in the 
following way, improves the interpretation. 
 



3.1 Equivalent events 
 
One should check if the signal curves of two events are nearly the same at each sensor: 
 
 2111 aa ≈ and 2212 aa ≈ ........................................... (5) 
 
To do this, the maximum of a normalized cross correlation function ja ,21, −ρ  is evaluated based 
on the measured waveforms on each sensor for the compared two events. The value is 
evaluated for each pair of events (1-2) and each sensor j. These values are called direct 
correlation. 
 
3.2 Validation of X22 
 
Before X22-correlation is evaluated (or for the validation afterwards), it should be checked, if 
the transfer functions of the considered sensor pairs are not equivalent due to the arrangement. 
Symmetrical arrangements or sensors placed near to one another may be the reason for such 
configuration. In such cases large X22-correlation is expected, but X22-correlation has no 
meaning. 
This can be checked within the events by comparing the signal curves at the considered sensor 
pair Eq.6. 
 
 21 ii aa ≈ ...................................................... (6) 
 
Similarity in the sense of Eq.6 for all, or the majority, of the considered events means that the 
considered sensor pair is not appropriate for this analysis. 
 
4. Usage of X22-correlation 
 
4.1 Comparing events from single setup 
As shown in Fig.1, X22-correlation can be used to compare events within one experimental 
setup. For each pair of events and each combination of two sensors, a value of X22- 
correlation can be evaluated. Large X22-correlation are expected between events which are 
located almost at the same location (small time delays is included) and which have similar 
emission characteristic in the direction of the considered sensor pair. Different source 
functions do not destroy X22-similarity. 
In this case the transfer functions of sensor and equipment within one sensor are the same for 
all events. Therefore, the transfer function of the sensor pair within one pair of events may be 
different, i.e. different sensors may be used within a considered sensor pair. 
 
4.2 Comparing events from different setups (e.g. experimental setup and simulation) 
A very interesting application of X22-correlation is expected if one compares events from an 
experimental setup to simulated ones (e.g. finite element calculations). In this case the transfer 
function of the sensor and the equipment is only present in the experimental setup. If this 
transfer functions are the same for the considered sensor pair in the experiment, they are 
cancelled in the X22-correlation. Therefore, measured signals can be compared with results 
from simulations without knowing the transfer functions of the sensors and the equipment. 
Also the knowledge of the source function is not necessary. X22 simply compares the ratio of 
the signals of the considered sensor pair. Source function and sensor transfer function are the 



same within the sensor pair, and, therefore, X22-similarity is not destroyed even if they are 
different for the compared events. 
 
5. Usage of X22-Correlation to analyse data from pressure testing 

 
Within the following experiment [3-6] an old vessel ST6599 (Fig. 3) was tested by means of 
pressure tests and cyclic pressurization. The vessel was made of ferritic carbon steel (0.17%C, 
0.018%P, 0.022%S). The vessel diameter was 800 mm and the wall thickness 15 mm. 
Here the artificial defect called “Artificial weld defect” is further investigated. Before the first 
pressure test, an artificial weld defect of the type given in Fig. 3b was introduced by the 
following procedure: A saw cut was introduced in the original longitudinal weld, a steel strip 
was placed into this cut, and a weld was placed on this strip. 
The testing procedure started with a pressure test, consisting of three pressure cycles up to a 
pressure of 1.43pS (pS = 32 bar). After the pressure test, the vessel was cycled with sinusoidal 
pressure variation between 2 bar and pS until crack initiation was indicated (strain gauge 
measurements). Afterwards a pressure test and the next cycling followed. The procedure was 
repeated until the vessel failed at the 6th pressure test through leakage at the “Artificial weld 
defect”. 
AE was measured with five SE150 sensors with a resonance frequency of 150 kHz and 
threshold settings between 31.2 and 35 dBAE. 
The acquired data was first analysed by the VisualAE1 software. Afterwards, listings from 
VisualAE were read in a MATLAB2 application for further processing. Transient recorder 
data was transferred from Vallen software to the MATLAB application via ActiveX3 
interface. 
 

a)   

b)  
Fig. 3. Experiment ST6599 [3-6]: a) Test vessel, b) sketch of artificial weld defect, 

 
                                                 
1 Vallen VisualAE from Vallen Systeme GmbH 
2 MATLAB from MathWorks, Inc. 
3 ActiveX from Microsoft Corporation 
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Evaluation of X22-correlation for all acquired acoustic emission events and sensor 
combinations is very time consuming. At the moment selection of a relative small set of 
events (few hundred events) is necessary before clustering on the basis of X22-correlation can 
be performed. 
Here events located (arrival time based location) in region of the ”Artificial weld defect” 
(68x40cm) are selected. 
 
5.1 Events during first pressure test 
 
To the events in the region of the ”Artificial weld defect”, a pre-location filter, A>=40dB, and 
a post-location filter, A>= 60dB, were applied. The selected 264 events of the first pressure 
test, with the applied pressure curve are plotted in Fig. 4. 
 

 
Figure 4: Selected events during first pressure test - located in the region of “Artificial 

weld defect”; Amplitude vs. Time, and Pressure vs. Time. 
 
Now a clustering process based on X22-correlation was applied: Events, which have X22-
correlations larger than 87.5 % at a minimum of two sensor pairs to other events of a cluster 
were grouped to the cluster. In this way six clusters with 3, 5, 2, 3, 2, and 2 events were 
identified. The second cluster with 5 events, and numbers of X22-similaries shown in Table 1, 
was further analysed (Fig. 5). 
 

 
Figure 5: Selected events during first pressure test; amplitude vs. time; events of cluster 

2 marked in green and red; Cyan lines show X22-similarities; the X22-correlations of 
the red events (21 and 459) were further analysed. 

 
The evaluated time differences can be used for doing relative location processing within the 
cluster. Figure 6 shows locations evaluated based on arrival times (Vallen software) on the 
left side. On the right side, the locations evaluated by relative location processing within the 
second cluster are displayed. It has to be considered that the relative location process 
evaluates only the positions of the events relative to the other events in the cluster. The 
position of the centre of the cluster was taken as mean value of the positions evaluated based 



on arrival time. Therefore, relative location processing can only improve the location of the 
events relative to the others, not the absolute position (position relative to the defect). 

Table 1: Number of X22-similarities for pairs of events within cluster 2 
Ev1 Ev2 Sim Count 

9 21 3
9 43 3
9 46 1
9 216 1

21 43 1
21 46 6
21 216 1
43 216 2

9 21 3
9 43 3
9 46 1
9 216 1

21 43 1
21 46 6
21 216 1
43 216 2

 

 
Figure 6: Location of events during first pressure test; events of cluster 2 marked in 
green and red; location of defect marked in blue; left: location from Vallen software; 

right: relative location processing. 
 
The similarity of one event pair (21 and 46) is analysed in detail: The signals from the 
transient recorder (Fig. 7) at channel 5 and 4 look very similar. This is also expressed by the 
large direct correlation ja ,21, −ρ  of 85 and 79 % (Table 2). X22- correlation 21,21, −−cρ  (Table 3) 
is large in this case for all pairs of sensors. 
 
Most of the events within this first pressure test seem to come from fracture of brittle slag 
inclusions and bad bonding within the weld defect. Within the large number of event only few 
event pairs with large X22-correlation were found. 
Within the identified X22-clusters direct correlation within event pairs is often not much 
smaller than X22-correlation. For one pair of events different X22-correlations may be 
evaluated for different sensor pairs. Relative location indicates small, but clear, distances 
between the events, which were clustered within the cluster. The orientation of the defect can 
clearly be seen in the result of the relative location process. 



 

 
Figure 7: Waveforms of event number 21(left) and event number 46(right) of first pressure 
test. 
 
Table 2: Direct correlation ja ,21, −ρ  of the event pair 21 and 46 of first pressure test 
 Sensor 3 Sensor 5 Sensor 4 Sensor 2 

ja ,21, −ρ  58% 85% 71% 79% 
 
Table 3: X22-correlation 21,21, −−cρ  of the event pair 21 and 46 of first pressure test 
 SPair 3-5 SPair 3-4 SPair 3-2 SPair 5-4 SPair 5-2 SPair 4-2 

21,21, −−cρ  [%] 95 93 95 98 98 98 

21,21 −−dt  [0.2 μs] 1 2 1 1 -1 -2 

 
5.2 Events during cycling (5. phase of pressure cycling) 
 
Like for the pressure test, in the case of pressure cycling, events located in the region of 
the”Artificial weld defect” (68x40cm) were taken. A pre-location filter A>=40dB and a post-
location filter A>= 50dB were applied. The selected events (696 events) for the fifth pressure 
cycling were plotted in Fig. 8. 
In the case of this pressure cycling, a large number of events show almost identical transient 
recorder signals. Based on direct correlation ja ,21, −ρ , some groups of equivalent events can be 
identified (Fig.9): The largest are one group with 332 events and one group with 167 events. 
Only one event of these groups, event 200 for the first group and event 684 for the second 
group, were included in further analyses. 
 



 
Figure 8: Events during fifth pressure cycling located within defect region. Pressure vs. 

number of cycles (PCTA); different amplitudes marked in green, yellow, and red. 
 

  
Figure 9: Fifth pressure cycling: events equivalent to Ev 200 (cyan, N=332) and events 
equivalent to Ev 684(green, N=167); left: Pressure vs. number of cycles (PCTA);right: 
arrival time location - one point per event. 
 

 
Figure 10: Fifth pressure cycling: Events of cluster 1 (red), X22-similarities (cyan and red 
lines); small red  points: events equivalent to events in cluster; red line: connection of Ev 
200 and Ev 229 (see Figure 12) 
 
Clustering based on X22-correlation was performed (like for the first pressure test) for the 
events, which were not classified equivalent to other events. Here one cluster with seven 



events was identified. Some of the grouped events have equivalent events; event 200 with 332 
equivalent events is also in this cluster. Event 684 with 167 equivalent events is not in it. 
Within this cluster, all the event combinations show X22-similarities at 3 sensor pairs. 
Relative location processing locates all the events within cluster one practically at the same 
location (Figure 11) 

 
Figure 11: Fifth pressure cycling; left: location based on arrival times (Vallen) software; right: 
relative location of events in cluster 1. 
 
Two events of this cluster 1 Ev 200 and Ev 229 (Figure 12) are further analysed (Tab. 4 and 
5): The events show relatively large direct correlation (89-98%) and even larger X22-
correlation (98-99%). 
 

  
Figure 12: TR pages of events 200(left) and 229(right) 
 



Table 4: Direct correlation ja ,21, −ρ  of the event pair 200 and 229 of 5th cycling period 
 Sensor 3 Sensor 5 Sensor 4 

ja ,21, −ρ  90% 98% 89% 
 

Table 5: X22-correlation 21,21, −−cρ  of the event pair 200 and 229 of 5th cycling period 
 SPair 3-5 SPair 3-4 SPair 5-4 

21,21, −−cρ  [%] 99 99 98 

21,21 −−dt  [0.2 μs] 0 -1 -1 

 
Cyclic pressurisation is characterized by a large number of events with of similar signals. The 
source of these events may be friction at the fracture surface during crack opening and/or 
closure. Almost identical signals are generated when such events are activated every cycle. 
Such equivalent signals are grouped together to equivalent events. Due to small changes like 
crack growth and friction itself the activated signal may change, which is equal to a change of 
the source function. These events are grouped together by X22-correlation. 
Within the analysed 6th cycling period, it seems that most of these events from friction come 
from tow sources. The ones from the first source are grouped in cluster 1. The ones from the 
second source are the ones equivalent to Ev 684 (Fig. 9). 
 
5.3 Events during last pressure test 
 
Like above, in the case of the last (6th) pressure test, events located in the defect area 
(68x40cm) were taken. No pre-location and post-location filters were applied. The selected 
events (128 events), with the applied pressure curve are plotted in Fig. 13. 
There was low RMS noise (about 1.7 μV) until event 11 (14260s after start of the test). From 
event 12 to event 128, RMS noise continuously rose (reaching about 9 μV). This indicates 
start leakage at event 12; visual detection of leakage was noted after event 128. 
 

 
Figure 13: Selected events during 6th pressure test located in the region of “Artificial 

weld defect”; Amplitude vs. Time, and Pressure vs. Time. 
 
Clustering based on X22-correlation identified three clusters, cluster 1 with 2 events, cluster 2 
with 25 events, and cluster 3 with 23 events (Fig. 14 and 15). 
The first cluster with events 3 and 4 arises before start of leakage. It consists of two events 
with large direct correlation (91-95%). X22-correlation between these two events is few per 
cent larger (93-97%) than direct correlation. Therefore, we have two events with nearly the 
same source and transfer function. The small time differences show that the events located 
very near to one another. 
 



Cluster 2 and 3 started with the beginning of leakage. Pairs of events within the clusters 2 and 
3 have large X22-correlation but smaller direct correlation, indicating different source 
functions. 
Figure 16 shows the acquired signals of two events (Ev67 and Ev87) within cluster 3. In this 
case the difference in the signal function is reflected in the relative small direct correlation 
(Table 6), but X22-correlation is near unity (Table 7) 
The evaluated double time differences within the three clusters are very small. Therefore, 
relative location processing locates all events within a cluster almost at the same location.  
 

 
Figure 14: 6th pressure test; events of clusters 1 (gray), 2 (cyan), and 3 (green); amplitude 
vs. time; start of RMS increase at time 14260s; red line connects events 61 and 87 
 

 
Figure 15: 6th pressure test; location of events in clusters 1 (gray), 2 (cyan), and 3 (green); 

left: arrival time location (Vallen software); right: relative location 
 



  
Figure 16: 6th pressure test; recorded signals of events 61 (left) and 87 (right) 
 
Table 6: Direct correlation ja ,21, −ρ  of the event pair 67 and 87 of first pressure test 
 Sensor 3 Sensor 5 Sensor 4 Sensor 1 

ja ,21, −ρ  59% 63% 62% 60% 
 
Table 7: X22-correlation 21,21, −−cρ  of the event pair 61 and 87 of first pressure test 
 SPair 3-5 SPair 3-4 SPair 3-1 SPair 5-4 SPair 5-1 SPair 4-1 

21,21, −−cρ  [%] 99.7 99.8 96 99.6 98 96 

21,21 −−dt  [0.2 μs] 0 0 0 0 0 0 

 
Here only the first cluster with two events may be classified as fracture events. The two larger 
clusters seem to come from the leakage. Different source function, but same transfer function 
and location, confirm this. 
 
6. Conclusions 
 
The paper shows a first attempt to use X22-correlation for analysing experimental data. In the 
case of experimental data, often the signal curves (transient recorder pages) are not available 



for all events and sensors. Handling of absent data and setting appropriate parameters is not 
well developed for this type of analysis. 
With the prototype software based on MATLAB, which was used for the presented analyses, 
only subsets, up to few hundred events, of the acquired data can be analysed. Working with 
larger data sets would need large computing time. 
Events were compared based on direct correlation and X22-corrrelation. X22 based clustering 
was applied to groups of events. Within X22 clusters, relative location processing gives 
information on the relative location of the events within the clusters. 
Some of the results are clear and confirm earlier results. Interpretation of other results needs 
to be further developed. Very often, different sensor pairs deliver different X22-correlation, 
which has to be interpreted properly. 
A next step could be the analysis of data from finite element analysis. This will help to get 
better insight and optimise parameters. 
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