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ABSTRACT 

Today there is a large variety of methods that allow the characterization of the petro-elastic properties 

of the geological formations of the subsurface. Therefore, seismic records have been used for this 

purpose. In the work developed here, the first arrival times of acoustic emissions are used to construct 

a field of 3-D velocities using a simultaneous iterative reconstructive technique (SIRT). Its acquisition 

involved the use of equipment such as oscilloscopes, piezoelectric transducers and a physical model 

developed in the IST GeoLab. 

The optimization technique applied for this study considers an initial homogeneous model with 

constant velocities. This model is used as a starting point for the local search over the model space, 

thus ensuring that it is closer to the best solution. The initial constant velocity model is disturbed in 

order to approximate the observed data to the calculated data. In this stage the fresnel volume is 

calculated based on the eikonal equation that calculates the travel times between the sources and 

receivers using a scheme of finite differences. After the calculation of the times, we update the 

slowness found along the longitudinal extension (paths) of the waves to generate the models. 

Key-words: Tomographic inversion, Travel times, P waves, Stress and internal deformation. 

1 – Introduction 

The problem of seismic inversion in general 

presents several solutions that are often 

considered unstable because of the high 

sensitivity ray paths. In the last decades, linear 

and nonlinear inversion techniques have been 

developed that automate the process of 

inversion of seismic data and that lead to the 

model space sampling using computers 

(Rawlinson and Spakman, 2016). However, 

some techniques developed have limitations 

when applied to data interpretation, so it is 

necessary to revert to certain methods to avoid 

them. Among the commonly used methods are 

the Monte Carlo that does a random search on 

model space, the simulated annealing, the 

genetic algorithm, the iterative simultaneous 

reconstruction (SIRT), and several other 

methods. 

To overcome the multiminima problem in 

interpretations of geophysical data, we can aply 

global search methods such as simulated 
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annealing and genetic algorithms. The genetic 

algorithm was used for stochastic research on 

the parameter space whose purpose is to 

generate new sets of parameters (Basokur et 

al., 2007). It has presented some 

disadvantages such as numerous evaluations 

of the misfits functions in the model space, 

slowness in computational process and is very 

expensive (Basokur et al., 2007). Because of 

these small problems, it was associated with 

classical optimization methods, but it was still 

not possible to achieve the desired results, so it 

was necessary to use hybrid genetic 

algorithms to minimize computational time 

(Basokur et al., 2007). Horne and MacBeth, 

1994; developed an inversion scheme using 

genetic algorithms to simplify direct modeling 

i.e. the 3-D structure for an anisotropic 

homogenous medium whose purpose was to 

reverse the transverse wave. 

Seismic refraction data for the construction of 

depth velocity models were used using 

simultaneous iterative reconstruction algorithms 

(SIRT). The process was developed in two 

stages where, in the first, the refraction data 

were reversed using the linear correction of the 

normal moveout correction (NMO), whose 

purpose was to estimate low frequency 

components of the refraction velocities as well 

as to find in the deeper zones the contact 

surface through which the refraction takes place 

(Belfer and Landa, 1996). In the second phase, 

refractive tomography was performed, the 

purpose of which was to construct a reduced 

and / or smoothed velocity model. The 

application of the algorithm according to the 

author was extremely important because it 

presented some flexibility in supporting different 

geometries and limited projection angles (Belfer 

and Landa, 1996). With this technique, it was 

possible to generate small lateral variations of 

velocities. 

In this work a tomographic inversion is made 

using the travel times of the longitudinal waves. 

The objective is to construct a model of 3-D 

velocities and detect the induced anomaly on 

the same. The data used were obtained from 

the IST (GeoLab) Geosciences and 

Geoengenharias Laboratory (GeoLab) and later 

were processed using a simultaneous iterative 

reconstruction technique (SIRT) proposed by 

Mendes (2008) and allowing the inversion P 

waves travelling time for the construction of 

speed models. 

2 - Proposed methodology 

In order to achieve the objectives of this study, 

several steps were necessary. The first one 

began with the laboratory tests to determine 

properties such as P-wave travel times and 

propagation velocities. For the measurement 

and recording of these properties, a matrix of 

4.7 cm x 4.7 cm was defined on each face of 

the parallelepiped (Fig.1) in ways to ensure 

greater coverage between each pair of source / 

receiver in the acquisition of the data. 

 

 

 

 

Figure 1: Definition of the matrix on the face of the 
parallelepiped 

 

The transducers generated in the GeoLab were 

placed laterally and in contact with the 

formation (Fig.2) in ways to measure the 

propagation times of the P waves. Through 
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these times and the distance between the 

transducers, it was possible to calculate the 

respective velocities of propagation of the P 

waves that are related to the elastic properties 

of the material as the resistance and 

deformability. Measurements were made using 

the transmission method consisting of two 

piezoelectric sensors accoupled on opposite 

sides of the parallelepiped allowing to measure 

the transit time of the ultrasonic pulse. 

 

 

 

 

 

Figure 2: Accoupled of the sensors on opposite faces 

The data were collected in 110 receivers 

separated by 4.7 cm intervals covering an area 

of 50 cm and the readings were made on a 

digital oscilloscope as shown in figure 3. During 

the recording of the data, other tests were 

carried out and that they were collected in 25 

separated receivers at spacing intervals of 9.4 

cm with the same area cross-section.  

Figure 3: Digital oscilloscope used to read the data 

 

 

 

2.1 - Recording of P-wave travelling times 

For the accomplishment of this work, a test was 

first carried out in the Laboratory of 

Geosciences and Geoengenharias of Instituto 

Superior Técnico (LabGeo) to calculate the 

propagation velocity of the waves P. For this, a 

model with the dimensions 15 cm x 15 cm was 

developed by the travelling times of the P 

waves were inferred and consequently the 

calculation of the speed of propagation of the 

waves. The model was built with the use of 

industrial plaster which is also the raw material 

used for the construction of the model used in 

this work. The purpose of the test was to know 

the propagation value of the P-wave in this 

material since it is a gypsum, not a mineral. And 

as a result, the speeds were around 2523, 7 

m/s. They served as a basis for the 

accomplishment of the four tests performed in 

this study and that allowed the data acquisition.  

2.2 - Implementation of the optimization 

scheme. 

After data acquisition in the physical model, an 

optimization algorithm was developed that aims 

to minimize the objective function. In this 

process a homogeneous initial velocity model is 

assumed which serves as the starting point for 

the inversion process. It is progressively 

adjusted based on iterations until an adequate 

approximation between the observed and 

calculated data is reached, as we can see from 

figure 4. In order to improve the adjustments 

between observations and predictions during 

iterations, the model parameters are changed. 

The iteration process continues until a stop 

criterion can be reached, if there is any 

convergence between the data. Otherwise, the 

procedure is repeated until a final model that 

reflects the initial model is obtained.
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Figure 4: Scheme for implementing the inversion methodology (Zhang et al., 2014). 

 

After defining the homogeneous initial velocity model, the next step was the 

implementation of the tomographic inversion to make the local search. The 

same is done applying the SIRT technique developed by Mendes (2008) 

and allows a representation of propagation and / or wave paths by Fresnel 

volumes. 

The Fresnel volume is defined as the delay of the waves after the shortest 

travel time in less than half a period (Watanabe, 1999). These delays occur 

between the set of points in a given medium between the source and the 

receiver. In this process, wave representation is done by adding them 

constructively in ways to form the first arrival and the frequency used was 

the dominant frequency. On the other hand, when we do the Fresnel 

volume approach, we also solve the direct problem that is supported by the 

eikonal equation using a finite difference scheme for local calculation of 

arrival times (Podvin and Lecomte, 1991), for that we divide the velocity 

model into cells that are defined by rectangular meshes (Fig. 5). These 

calculations are made by bringing the wave pulses closer to each node of 

the data structure, however, each one  acts as a secondary source and the 

pulses emitted are derived from the first arrival (Podvin and Lecomte , 

1991). 

 

 

 

 

 

 

 

Figure 5: Schematic representation of a three-dimensional data structure for calculating arrival 
time in the center of the mesh (Adapted from Podvin and Lecomte, 1991)
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In order to acquire the Fresnel volume, it is 

necessary to avoid the ray tracing in ways that 

decrease the computational time. Soon; the 

procedure described below is used to calculate 

it: 

△t = TSPR – TSR ˂ 1/(2f)      Equation (1) 

1 - Calculate the travel times of the sources and 

receivers (TSPR) for each point of the mesh; 

2 - Next, it is estimated the difference between 

the travel times of the sources and receivers to 

know the least time (TSR) of travel between 

both; 

3 - The travel time between the sources and 

receivers is subtracted for the shortest travel 

time and the Fresnel volume is calculated by 

applying the delay time limit. 

In short, the Fresnel volume at each point of the 

mesh will depend on the time delays (△t) 

between the travel times of the sources and 

receivers for each point of the mesh and the 

shortest travel time (Mendes, 2008). In the 

discretized model, it is defined as a weighting 

function (w) at each point with the following 

conditions: 

W = {
1 − 2𝑓 △ 𝑡,   (0 ≤ △ 𝑡 ˂ 

1

2𝑓
)

0,         (
1

2𝑓
< △ 𝑡)                    

     Equation (2) 

This weighting function is defined in the model 

as ways to represent the probability of wave 

propagations between sources and receivers 

being delayed when it is disturbed. During 

discretization, the weighting value is 1in, the 

center of any longitudinal extension of the wave 

and zero (0) outside this limit.  

After determination of the weighting values, the 

inversion process requires the TSR 

determination of the delay caused during 

disturbance at the grid points. The same is 

achieved using equation (1). 

δsij= sj
△ti

ti
 ,              Equação (3) 

Where sj; is the delay in the j
th
 cell of the grid, 

△ 𝑡𝑖; is the difference between the calculated 

and observed travel times (residual travel time) 

and ti, the travel time along the entire 

longitudinal extent of the Fresnel volume.     

 According to (Zhang et al., 2014), this equation 

allows to regulate the residual travel time at all 

points along the longitudinal extension of the 

Fresnel wave since the perturbations produce 

different travel times.  

 From the weighting function defined in 

equation (2), a weight coefficient is defined 

which is used in the delay caused during 

disturbance to assume that the variation and / 

or difference in travel time is caused by cell (j) 

which is found along the longitudinal extension 

(i) of the Fresnel wave. 

                  pij= wij/( 
1

Ni
 ∑j=1

Ni wij ),     Equation (4) 

Where 𝑁𝑖; is the number of stitches (node) of 

the mesh in the entire Fresnel volume resulting 

from the sum of all weight values 𝑝𝑖𝑗, 𝑤𝑖𝑗; is the 

weighting in each cell along the longitudinal 

extent of the Fresnel wave.                                                     

Thus, the slowness caused by the perturbation 

of the cells along the longitudinal extension of 

the Fresnel zone is retroprojected from 

equation (3) above and, it is: 

δsij= 
Ni WijSj △ti

ti
/ ∑j=1

Ni wij     Equation (5)  

 For the calculation of the residual travel time of 

all longitudinal extensions of Fresnel wave, the 

SIRT technique applies the following equation 

of slowness:        
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       δsj= 
Sj

M
 ∑i=1

M  
Ni Wij△ti

ti
/ ∑j=1

Ni wij , Equation (6)  

where M, is the number of all longitudinal 

extensions of the Fresnel wave running through 

the grid cells.  

Thus, the iterative process was developed to 

update slowness and / or delays using the 

equation (5).                                     

𝑆𝑘+1
𝑗

 = 𝑆𝑘
𝑗
 + 𝛿𝑆𝑗

𝑘,           Equation (7)                                         

where k, is the number of iterations; 𝑆𝑘+1
𝑗

  is the 

updated slowness. 

3 – Results 

3.1 - Parameterization of the models 

In this section the initial velocity model is 

presented and served as the basis for the 

inversion process that was developed in four 

iterations until the observed and calculated data 

can be approximated. The parametrization 

process considered before a homogeneous 

model with constant velocity (1000 m/s) (Fig. 6) 

as the starting point for the inversion. The 

purpose is to specify the minimum set of 

parameters of the model whose values 

characterize the system. 

 

 

 

 

 

 

 

 

Figure 6: Homogeneous initial model with constant velocity 

equal to 1000 m/s. 

3.2 - Direct modeling 

At this stage, direct modeling is performed in 

order to start the inversion and begin to 

delineate the main contours of the anomaly. As 

we can see in the sections below, they are still 

not visible but there is a good coverage of the 

rays with very high velocity values in the 

inferred part of the models. The high velocity 

values in this zone are due to the gravity factor. 

This implies that, during the construction of the 

physical model, the finer particles deposited in 

the lower part of the same leaving this zone 

more compact. Still in direct modeling, another 

calculation is made to make this information 

clearer. Calculations are done based on the 

eikonal equation applying the finite difference 

method. And as we can see (fig.7) the 

information becomes clearer in comparison to 

those acquired in the previous model. As we 

can see in the model below, the speeds are 

lower in the center and the place is the largest 

volume of voi. 

 

 

 

 

 

 

 

 

 Figure 7: Model 2  
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To clarify this idea, cross-section of some 

sections of the model are made along the plane 

(Y) and as we can see below the speeds are 

slightly low in the center of these sections. This 

behavior is more remarkable in distances 25 cm 

and 30 cm leading to deduce that this is the 

place where the anomaly. At the end of these 

sections are seen values of very low speeds 

and has to do with the conditions initially 

imposed (initial velocities) to start the inversion 

process. As we can see, as the wave fronts are 

moving away from the origin, they can be 

attenuated by the set of voids found during the 

way or by the set of particles which gives 

average values (green zones) of velocities. In 

the region where the anomaly is supposed to 

be attenuated, it is more pronounced, and we 

can see a change from average to low. 

Figure 1: Section of model 2 in the middle of the iterative 
process and with the cut done at a distance y = 20 cm. 

Figure 9: Section of model 2 in the middle of the 

iterative process and with the cut done at a distance y = 
25 cm. 

Figure 10: Section of model 2 in the middle of the 
iterative process and with the cut done at a distance y = 

30 cm. 
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Having completed the process of adjusting the 

observed and calculated quantities and / or 

direct modeling, we proceed to another phase 

whose purpose is to act on the information 

acquired in the previous step. As we can see 

(Figure 11), the information becomes much 

more precise as the contours of the anomaly 

are more defined and with a greater resolution 

capacity than the previous one. 

 

 

 

 

 

 

Figure 11: Final and resulting model of inverse modeling 

Just to have the information in greater detail, 

we present in Figure 13 the sections made 

along the plane (Y) and at distances 20 cm, 25 

cm and 30 cm. And as we can see, the 

contours of the anomaly are much more defined 

at distances 25 and 30 cm. As we can see, at 

the right end of the sections the velocities are 

high and you can see average values around 

the location of the anomaly. This behavior is 

due to the fact that this model represents the fit 

of the data in the core of the model and that in 

this stage of iteration the wave fronts had 

already been attenuated by a set of voids found 

along the way as well as by the amount of 

particles which constitute the physical model. 

On the other hand, it is also noted that the 

values of speeds initially defined are already in 

a lower proportion at the ends as compared to 

the sections of the previous models 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Section of the final model with the cut done at a 

distance y = 20 cm. 

 

 

 

 

 

 

Figure 13: Section of the final model with the cut done at a 

distance y = 25 cm. 
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Figure 14: Section of the final model with the cut done at a 

distance y = 30 cm. 

 

4 – Conclusion 

The work developed here has the purpose of 

constructing a 3-D velocity model based on an 

iterative inversion scheme and applying an 

iterative simultaneous reconstruction technique 

(SIRT) for the construction of the same. For 

this, it was necessary to develop a physical 

model with an induced velocity anomaly inside. 

The model simulated a geological formation 

and served as the basis for conducting the 

tests, thereby minimizing the acquisition of the 

data. 

In general, models have information that 

reflects and / or conforms to the initial (physical) 

model. In the models acquired with the first 

tests, we have very little ray coverage, which 

consequently provides low resolution of the 

models. This is due to the way emissions and 

acquisitions were made in the model space. 

The emissions were made in parallel with the 

measurements, but it is possible to see in the 

sections 25 cm and 30 cm of the final model the 

location with lower speeds, that is, the place 

where the anomaly is located. As a way to 

improve the results and to circumvent this 

situation, other tests were carried out, changing 

in this case the data acquisition mode. In these, 

the rays are crossed, leading to their greater 

coverage over the space of the model and as a 

result, we increase the resolution making in this 

case the contours of the anomaly much more 

defined as we can see in the sections 25 cm 

and 30 cm of the last figure. 
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