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Abstract 
AE-Tomography is a technique that identifies source locations of AE events and elastic wave velocity distribution in 
objects of interest for evaluation of integrity of structures on the basis of the nature in which elastic wave velocity 
correlates with deterioration of materials. However, sensitivity of elastic wave velocity is insufficient to reveal the 
deterioration on its early stage, and further, elastic wave velocity depends on frequency of elastic wave due to 
dispersion. Thus, Shiotani et al. proposed a method in which Q-Value is adopted as index of the deterioration to detect 
the deterioration adequately, and the authors have introduced a tomographic technique that identifies elastic wave 
velocity and Q-Value distributions on the basis of the method to visualize distribution of the deterioration. Thus, in this 
study, the authors propose a new algorithm of AE-Tomography that estimates source locations of AE events, elastic 
wave velocity and Q Value distributions simultaneously by using arrival time of AE and gradient of logarithmic 
frequency response ratio at receivers on the basis of the tomographic technique. The proposed technique is verified by 
performing a series of numerical investigations and its characteristic is discussed in this study. 
Keywords: AE-Tomography, Q-Value distribution, Elastic wave velocity distribution, Source location technique, 
System identification, Kalman filter 

1. Introduction
Japan experienced the period of high economy growth in the 60’s, and many of social 
infrastructures constructed during the period, and the structures are playing significant roles in 
the society since the time. However, decades have passed since the constructions, and the 
structures aged over time. According to the whitepaper of land, infrastructure, transport and 
tourism in Japan, it was reported that more than 60 percent of bridge decks will be older than 
50 years old in 2032 [1]. For keeping serviceability of the structures, i.e. it immediately 
supports social activity, maintenance of the structures is an important task, and evaluation of 
structural integrity is necessary for the maintenance. The authors have studied on tomographic 
techniques, e.g. elastic wave velocity tomography for the evaluations, and the techniques have 
been applied for investigations of existing aged structures [2]. Among the studies, the authors 
recently proposed AE-Tomography (Acoustic Emission Tomography) in which elastic wave 
velocity distributions and AE source locations are identified by using arrival times of AE at 
receivers. AE-Tomography has been applied for the evaluation as well as elastic wave velocity 
tomography and successfully visualized deterioration of the structure. Nevertheless, AE-
Tomography adopts elastic wave velocity as an index of damage of materials, and it is 
empirically known that sensitivity of the velocity to early stage of material damage is low, and 
further, in particular cases, its dispersion would cause problems on the evaluation because the 
damage level has to be determined by the velocity although it would change by not only damage 
of the material but also its frequency. For overcoming the difficulty, one of the authors proposed 
a technique that identifies Q-Value on two- or three- dimensional objects as an index of material 
deterioration of the objects [3]. Although the proposed technique assumes that Q-Value and 
elastic wave velocity is homogeneous on the objects, the authors proposed an algorithm of Q-
Value tomography that identifies Q-Value distribution as well as elastic wave velocity 
distribution with consideration of heterogeneity of the distributions on the basis of tomographic 
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algorithm [4]. Because the proposed Q-Value tomography is on the basis of conventional 
tomographic technique, source information, i.e. signal emission time and location of excitation, 
are required, and consequently it leads limitation of application of the algorithm. Thus, in this 
study, a new algorithm of AE-Tomography that identifies Q-Value distribution, elastic wave 
velocity distribution and the AE source locations based on the ray-trace algorithm is introduced. 

2. Two-dimensional Q-Value AE-Tomography
AE-Tomography is a technique that identifies elastic wave velocity distribution and AE source 
locations by using arrival times of AE at receivers, and two-dimensional Q-Value AE-
Tomography is structured on the basis of the conventional algorithm of the two-dimensional 
AE-Tomography. Figure 1 shows a conceptual flow diagram of Q-Value AE-Tomography. 
On Q-Value AE-Tomography, firstly area of interest is meshed as illustrated in Figure 2. This 
mesh consists of triangle and quadrilateral cells, and relay points [5] are installed on the cells 
to raise accuracy of the identified AE source locations. It is assumed that elastic wave velocity 
and Q-Value are constant in individual cells, and initial elastic wave velocity and Q-Value 
distributions are given as initial conditions of the analysis. On the initial conditions, AE 
source locations are identified, and then, elastic wave velocity and Q-Value distributions are 
updated by using the identified AE source locations on the basis of the tomographic 
algorithm. If the updated distributions fulfil a criteria of convergence, the distributions are 
adopted as resultant distributions. Otherwise, the procedure in a red square in Figure 1 is 
conducted on the updated distributions. Thus, the procedure in the red square is iteratively 
performed until the criteria is fulfilled. In following subsections, individual parts in the entire 
algorithm are introduced. 

2.1 Identification of AE source locations 

The identification of AE source locations is performed on the basis of ray-trace technique that 
considers heterogeneity of elastic wave velocity distribution [6]. In a source location technique 
that is adopted here, firstly ray-trace is conducted from the location of a receiver that is assigned 
at a nodal or relay points to all of the other nodal and relay points on the mesh for obtaining 
first travel times from the receiver to the other points on the mesh. Because arrival times of AE 

Figure 1 Flow diagram of Q-Value 
AE-Tomography 

Figure 2 A mesh on a cross section 
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are known at the receivers, potential emission times of AE at the other points are computed by 
subtracting the travel time from the arrival time. Hence, the potential emission time implies that 
AE is observed at the arrival time at the receiver if the AE is emitted at the potential emission 
time at the point. Thus, every nodal and relay points have a potential emission time for each 
receiver on an AE event, and consequently, each nodal and relay points have n potential 
emission times on the AE event if n receivers are installed on the area. If the representation of 
the elastic wave velocity distribution and ray-paths from the source to receivers are identical to 
the real ones, the potential emission times should be the same at a source location of the AE 
event. However, a point at which variance of the potential emission times is minimum is 
adopted as the source location since the representation is generally not identical to the real ones. 
Additionally, an emission time of an AE is approximated as an average of the potential emission 
times at the source location. 

2.2 Observation equation for identification of elastic wave velocity and Q-Value distributions

Since the source location and emission time of AE are already identified, elastic wave velocity 
and Q-Value distributions are identified in the method of Q-Value tomography that was 
proposed by the authors [4]. As demonstrated in the conventional elastic wave velocity 
tomography, observation equation for first travel time is shown as follows in general on, for 
example, a ray-path that is illustrated in Figure 3. 

 (1) 

In which,  is arrival time of AE of event  at receiver ,  is the estimated emission time of 
AE of event ,  is slowness, reciprocal of elastic wave velocity, of cell , and  is length 
of a ray-path from source of AE event  to receiver  in cell . Thus, the ray-path does not 
across cell ,  is identical to zero. Since the elastic wave velocity distribution is generally 
heterogeneous on real structures because damage or insufficient quality of materials cause 
decreasing of the elastic wave velocity. If the elastic wave velocity distribution is heterogeneous, 
the ray-paths bend because of reflation and diffraction of the elastic wave. This influence 
is considered in this study by performing ray-trace on the mesh to obtain the ray-paths. 
This is a shortest path problem, and Dijkstra method is used to solve the problem here. For the 

Figure 3 Example of ray-path and its travel time 
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identification of Q-Value distribution, another observation equation is necessary. The authors 
proposed an observation equation for the identification of Q-Value distribution in an algorithm 
of Q-Value Tomography on the basis of a technique that evaluates integrity of materials by 
using Q-Value proposed by Shiotani et. al [3]. In the technique, it is assumed that AE is 
observed at receivers on an observation system that is illustrated in Figure 4. The observation 
system is described as follows in frequency domain. ������ � �������������� ��������� (2) 

In which, ������ is acceleration of AE event � at receiver �, ����� is acceleration of AE event � 
at its source location, ������� is transfer function of cell � on the ray-path from source location 
of AE event � to receiver �. It should be noted that ������� is not taken account if cell � is not 
on the ray-path. Further, �����  and ����  are transfer functions of receiver �  and data 
acquisition system, respectively. Thus, if AE event � is observed at two receivers, namely 
receiver �� and ��, for example as shown in Figure 5, ratio of accelerations between the two 
receivers in frequency domain are described as follows in general. �������������� � �����∏ ��������� ���������������∏ ��������� ���������� � ∏ ���������∏ ���������  (3) 

In Equation 3, it is assumed that ������ and ������ are identical to simply the computational 
procedure. Q-Value is a parameter that relates with dissipation of kinetic energy while 
propagation of elastic wave in media. Q-Value is defined as �� � ����� (4) 

where � and �� are energy of the elastic wave and dissipation of the energy during a cycle. 
A transfer function of elastic wave between two points of which distance is � is given as 
follows on the basis of Equation 4 on homogeneous materials. ���� � ��� ������� � (5) 

In which, �, �, � are frequency of the elastic wave, elastic wave velocity and Q-Value of the 
material, respectively. By applying Equation 5 to compute the transfer functions of individual 
cells on the ray-paths, the transfer function of cell � is obtained as follows. 

Figure 4 Observation in frequency domain 
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������� � ��������������� � (6) 

Where �� and �� are elastic wave velocity and Q-Value of cell �. Consequently, Equation 3 is 
rewritten by substituting Equation 6 as follows. �������������� � ∏ ���������∏ ��������� � ��� ���� �� ���������� �� ���������� �� (7) 

By computing difference of natural logarithm of Equation 4 with �, following equation is 
obtained. ��� ���������������� � ���������������� �������������� � (8) 

Equation 5 implies one observation equation is structured on any combination of two receives 
on cross section of interest. Consequently, if n receivers are installed on the cross section, nC2	observation	equations	are	structured	by	using	Equation	8. 
2.3 Identification of elastic wave velocity and Q-Value distributions 

By using the observation equations, elastic wave velocity and Q-Value distributions are 
identified on the basis of identification techniques. In this study, Extended Kalman Filter is 
adopted as the identification technique. On the algorithm of Extended Kalman Filter, 
a nonlinear system is described as follows if state vector �� is unchanged while the 
identification. ���� � �� (9) ���� � ������ � �� (10) 

Figure 5 Conceptual sketch of a layout of two sensors for 
identification of Q-Value 
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in which, ��, ������ and ��are observation vector, mapping function from �� to �� and noise of 
the observation, respectively. On this system, elastic wave velocity and Q-Value on individual 
cells are used as state values in the state vector. The mapping function is formed by combining 
Equations 1 and 7. It should be noted that Equation 9 demonstrates that the elastic wave velocity 
and Q-Value of the cells are unchanged while the process of the identification in this study. 
Thus, this technique is only applicable for the materials which state is unchanged while the 
observations. This implies that AE events that are used as the observation on this technique 
should be the secondary AE because occurrence of primary AE indicates fracture is progressing, 
and it consequently demonstrates state of the material is changing.  
On the basis of Equations 9 and 10, Extended Kalman Filter is structured as follows. ������� � ����� (11) ����� � ������� ������ � ������������ (12) 

in which, ������� and ����� are identified state vector at � � � on the basis of the information at � � � and �, respectively. �� is a Kalman gain as shown in following equations. �� � �������� ����� ��������� �� � ����� (13) ������ � ���� (14) ���� � ������ � �������� ����� ��������� �� � ������� ������� (15) 

where ������ and ���� are estimated error covariance matrices of the state vector at � � �  on 
the basis of the information at � � �  and �, respectively, �� is an error covariance matrix of 
the observation vector at �. These matrices indicate reliability of initial state value and 
observations, these matrices should be given appropriately on the basis of accuracy of the 
initial distributions and observations. It should be noted that non-diagonal term of R and P 
are set to zero in this study. Further, it is assumed that �� is constant while the 
identification. This implies that elastic wave velocity and Q-Value on the individual cells are 
independent each other. However, if the correlations are demanded, it can be specified by 
giving appropriate quantities. ��� is an observation vector that is described as follows. �� � � ����������������� (11) 

By applying Equations 11 and 12 iteratively, the state vector is appropriately identified. 

3. Verifications
The introduced algorithm of Q-Value AE-Tomography is verified by performing a series of 
numerical investigations. Figure 6 shows a cross section that is used for the verifications. The 
cross section is a square with a side length of 15m and receivers are installed at the apexes of 
the cross section. Thus, there are 4 receivers on the cross section in the verification. The cross 
section consists of two types of regions. Regions of one of the types are coloured with white 
and regions of the another type are coloured with grey, and the white and grey regions are 
supposed intact and damaged area, respectively. For these verifications, two models that are 
described in Table 1 are adopted in this study. As shown in Table 1, elastic wave velocity and 
Q-Value are set to 4000m/s and 50 on the white region, and 3000m/s and 20 on the grey region 
in Case 1. This case assumes that the degradation of the grey region is severe, and both of elastic 
wave velocity and Q-Value are relatively low due to the degradation. On Case 2, the elastic 
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wave velocity on the grey region is raised to 4000 m/s in comparison with Case1. This case 
assumes the degradation is still on its early stage and elastic wave velocity is keeping its 
quantity in intact condition. Since the observations are necessary for the numerical 
investigations, 100 artificial AE events are generated randomly on the cross section, and the 
observations are computed by performing the ray-trace from the generated artificial sources to 
the receivers for the arrival time and using Equation 1 on resultant ray-path of the ray-trace, 
and assuming straight ray-paths from the AE source to the receives and using Equation 8 on the 
straight ray-paths for gradient of logarithmic frequency response ratio. Thus, total number of 
the observation equations is 400 for the arrival time, and 600 for the gradient of logarithmic 
frequency response. Consequently, there are 1000 observation equations in this investigation. 
As the initial distributions, homogeneous elastic wave velocity distribution of 4000 m/s, and 
homogeneous Q-Value distribution of 50 are given. 
Figures 7 and 8 show identified elastic wave velocity distribution and Q-Value distribution in 
Case 1 at 5th iteration and the end of the identification. On the figures, the white circles are 
identified source locations and the black circles are real source locations that are generated 
artificially. According to the Figures 7 and 8, the identified distributions qualitatively reproduce 
the original distributions. On the identified Q-Value distribution, there are high Q-Value area 
from left side to center on the band of 5.5m to 10 m in y coordinate of the cross section. The 
low Q-Value areas exist on the upper and lower parts of the cross section and this results shows 
the same tendency with the original model that is illustrated in Figure 6. However, the low Q-
Value area penetrates from the upper part to the lower part on the right side of the cross section. 
On the identified elastic wave velocity distributions, it shows the same tendency with the 
original model as well. There are low velocity areas exists on the upper and lower part of the 
cross section as well. The penetration of the low Q-Value area is caused by the resolution of 
the source location technique and limitation of the identification technique. Since resolution of 
source locations is density of relay and nodal points in this source location technique, and 
further, because the resultant elastic wave velocity is not identical to the original one, there are 
errors on the source locations. Under this situation, relative error of the source locations 
becomes large if the source location and receiver is close, and consequently, resultant Q-Value 
distribution is affected by the error. Moreover, since Equation 9 is defined as products of Q-
Value and elastic wave velocity, the equation is fulfilled if the products is identical to the 

Figure 6 Numerical model for the verification 

Table 1 Conditions 
Case 1 Case 2 

V(grey zone) 3000m/s 4000m/s 

Q(grey zone) 20 20 

V(white zone) 4000m/s 4000m/s 

Q(white zone) 50 50 

Num. Events 100 100 

Num. Iteration 200 200 

Initial V 4000/s 4000m/s 

Initial Q 50  50 
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original value. Thus, in the right side on the band of y=5.5m to 10m, the elastic wave velocity 
is overestimated, and consequently, Q-Value would be underestimated. Further, the identified 
source locations moved between the middle and the end of the identification. This is because 
the elastic wave velocity distribution is updated while the identification, and the source 
locations identified more closely to the real source locations due to the update of the elastic 
wave velocity distribution. 
Figures 9 and 10 show identified elastic wave velocity and Q-Value distributions in Case 2 at 
5th iteration and the end of identification. Since the elastic wave velocity distribution is the 
homogeneous one of 4000 m/s in the original model in this case, change of elastic wave velocity 
distribution while the identification is suppressed and the identified elastic wave velocity 
distribution is consequently very close to the original elastic wave velocity distribution. In 
contrast, although Q-Value distribution largely changes from the initial distribution, the 
identified Q-Value distribution reproduces the original distribution very well. This is because 
the accuracy of the identified source locations is high because of the identified elastic wave 
velocity distribution is almost identical to the real one. Due to the highly accurate source 
locations and elastic wave velocity distributions, actual number of degree of freedom is 
drastically reduced since the variables that actually identified is only Q-Value distribution. 

Figure 7 Identified Q-Value distribution in Case 1 
(Left: after 5 iterations, right: after 200 iterations) 

Figure 8 Identified elastic wave velocity distribution in Case 1 
(Left: after 5 iterations, right: after 200 iterations) 
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Consequently, the Q-Value distribution is identified with sufficient number of observations and 
it was identified more accurately. 
These results suggest that the introduced technique identifies Q-Value and elastic wave velocity 
distributions more accurately on the early stage of degradation. Because it is known the 
sensitivity of Q-Value is higher than the elastic wave velocity to the damage, and it is supposed 
that the elastic wave velocity is still close the velocity in intact condition nevertheless Q-Value 
is already low because of the damage. This characteristic of the proposed method is an 
advantage of the policy of the proactive maintenance since finding of the damage on the early 
stage is demanded on the policy. 

3. Conclusions

In this study, a new algorithm of Two-dimensional Q-Value AE-Tomography that identifies Q-
Value and elastic wave velocity distribution and source locations of AE events by using only 
observed AE data at receivers is introduced. The introduced techniques are verified by 
performing a series of numerical investigations, and following conclusions are drawn. 

Figure 9 Identified Q-Value distribution in Case 2 
(Left: after 5 iterations, right: after 200 iterations) 

Figure 9 Identified Q-Value distribution in Case 2 
(Left: after 5 iterations, right: after 200 iterations) 
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1. The introduced algorithm was verified on a model that has deteriorated regions in which
both of elastic wave velocity and Q-Value is low as a case that the regions damaged
heavily. The results show that the proposed method identifies Q-Value and elastic wave
velocity distributions adequately.

2. The introduced algorithm was verified on a model that has deteriorated regions in which
Only Q-Value is low as a case that the regions damaged slightly. In this case, the identified
distributions are consistent with the original distributions as well. Especially, the
identified Q-Value distribution is more accurate than the heavily damaged case and this
characteristic suggested the proposed technique would be efficient for the evaluation of
structural integrity for proactive maintenance.
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