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ABSTACT 
 

This masterôs thesis proposes a methodology for acquiring electrical resistivity tomography 

measurements applied in inclined boreholes combined with a surface or a second borehole. The 

existence of the boreholes provides additional information to the surface measurements, and this 

combined investigation would benefit the findings. However, because standard resistivity arrays are 

not directly applicable to these arbitrarily positioned electrodes, the need to investigate alternative 

electrode arrays for such cases is evident. In this study, schemes for generating complete and optimized 

protocols can be created for these measurement arrangements.   

For this purpose, an algorithm was designed in the Matrix Laboratory (MATLAB) that can produce 

full and optimized datasets compatible with the resistivity meters. A graphic user interface was 

designed to render the algorithm more comprehensible and flexible in handling. The basic concept 

during the development of the code was to make it as practical and manageable in the field as possible. 

The algorithm was tested with numerous synthetic models with diverse geometries (i.e., different 

borehole's inclination, unequal spacing between borehole and surface electrodes etc.), which were 

created and inverted for both the full and other optimized datasets. Some of these are presented and 

discussed in this thesis. Laboratory experiments were also conducted to further assess the algorithmôs 

applicability. For this purpose, a structure that simulates the surface and borehole electrodes was 

inserted into a water tank. Some targets with different expected resistivities were tested for the 

generated protocols. 

Finally, it was feasible to apply this algorithm to real data. Owing to maintenance reasons, some 

boreholes were drilled in the walls of the Rotunda church in Thessaloniki; therefore, the opportunity 

to investigate the interior of the walls using the protocols produced by the mentioned algorithm was 

given. Since the primary purpose was not to evaluate the wallôs condition but to verify the algorithmôs 

utility, only some of the results of the investigated boreholes will be presented and discussed. 

According to the results, the algorithm was deemed capable of coping with any geometry of the 

electrodes (borehole - surface or borehole ï borehole array), and the produced protocols accurately 

depicted the investigated area. 
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ɄȺɅȽȿȼɊȼ 

 

Ɇəɞˊɧɠ ŬɡŰɐɠ Űɖɠ ɛŮŰŬˊŰɡɢɘŬəɐɠ ŮɟɔŬůɑŬɠ ŮɑɜŬɘ ɜŬ ˊɟɞŰŬɗŮɑ ɏɜŬɠ Űɟɧˊɞɠ ˊɟŬɔɛŬŰɞˊɞɑɖůɖɠ 

ɛŮŰɟɐůŮɤɜ ˊɞɡ ɜŬ ɛˊɞɟŮɑ ɜŬ ɡˊɞůŰɖɟɑɕŮɘ Űɖɜ ŮűŬɟɛɞɔɐ Űɖɠ ɖɚŮəŰɟɘəɐɠ ŰɞɛɞɔɟŬűɑŬɠ ůŮ əŮəɚɘɛɏɜŮɠ 

ɔŮɤŰɟɐůŮɘɠ, ůɡɜŭɡŬůɛɏɜŮɠ Ůˊɘˊɚɏɞɜ ɛŮ ˊŮɟŬɘŰɏɟɤ ɖɚŮəŰɟɧŭɘŬ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ɐ ŬəɧɛŬ əŬɘ ůŮ Ɏɚɚɖ 

ɔŮɩŰɟɖůɖ. Ƀɘ ɔŮɤŰɟɐůŮɘɠ ˊɟɞůűɏɟɞɡɜ Ůˊɘˊɚɏɞɜ ˊɚɖɟɞűɞɟɑŬ ůŰɘɠ ŮˊɘűŬɜŮɘŬəɏɠ ɛŮŰɟɐůŮɘɠ, əɎɜɞɜŰŬɠ 

Űɞɜ ůɡɜŭɡŬůɛɧ Űɞɡɠ ˊɘɞ ɤűɏɚɘɛɞ ůŰɖɜ ŰŬɡŰɞˊɞɑɖůɖ Űɤɜ ŮɡɟɖɛɎŰɤɜ. ȺˊŮɘŭɐ ɧɛɤɠ ɞɘ ŭɘŬŰɎɝŮɘɠ Űɤɜ 

ɖɚŮəŰɟɞŭɑɤɜ ˊɞɡ ɏɢɞɡɜ ˊɟɞŰŬɗŮɑ ŭŮɜ ŮɑɜŬɘ ŬˊŮɡɗŮɑŬɠ ŮűŬɟɛɧůɘɛŮɠ ůŮ ŬɡŰɐ Űɖɜ ŬɡɗŬɑɟŮŰɖ ŰɞˊɞɗɏŰɖůɖ 

Űɤɜ ɖɚŮəŰɟɞŭɑɤɜ, ŮɛűŬɜɑɕŮŰŬɘ ɖ ŬɜɎɔəɖ ɜŬ Űɟɞˊɞˊɞɘɖɗɞɨɜ. ɀŮ ŬɡŰɏɠ Űɘɠ ɛŮŰŬŰɟɞˊɏɠ əŬɘ ɛŮ əɎˊɞɘŮɠ 

Ůˊɘˊɚɏɞɜ ˊŬɟŮɛɓɎůŮɘɠ ŮɑɜŬɘ ŭɡɜŬŰɧ ɜŬ ˊɟɞŰŬɗŮɑ ɏɜŬ ˊɚɐɟŮɠ əŬɘ əɎˊɞɘŬ ɓɏɚŰɘůŰŬ ˊɟɤŰɧəɞɚɚŬ ɔɘŬ 

ŰɏŰɞɘɞɡ Ůɑŭɞɡɠ ɛŮŰɟɐůŮɘɠ. 

ũɘŬ ŬɡŰɧ Űɞɜ ɚɧɔɞ ŭɖɛɘɞɡɟɔɐɗɖəŮ ɏɜŬɠ Ŭɚɔɧɟɘɗɛɞɠ, ɞ ɞˊɞɑɞɠ ůɢŮŭɘɎůŰɖəŮ ůŰɞ Matrix Laboratory 

(MATLAB) əŬɘ ́ ŬɟɎɔŮɘ ˊɚɐɟɖ ŬɚɚɎ əŬɘ ɓŮɚŰɘůŰɞˊɞɘɖɛɏɜŬ ŭŮŭɞɛɏɜŬ, ŰŬ ɞˊɞɑŬ ɛˊɞɟɞɨɜ ɜŬ 

ɛŮŰŬŰɟŬˊɞɨɜ ůŮ ˊɟɤŰɧəɞɚɚŬ ůɡɛɓŬŰɎ ɛŮ Űɞ ɧɟɔŬɜɞ ɛɏŰɟɖůɖɠ. ũɘŬ ɜŬ ŮɑɜŬɘ ɞ Ŭɚɔɧɟɘɗɛɞɠ ˊɘɞ 

əŬŰŬɜɞɖŰɧɠ əŬɘ Ůɨəɞɚɞɠ ůŰɞɜ ɢŮɘɟɘůɛɧ, ŭɖɛɘɞɡɟɔɐɗɖəŬɜ ɔɟŬűɘəɎ ˊŬɟɎɗɡɟŬ ŬɚɚɖɚŮˊɑŭɟŬůɖɠ ɢɟɐůŰɖ 

(graphic user interface windows). ȾŬŰɎ Űɖɜ ŭɘɎɟəŮɘŬ ŬɜɎˊŰɡɝɖɠ Űɞɡ əɩŭɘəŬ, ůɖɛŬɜŰɘəɐ ɏɛűŬůɖ 

ŭɧɗɖəŮ ůŰɞ ɜŬ ŮɑɜŬɘ ɧůɞ Űɞ ŭɡɜŬŰɧɜ ˊɘɞ ˊɟŬəŰɘəɧɠ əŬɘ ŭɘŬɢŮɘɟɑůɘɛɞɠ ůŰɞ ˊŮŭɑɞ.  

ũɘŬ ɜŬ ŭɞəɘɛŬůŰŮɑ əŬɘ ɜŬ ŬɝɘɞɚɞɔɖɗŮɑ Űɞ ŰŮɚɘəɧ ŬˊɞŰɏɚŮůɛŬ ˊɞɡ ˊŬɟɎɔŮŰŬɘ Ŭˊɧ Űɞɜ əɩŭɘəŬ, 

ŭɖɛɘɞɡɟɔɐɗɖəŬɜ əŬɘ ɡˊɞɓɚɐɗɖəŬɜ ůŰɖɜ ŭɘŬŭɘəŬůɑŬ Űɖɠ ŬɜŰɘůŰɟɞűɐɠ, ́ ɞɚɚɎ ůɡɜɗŮŰɘəɎ ɛɞɜŰɏɚŬ ɛŮ 

ŭɘɎűɞɟŮɠ ɔŮɤɛŮŰɟɑŮɠ (́ .ɢ. ŭɘŬűɞɟŮŰɘəɐ əɚɑůɖ ɔŮɩŰɟɖůɖɠ, Ɏɜɘůɞ ɎɜɞɘɔɛŬ Űɤɜ ɖɚŮəŰɟɞŭɑɤɜ Űɖɠ 

ɔŮɩŰɟɖůɖɠ ůŮ ůɢɏůɖ ɛŮ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ə.Ŭ.) Űɧůɞ ɔɘŬ Űɞ ˊɚɐɟŮɠ ɧůɞ əŬɘ ɔɘŬ ŭɘɎűɞɟŬ 

ɓŮɚŰɘůŰɞˊɞɘɖɛɏɜŬ ůɨɜɞɚŬ ŭŮŭɞɛɏɜɤɜ. ɀŮɟɘəɎ Ŭˊɧ ŬɡŰɎ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ əŬɘ ůɢɞɚɘɎɕɞɜŰŬɘ ůŮ ŬɡŰɐ 

Űɖɜ ɛŮŰŬˊŰɡɢɘŬəɐ ŮɟɔŬůɑŬ. ɄɏɟŬ Ŭˊɧ ŰŬ ůɡɜɗŮŰɘəɎ ɛɞɜŰɏɚŬ, ɔɘŬ ɜŬ ŬɝɘɞɚɞɔɖɗŮɑ ˊŮɟŬɘŰɏɟɤ ɖ 

ŮűŬɟɛɞůɘɛɧŰɖŰŬ Űɞɡ Ŭɚɔɧɟɘɗɛɞɡ ɏɔɘɜŮ ŬˊɧˊŮɘɟŬ ɛɏŰɟɖůɖɠ ɛŮ ˊŮɑɟŬɛŬ ůŰɞ ŮɟɔŬůŰɐɟɘɞ. ũɘô ŬɡŰɧ Űɞ 

ɚɧɔɞ əŬŰŬůəŮɡɎůŰɖəŮ ɛɘŬ ŭɞɛɐ, ɘəŬɜɐ ɜŬ əɟŬŰɎŮɘ ůŰŬɗŮɟɎ ŰŬ ɖɚŮəŰɟɧŭɘŬ Űɖɠ ɔŮɩŰɟɖůɖɠ əŬɘ Űɖ 

ŮˊɘűŬɜŮɑŬɠ. ȷɡŰɐ ɖ ŭɞɛɐ ŮɘůɎɢɗɖəŮ ůŮ ŭŮɝŬɛŮɜɐ ɔŮɛɎŰɖ ɛŮ ɜŮɟɧ əŬɘ ůŰɧɢɞɘ ɛŮ ŭɘŬűɞɟŮŰɘəɏɠ 

ŬɜŬɛŮɜɧɛŮɜŮɠ ŬɜŰɘůŰɎůŮɘɠ ɓɡɗɑůŰɖəŬɜ əŬɘ ůŰŮɟŮɩɗɖəŬɜ ŬɜɎɛŮůŬ ůŰŬ ŮˊɘűŬɜŮɘŬəɎ ɖɚŮəŰɟɧŭɘŬ əŬɘ 

Űɖɠ ɔŮɩŰɟɖůɖɠ, ɔɘŬ ɜŬ ŮɝŬəɟɘɓɤɗŮɑ Ŭɜ ɗŬ ŮɜŰɞˊɘɕɧŰŬɜ Ŭˊɧ Űɞ ˊŬɟŬɔɧɛŮɜɞ ˊɟɤŰɧəɞɚɚɞ. 

ɇɏɚɞɠ, ŭɧɗɖəŮ ɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ˊɟŬɔɛŬŰɞˊɞɘɖɗɞɨɜ ɛŮŰɟɐůŮɘɠ əŬɘ ůŮ ˊɟŬɔɛŬŰɘəɐ ɏɟŮɡɜŬ. ũɘŬ 

ɚɧɔɞɡɠ ůɡɜŰɐɟɖůɖɠ, əɎˊɞɘŮɠ ɔŮɤŰɟɐůŮɘɠ ŭɘŬɜɞɑɢɗɖəŬɜ ůŰɞɡɠ Űɞɑɢɞɡɠ Űɞɡ ɛɜɖɛŮɑɞɡ Űɖɠ ŮəəɚɖůɑŬɠ Űɖɠ 

ɅɞŰɧɜŰŬ  ůŰɖɜ ŪŮůůŬɚɞɜɑəɖ, ɞˊɧŰŮ əŬɘ ɐŰŬɜ ŮűɘəŰɐ ɖ ŭɘŬůəɧˊɖůɖ Űɞɡ ŮůɤŰŮɟɘəɞɨ Űɤɜ Űɞɑɢɤɜ ɛŮ Űɖɜ 

Ŭɝɘɞˊɞɑɖůɖ Űɞɡ Ůɜ ɚɧɔɤ Ŭɚɔɞɟɑɗɛɞɡ. ɄŬɟɧɚŬ ŬɡŰɎ, ɛɘŬɠ əŬɘ ɞ ɓŬůɘəɧɠ ůəɞˊɧɠ ŭŮɜ ɐŰŬɜ əŬɗŬɡŰɧ ɖ 

Ŭɝɘɞɚɧɔɖůɖ Űɖɠ əŬŰɎůŰŬůɖɠ Űɞɡ Űɞɑɢɞɡ, ŬɚɚɎ ɖ ŮˊɘɓŮɓŬɑɤůɖ Űɖɠ ɚŮɘŰɞɡɟɔɘəɧŰɖŰŬɠ əŬɘ ɢɟɖůɘɛɧŰɖŰŬɠ 



Ψηφιακή βιβλιοθήκη Θεόφραστος – Τμήμα Γεωλογίας – Αριστοτέλειο Πανεπιστήμιο Θεσσαλονίκης

v 

 

Űɞɡ Ŭɚɔɞɟɑɗɛɞɡ, ɛɧɜɞ ɛŮɟɘəɏɠ Ŭˊɧ Űɖɠ ɛŮɚŮŰɖɛɏɜŮɠ ɔŮɤŰɟɐůŮɘɠ ɗŬ ˊŬɟɞɡůɘŬůŰɞɨɜ ůŮ ŬɡŰɐ Űɖɜ 

ŮɟɔŬůɑŬ. 

ɆŮ ɔŮɜɘəɏɠ ɔɟŬɛɛɏɠ, ůɨɛűɤɜŬ ɛŮ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ˊɞɡ ˊɟɞɏəɡɣŬɜ, ɞ Ŭɚɔɧɟɘɗɛɞɠ ŮɑɜŬɘ ɘəŬɜɧɠ ɧɢɘ 

ɛɧɜɞ ɜŬ ŬɜŬˊŬɟɎɔŮɘ Űɖɜ ŮˊɘɗɡɛɖŰɐ ɔŮɤɛŮŰɟɑŬ (ɔŮɩŰɟɖůɖ - ŮˊɘűɎɜŮɘŬ ɐ ɔŮɩŰɟɖůɖ - ɔŮɩŰɟɖůɖ), ŬɚɚɎ 

əŬɘ ɜŬ ˊɟɞůűɏɟŮɘ ɛɘŬ əŬɚɐ ŮəŰɑɛɖůɖ Űɖɠ ɡˊɧ ɛŮɚɏŰɖ ˊŮɟɘɞɢɐɠ.  
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мΦ tw9C!/9 

In this master's thesis, the electrical resistivity tomography method is applied. Traditionally, the 

surveys occur with the electrodes placed at the ground's surface. But, due to further advances in this 

field, many surveys have also been conducted between perpendicular boreholes and the surface or 

between two parallel boreholes (cross-hole). This combined investigation is a valuable tool because 

the boreholes are closer to the desired target and may provide more detailed information about the 

area. In many cases, the drilled boreholes are not always perpendicular to the ground but may have 

various degrees of inclination. So, the need to provide some possible measuring protocols for borehole-

surface or borehole-borehole configurations with different degrees of tilt is evident. 

For this reason, and since the standard configurations are not directly applicable to this arbitrary 

geometry, it was attempted to create an algorithm to generate efficient protocols for the borehole-

surface and borehole-borehole measurements. The developed algorithm calculates the correct positions 

of the electrodes depending on the borehole's inclination. Then, it generates a series of measurements 

to form a full and optimized protocol.  

This algorithm was evaluated and tested for its ability to handle diverse geometries between the 

borehole and the surface / second borehole electrodes and to provide a specific format of full and 

optimized protocols. The resulting protocols were examined with synthetic and experimental models 

and with field measurements. Especially for the optimized protocols, their efficiency in approaching 

the full protocol's results with diminished measurements was further discussed. Furthermore, 

according to each geometry, an attempt was made to specify a trusted area for the inversion process. 

The outline of the thesis is as follows: 

¶ The theory and basic principles of the electrical resistivity tomography method were 

referred. This presentation included the ways of acquiring the apparent resistivity data, the 

geometry of the common electrode configurations and the inversion and optimization 

process.  

¶ The presentation of the generated algorithm and the proceedings led to the development of 

a full and optimized protocol. 

¶ The results of synthetic models and laboratory experiments that were used to examine the 

applicability of this algorithm. 
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¶ Lastly, the outcomes of applying this algorithm in real data, which were conducted on the 

walls of Rotunda church in Thessaloniki, and the feasibility of this approach was further 

determined. 
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нΦ Lb¢wh5¦/¢Lhb 

This chapter presents some basic concepts concerning the electrical resistivity method, including 

the basic theory, the resistivity arrays, the electrical resistivity tomography, the inversion process and 

the array optimization. This information is mainly focused on concepts that formed the basis for the 

creation of the algorithm and the processing of the results of this thesis.  

The basic theory contains the equations that lead to the calculation of apparent resistivity and 

explains how the measurements are acquired. Some of the standard resistivity arrays for the surface 

are presented, and the proposed arrays for cross-hole measurements are also referred. Furthermore, the 

data acquisition using electrical resistivity tomography is explained. Moreover, the basic principles of 

the inversion process and some array optimization techniques will be referred. 

нΦм .ŀǎƛŎ ǘƘŜƻǊȅ 

The electrical method can provide information on the distribution of electrical resistivity of the 

ground since it consists of geological formations and materials with different electrical properties. Due 

to this discrimination, it is possible to measure their electrical resistivity and associate it with the 

expected formations of the area. The technique injects direct current (DC) via two electrodes and 

measures the potential difference using two other electrodes. For a cylindrical body (Figure 2.1), the 

resistivity ɟ (Ohm-m) is given by the equation: 

 
” ὙϽ

Ὓ

ὒ
 2.1 

where R (Ohm) is the resistance, S (m2) is the cylinderôs cross-sectional area, and L (m) is its length. 

The electrical resistivity depends on many factors concerning the soil of the investigation, such as its 

nature (mineralogy, particle size distribution), void presence, water saturation, electrical properties of 

enclosed fluids and temperature (Samou±lian et al., 2005). 

The reciprocal of resistivity is called conductivity ů (Sm-1) and describes the materialôs ability to 

conduct an electric current: 

 
„
ρ

”
 

 

2.2 

Also, according to Ohmôs law the electrical resistance of a body is given by the equation: 

L S 

Figure 2.1: Cylindrical body of length L and cross-sectional area S. 
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where V (V) is the potential and I (A) is the current.  

Consider a homogenous and isotropic half-space and the current electrodes placed on the ground; 

the electrical equipotentials are hemispheric, so the resulting potential is equal to: 
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Where ɟ is the resistivity, I is the current, and r is the radius of the hemisphere. When the electrodes 

are buried into the ground, the denominator of equation 2.4 changes to ç4́rè since the equipotentials 

turn spherical. 

As mentioned above, the potential difference measurement occurs with the injection of DC 

electrical current. Four electrodes are needed for this measurement. Two (A and B) are the current 

electrodes, and the rest (M and N) are the potential electrodes. Letôs consider the arrangement of Figure 

2.2. According to equation 2.4 the potential in point M due to A(+) and B(-) is 
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where AM and BM are the distances of M from A and B, accordingly. Likewise, for electrode N,  
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So, taking into consideration the equations 2.5 and 2.6, the potential difference is equal to: 
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Solving for ɟ, the equation 2.7 becomes: 
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K is the geometric factor that depends on the distances between the electrodes. 

Figure 2.2: Arbitrary arrangement of 2 current electrodes (A(+) and B(-)) and two potential electrodes (M and N). 
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Due to the fact that the underground is not homogenous but consists of different formations, the 

electrical resistivity of equation 2.8, is called apparent resistivity, çɟŬè. It represents an average of the 

resistivities of the formations in place and not their true resistivities. To obtain the true resistivities of 

the ground, the data should undergo the inversion process. 

нΦн wŜǎƛǎǝǾƛǘȅ ŀǊǊŀȅǎ 

Surface Measurements 

As mentioned above, a prerequisite for taking measurements is the existence of at least four 

electrodes placed at known positions. Theoretically, these positions could be random, but moving the 

electrodes, in this case, would be more labour-intensive. For this reason and since it is more practical 

in the field, standard symmetrical arrays are preferred for the measurements. Such arrays are the 

Wenner, Schlumberger, Dipole-Dipole, Multiple-gradient, etc., mainly applied for surface 

measurements.  

Wenner: 

In this array, the current electrodes are placed on the outside and the potential electrodes on the 

inside, as shown in Figure 2.3. Their spacing is equal, AM=MN=BN=a and the apparent resistivity is 

calculated by equation 2.8, replacing the distances with çaè: 

Schlumberger: 

The electrodes are placed as in the Wenner array, but their spacing differs. If the current electrodes 

are in the distance equal to 2L, the potential electrodes are in the distance 2l, and L >> 10l.  The 

apparent resistivity is calculated by: 

Dipole-dipole: 

The current dipole (A-B) in this array is separated from the potential dipole (M-N). The dipoles 

have the same spacing, çaè, and are separated in an integer multiple of their spacing distance, çnaè. 

The apparent resistivity results from the equation: 
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Multiple-Gradient: 

In the multiple-gradient configuration, the electrodes are placed in one line. Its length is divided 

into equal segments, çeè, where the current electrodes are situated on the edges of each segment 

(Dahlin & Zhou, 2004; Martorana et al., 2017), and the in-between potential dipole can be placed in 

all the available internal positions. In Figure 2.4 an example is shown. For e=1, the current electrodes 

are placed only in the first and last position, and all the in-between positions are utilized from the 

potential electrodes. For e=2, the line is divided into two equal spaces; the current electrodes' available 

positions are now three and so on.  

 

Figure 2.4: Illustration of a cross-hole Multiple-gradient configuration. (Martorana et al., 2017) 

Figure 2.3: Schematic presentation of some of the most common electrode arrays. (Tsourlos, 1995) 
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Cross-Hole Measurements 

To realize cross-hole measurements, the boreholes should be at a close distance for better resolution 

in the area between them. The Wenner and Schlumberger are not optimum (Tsourlos et al., 2011), so 

other arrays have been preferred, such as the Dipole-Dipole and Pole-Tripole (Goes & Meekes, 2004), 

or the Bipole-Bipole (Bing & Greenhalgh, 2000). Some of them were also modified and applied in 

different investigations i.e. to long-term monitor CO2 (Schmidt-Hattenberger et al., 2016), to detect 

ancient walls (Leontarakis & Apostolopoulos, 2013), or to investigate the subsurface for construction 

purposes (Almpanis, 2018).  

Dipole-Dipole:  

In the case of a cross-hole arrangement, the possible configurations are AM-BN, AM-NB, and AB-

MN, where the first two electrodes are in one borehole and the other two in the second (Figure 2.5). 

According to Goes & Meekes (2004), the first two configurations have the advantage that the potential 

electrodes are in different boreholes and close to the current electrodes so that the potential difference 

will be significant and less sensitive to the background noise. Also, the current has to flow between 

the investigated area of the two boreholes.   

Bipole-Bipole: 

There are three independent configurations for the cross-hole measurements with the bipole-bipole 

array: AM-BN, AM-NB and AB-MN (Bing & Greenhalgh, 2000) (Figure 2.6). According to their 

research, the first two have similar results for the cross-hole measurements. The last one has significant 

differences since it is contaminated with noise, and the potential difference signal is very low. 

Figure 2.6: Illustration of a cross-hole Bipole-Bipole configuration. (Bing & Greenhalgh, 2000) 

Figure 2.5: Illustration of a cross-hole Dipole-Dipole configuration. (Goes & Meekes, 2004) 
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Pole-Tripole: 

In the pole-tripole array, three electrodes are situated in one borehole, and the fourth is in the second 

(Figure 2.7).  In this configuration, the direct line between the current electrodes is always such that it 

creates a wide angle with the horizontal layers, so the current would flow through all of them and 

would locate thin horizons (Goes & Meekes, 2004),.  

In many cases, though, the boreholes that may be drilled in a region are not at the appropriate 

distance for cross-hole measurements, so the area between them cannot be investigated adequately. 

For this reason, the need to combine borehole and surface electrodes has been proposed. In some cases, 

in-line measurements are acquired where the sequence starts from one borehole, continues up to the 

surface electrodes and maybe even end to the second borehole (Leontarakis & Apostolopoulos, 2013), 

or the surface electrodes are independent and act like a second borehole (ɆɘɛɡɟŭɎɜɖɠ, 2013). In both 

cases, the configurations used are modifications of the aforementioned basic cross-hole arrays.  

нΦо 9ƭŜŎǘǊƛŎŀƭ ǊŜǎƛǎǝǾƛǘȅ ǘƻƳƻƎǊŀǇƘȅ 

Electrical resistivity tomography (ERT) is a widely used measurement procedure. Thanks to the 

advances in the development of instruments and processing techniques (Griffiths & Barker, 1993), 

obtaining crucial information regarding the subsurface is possible. The ERT-measured apparent 

resistivities are presented as pseudosection, where the measured apparent resistivity values are plotted 

between the centre of the quadrupoles. The ERT technique has been applied in many studies, such as 

in cases where there was the need to detect underground utilities or cavities, investigate old and ancient 

structures, determine fault zones and evaluate potential construction sites, assess hydrologic features 

and detect the bedrock or other targets (Ducut et al., 2022). 

The number of electrodes that will be equipped can vary, depending on the instrumentôs availability 

and ability to place them. The electrodes are placed in a line, and the device takes measurements 

automatically using the desired array. Figure 2.8 (Fehdi et al., 2014) shows an example of an electrical 

resistivity tomography using the Wenner configuration. The current electrodes (A and B) and the 

potential electrodes (M and N) are in the position çMeasure 1è for the first measurement, and the 

Figure 2.7: Illustration of a cross-hole Pole-Tripole configuration. (Goes & Meekes, 2004) 
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potential difference is measured at the centre of the arrangement, as indicated by the blackened bullet 

1. Then automatically, the current and potential electrodes are moved one position to the right, where 

the measurement of the second bullet occurs. This routine continues up until the last four electrodes. 

Then, the spacing between the electrodes increases and becomes ç2aè and çMeasurement 17è occurs. 

Only this time, the depth increases; the measured point is shown with the blackened bullet 17. Again, 

the electrodes move to the following positions until the measurements are completed. This procedure 

is repeated until the acquisition of all the desired measurements. 

One instrument manufactured to obtain these measurements is the multi-channel sounding and 

profiling system, Syscal pro, manufactured by IRIS instruments (http://www.iris-

instruments.com/syscal-pro.html).  It is capable of measuring resistivity with a maximum current 

injection 2500mA. A significant characteristic that improves the measurementsô acquisition speed, is 

its ability to measure up to 10 channels automatically and simultaneously. The experimental and field 

data were collected using this instrument (Figure 2.9). 

Figure 2.8: Example of the acquisition of measurements with the method of electrical resistivity tomography. (Fehdi et al., 2014) 

Figure 2.9: The Syscal pro instrument, that was used for the acquisition of the measurements. 

http://www.iris-instruments.com/syscal-pro.html
http://www.iris-instruments.com/syscal-pro.html
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нΦп LƴǾŜǊǎƛƻƴ 

As mentioned above, the measured values are apparent resistivity, not true subsurface resistivity. 

The primary process in geophysical practice is to find the distribution of the true subsurface resistivity 

based on the measured apparent resistivities. The most common approach to achieve this is the 

inversion process. The inversion aims to find a subsurface resistivity model that would generate 

synthetic apparent resistivities as close as possible to the measured apparent resistivities. For this to be 

feasible, the forward problem should be solved first. The forward problem correlates the distribution 

of the subsurface resistivities with the measurements. More specifically, if x represents the resistivities 

distribution and y the measurements, then the solution of the forward model is the variable, T, so that: 

 ώ Ὕὼ 

 
2.12 

The solution of the inverse problem is the reverse formation T-1 that connects the known measurements 

y (measured on the field) with the unknown resistivity distribution, x, meaning: 

 ὼ Ὕ ώ 

 
2.13 

There are two ways of handling the solution of the forward problem: the analytical and the 

numerical approach. The former is mainly used for simple structures (i.e., buried sphere) because they 

have known solutions. The latter can model even complex resistivity distributions as it involves 

advanced numerical procedures performed by computers. Usually, the numerical approach is 

implemented since the structure can be more complicated. (Tsourlos, 1995) 

As for the inverse problem, its purpose is to identify the real resistivities of the subsurface, from the 

measured apparent resistivities. Different deterministic techniques to solve the inverse problem include 

the non-linear least-square, weighted least-square, Marquadtôs method, smoothness constrained 

inversion (Occam), and inversion with apriori information (Tsourlos, 1995). Since the explanation of 

each of them is beyond the scope of this thesis, only one of them, the least-square method, will be 

referred to. The general equation that describes the resistivity problem is: 

 Ὢὼ ώ 
 

2.14 

where y is the observed data vector, x is the unknown parameter vector (resistivity distribution), and 

f(x) is the forward solver. Expanding this non-linear equation into a Taylor series and ignoring the 

higher-order terms, it turns out that: 

 Ὢὼ Ὠὼ Ὢὼ ὐὨὼ 
 

2.15 
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dx is the resistivity correction vector, and J is the Jacobian matrix. The purpose is to find the minimum 

error between the observed and the predicted data. At the least-square method, the iterative process 

seeks to find the optimum dx vector for which the sum of errors becomes minimum. After some 

calculations, the resulting dx vector is equal to:  

 Ὠὼ ὐὐ ὐὨώ 
 

2.16 

So, it is evident that calculating the Jacobian matrix (J) is significant in solving the inverse problem. 

Consider as n, the number of elements in the parameter vector, x, and m the number of elements in the 

observed data vector, d. The Jacobian J is a mxn matrix and its ith,jth  element is expressed as: 

 
ὐ
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2.17 

where ɟj is the resistivity of parameter xj. The Jacobian matrix is also called the sensitivity matrix, 

since it provides information about the sensitivity of the measured values, viz. it shows how much the 

apparent resistivity changes if a minor variation in resistivity occurs. If the observed data are apparent 

resistivities, then the equation 2.17 turns to: 

where G is the geometric factor, and I is the intensity of the inserted current. These values are known, 

and the only one remaining to calculate the Jacobian matrix is the variable ‬ῳὠ ‬„ϳ . This can be 

calculated using the sensitivity, the adjoint equation and the perturbation technique (Tsourlos, 1995). 

For this thesis, it was calculated using the equation for homogenous half-space by (Loke & Barker, 

1995). For a rectangular block of finite dimensions (Figure 2.10), the partial derivative ‬ῳὠ‬”ϳ  is: 
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Figure 2.10: Parameters of a rectangular block that affects the calculation of the 2D partial derivative of the block. C is the current 

electrode and P the potential. (Loke & Barker, 1995) 
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The iterative inversion process, described in equation 2.16, stops when some conditions are met. 

One typical condition is the % relative root mean square (RMS) error: the error between the observed 

and the calculated data. RMS is calculated by the following equation: 

 

Ϸ ὙὓὛ ὩὶὶέὶρππϽ
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Ὠ Ὠ
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2.20 

Where m is the number of measurements, dOi is the observed data, and dCi is the calculated data. The 

iterative process ends when there is no improvement in this error, meaning that the computed data can 

no longer approach the observed, and the error remains approximately the same. This process can also 

be stopped if the error between the real and observed data increases, or if the predefined number of 

iterations has been reached, or if the misfit error is less than the observation error (Tsourlos, 1995). 

The inversion of ERT data in this thesis were realized with the DC_2DPro software (Kim, 2017). 

The program performs an iterative smoothness-constrained inversion. Users can interfere with the data 

and adjust the inversion parameters (Figure 2.11). The software allows the alteration of the inversion 

block size and provides the choice to add apriori information for the synthetic models. After the 

inversion process, the RMS error appears, and if itôs not optimal, the user can delete data points by 

misfits and rerun the inversion for better results.  

 

 

 

 

Figure 2.11: Windows that show some of the parameters that the user can alter in the DC_2DPro software. 
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нΦр hǇǝƳƛȊŀǝƻƴ 

Recently, due to technological advances, geoelectrical measuring instruments can acquire a 

significant number of measurements automatically and quite rapidly. But sometimes, the survey 

conditions may require only a limited number of measurements to be collected, or the measurement 

needs to be obtained in the fastest possible way (i.e., monitoring experiments). In such cases, a 

measurement optimization process can be beneficial. The target is to select some of the measurements 

of the full measurement protocol that would provide similar results with fewer measurements and 

reduced acquisition time. For this reason, many methods have been proposed, and some of them will 

be presented in the following sections (Stummer et.al., 2004; Wilkinson et.al., 2006; ȷɗŬɜŬůɑɞɡ, 

2009). 

нΦрΦм Stummer Ŝǘ ŀƭΦ ό2004) ƳŜǘƘƻŘƻƭƻƎȅ 

Before referring to this methodology, the concept of the model resolution matrix, R, should be 

presented. This matrix is defined as: 

 ά Ὑά  

 
2.21 

where mest are the estimated model parameters, and mtrue are the actual model parameters that are 

unknown. Resolution matrix, is a m x m matrix that shows how well a particular estimated model 

parameter fits to the true one. If R=I, where Ƚ is the identity matrix, the model parameters are uniquely 

determined (perfect fit), and if not, they are weighted averages of the actual parameters. The matrix R 

is calculated by: 

 Ὑ ὐ ὐ 
 

2.22 

where J-1 is the generalized inverse matrix. (Menke, 2018) 

The optimization is based on the model resolution matrix, considering the initial model a 

homogenous half-space. According to Noel & Xu (1991), for n electrodes equally spaced, there are:  

 ὲὨ ὲϽὲ ρϽὲ ςϽὲ σ Ⱦ ψ 
 

2.23 

possible, non-reciprocal four-electrode combinations. Rejecting some of them (nexcl) due to high 

geometric factors (i.e. low signal) or other reasons, the final measurements that Stummer et al. (2004) 

used was  

 ὲὨᴂ ὲϽὲ ρϽὲ ςϽὲ σ Ⱦ ψ ὲ  

 
2.24 

This set is named comprehensive data. Letôs assume a nm inversion cell and the Jacobian of the 

comprehensive data, meaning all possible combinations, as Jcompr. From the ndᴂ configurations, nbase 
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configurations are selected such that the Jacobian, Jcompr, is subdivided into a ὲ Ͻὲά matrix Jbase 

and a ὲ ὲὨ Ͻὲά matrix Jadd. At the beginning of the optimization, the nbase configurations are 

the ones that correspond to the array that was used for the initial data acquisition. The configurations 

that are contained in Jadd matrix are ranked according to the goodness function: 
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where, 
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2.26 

ὐ  is a normalization factor that balances the high sensitivity of the near-surface cells with the ones 

deeper, which are imposed to less good sensitivity. Rbase and Rcompr are calculated using equation 2.22 

for the equivalent Jacobian matrices.  

Except for the goodness function, the candidate configurations are also checked for their linear 

independence from the base data set using the following equation: 

 

ὒὍὭ
В ὐ ὐ   

ὐ ὐ
     Ὥ ρȟȣȟὲ  

 

2.27 

The LI values below a threshold will be added to Jbase, and the procedure repeats for each candidate 

configuration. After this process, the Rbase is calculated again with the added values. 

нΦрΦн Wilkinson Ŝǘ ŀƭΦ ό2006) ƳŜǘƘƻŘƻƭƻƎȅ 

Wilkinson et al. (2006) proposed a different version based on the Stummer's et al. (2004) 

methodology. The optimization starts with a data set (base) of configurations. From the comprehensive 

data set that contains all the possible configurations, each one of them that is not included in the base 

data set is ranked by a goodness function:  
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2.28 

where m is the number of model cells, and 
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2.29 
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Index k indicates all the nb configurations included in the base set. The difference between the 

proposed method by Stummer et al. (2004) is that equation 2.29 summarises only the base 

configurations and not the entire comprehensive data set, which provides a higher weighting to the 

configurations that are linearly independent of the data set.  Also, with the implementation of both 

equation 2.28, which chooses configurations that enhance the poorly resolved regions of the model, 

and equation 2.29, the selected configurations are checked simultaneously for their linear independence 

from the base set. So, this excludes the time-consuming stage of calculating the equation 2.27.  

нΦрΦо !ǘƘŀƴŀǎƛƻǳ όнллфύ 

A different method was proposed by ȷɗŬɜŬůɑɞɡ (2009), where the optimized measurements were 

extracted from the full protocol using only the Jacobian matrix, J, and not the resolution matrix, R. 

This way, the process would be much quicker since the inversion would not have to occur.  

More specifically, all the possible measurements are calculated. Then, some of them can be 

eliminated if their geometric factor is higher than a value, indicating a measurement with a low signal. 

From the remaining measurements, the Jacobian matrix is calculated. For instance, letôs consider the 

example of Figure 2.12, which consists of four parameters and five apparent resistivity measurements. 

So, the Jacobian is a matrix of (five rows) x (four columns) that correspond to each measurement and 

parameter, respectively.  

The proposed method is that each time, the chosen measurement for each parameter is the one that 

results in the value with the highest absolute sensitivity and has not been selected by any other iteration. 

So, in Figure 2.12, for the P1 parameter, the highest value is the one noted with blue colour, which 

corresponds to the measurement M4. The chosen measurements for the P2 and P3 parameters are the 

M5 and M3, respectively. But for the parameter P4, the highest absolute value is this of M3, which 

Figure 2.12: Example of the optimization process for four parameters and five measurements proposed by Athanasiou. (Modified from 

Athanasiou, 2009) 
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was previously chosen for P3. So, the iterative process will seek the second higher value, that is, this 

of M5. Once again, this measurement has been chosen, so the process continues until it finds a 

measurement that another parameter has not used again. In this case, the measurement that finally 

corresponds to the P4 parameter is M1.  

An additional process was added (ȷɗŬɜŬůɑɞɡ, 2009) to calculate explicitly the less sensitive 

parameters based on the Jacobian matrix. First, the sum of the absolute values of each parameter, called 

L1-norm, is calculated. The parameters are then sorted according to their L1 norm value and grouped 

into clusters, the number of which is selected by the user. The number of measurements for every 

parameter is predefined for each cluster and is proportional to the ranking. The number of 

measurements chosen for parameters with low L1-norm (poorly resolved) is much higher than those 

with high L1-norm values (well resolved). 
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оΦ ! C[9·L.[9 twh¢h/h[ D9b9w!¢Lhb ![DhwL¢Ia  

The algorithm generated to achieve this thesis' scope will be presented and explained in this chapter. 

The algorithm was developed in Matrix Laboratory (MATLAB) and is partly based on an existing 

algorithm provided by P. Tsourlos. To be more user-friendly and accessible, a graphic user interface 

designed by a Matlab App designer was also included.  

The codeôs primary purpose was to create a full and propose some optimized protocols for diverse 

geometries of borehole-surface electrodes. This capability was further updated to include the 

possibility of generating protocols for geometries between two dipping boreholes. The algorithmôs 

presentation is divided into two parts: the theoretical analysis of the algorithm and the practical. The 

former describes all the theory that formed the base for the generated algorithm, and the latter includes 

a short description of the graphic userôs interface windows. More specifically, the steps followed to 

produce full and optimized datasets are presented on the flow chart of Figure 3.1.  

оΦм ¢ƘŜƻǊŜǝŎŀƭ ŀƴŀƭȅǎƛǎ 

The algorithm initiates with the insertion of some parameters, such as the number of electrodes that 

will be utilized, the coordinates of the first electrode, the electrode spacing, and the degrees of 

inclination so that the desired geometry can be formed. With this information, it is possible to calculate 

the coordinates of the electrodes. The electrodes that will be inserted into the borehole and the ones at 

the surface/second borehole are independent, meaning that the electrode coordinates are joined in a 

matrix while being calculated separately. In this way, the mentioned values could be unequal, and the 

possibility of different inclinations between two boreholes could be feasible.  

Consider an arbitrary coordinate system of çxè and çzè axes. The coordinates of the first borehole 

electrode correspond to the shallower placed electrode, and the calculation of the rest boreholeôs 

electrode coordinates occurs according to this point, the spacing and the degrees of inclination. The 

same is applied in the case of a second borehole. As for the surface electrodes, the first electrode has 

the smaller çxè value (i.e., x=0) and the rest are calculated according to the spacing. 

While calculating the electrode coordinates matrix, a unique ID number is appointed to each 

electrode and will be used in the next step. In the case of a borehole-surface array, by default, the 

numeration starts from the deepest borehole electrode and continues until the farthest surface electrode. 

Parameters Configurations

Geometrical 
factor / 

Sensitivity 
error

Jacobian 
Calculation

Optimization Save

Figure 3.1: Flow chart that presents the steps that were followed for the production of the full and optimized datasets. 
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Similarly, in a borehole-borehole array the numeration initiates from the deepest left boreholeôs 

electrode to the deepest second boreholeôs electrode. The spacing in every borehole could vary, and 

the degrees of inclination can be between 0 and less than 180 degrees.  

The second step involves the generation of the full protocol. The measurements are collected with 

the available arrays. Since there are no standard arrays for borehole-surface measurements, the cross-

hole arrays are applied, considering the surface to be a second borehole. The arrays included are the 

pole-tripole, bipole-bipole equatorial, bipole-bipole diagonal, dipole-dipole and in-line multi-gradient 

in the borehole and the surface / second borehole, separately. A schematic illustration for a borehole-

surface measurement was created for each configuration, with 12 electrodes each and the same spacing, 

çaè, to both borehole and surface. Two current electrodes (A and B) and two potential electrodes (M 

and N) illustrate the arrangements and how the measurements are acquired. The symbol ç-è will 

indicate the division of the electrodes in the first borehole and the surface / second borehole. 

For the pole-tripole array, the configuration (B-NMA and NMA-B), that was proposed by Goes & 

Meekes (2004) and referred to in a previous chapter (2.2) was applied. Also, the configuration B- AMN 

and AMN-B were used, where the current poles are situated in the borehole and at the surface (Figure 

3.2). The parameters that the user can alter are the current step for every iteration and the maximum 

potential dipole separation from the source electrodes (1a, 2a, ..., etc.).  

Other arrays that the user can choose are the bipole-bipole equatorial and diagonal. The 

configuration used is the BN-AM (Figure 3.3). The current electrodes are placed again on cross-

symmetric positions, and the potential dipole recedes at farthest distances. Different maximum 

separations of the two pairs can be selected. After collecting these measurements, the current electrodes 

move to the next step, and the potential electrodes move away. The discrepancy between the equatorial 

B-NMA 

B-AMN AMN-B 

NMA-B 

Figure 3.2: Illustration of a borehole-surface measurement with the pole-tripole array and the different configurations. 
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and diagonal configurations is that in the latter, one of the potential electrodes, instead of moving 

simultaneously with the other, remains fixed in its position and only the second one moves to further 

distances (again, the opening of the electrodes can vary) and vice versa. 

The dipole-dipole array is available only for borehole-surface measurements since the configuration 

used was the MN-AB (Figure 3.4), with the current electrodes always on the surface. The user can 

define the maximum separation of the current and potential electrodes from each other. The current 

and the potential electrodes from the first position, where they are at a distance equal to one spacing, 

çaè, move one step at a time until their last position. A second sequence will start but with the current 

electrodes at a distance equal to two spacings, ç2aè, three spacings, ç3aè, etc. The same will happen 

if the maximum potential separation would advance.  

Lastly, the final arrays are the in-line multiple gradient at the surface and in the borehole separately 

as indicated in Figure 3.5. This routine continues with electrode A, which is stable in its position, and 

Figure 3.4: Illustration of a borehole-surface measurement with the dipole-dipole array. 

Figure 3.3: Illustration of a borehole-surface measurement with the equatorial (top) and diagonal (bottom) bipole-bipole array. 

Equatorial 

Diagonal 
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then another sequence begins with the movement of this electrode. The process ends when the desired 

measurements have been taken. 

The measurements generated by the chosen configurations are then evaluated for their geometric 

factor and sensitivity error. The geometric factor of each one of the quadrupole measurements is 

calculated, and all those over a given threshold are rejected. The user can choose between the option 

to input an arbitrary threshold value or calculate a threshold from the instruments and soilôs properties 

using the equation:  

where the source voltage and voltage accuracy are related to the employed instrument, and the 

minimum expected resistivity and contact resistance are dependent on the regionôs geological 

formations. After choosing the threshold, the rejection of the measurements occurs. 

A second filtering was also applied to the candidate measurements (Wilkinson et al., 2008). The 

concept of this filtering is to discard configurations that are very sensitive to positioning errors. This 

is an indication of a potentially ñunstableò measurement that could contaminate the results of the 

inversion with noise. 

The sensitivity error was calculated according to Wilkinson et al. (2008). Based on their research, 

when placing the electrodes, some errors occur in the geometry (i.e., uncertain positions, imprecise 

spacings, inaccurate depth) and thus in the geometric factor. The following equation gives the 

generalized geometric factor: 

 

2ÅÓÕÌÔÉÎÇ ÔÈÒÅÓÈÏÌÄ
ὛέόὶὧὩ ὠέὰὸὥὫὩϽὓὭὲὭάόά ὩὼὴὩὧὸὩὨ ὶὩίὭίὸὭὺὭὸώ

ὠέὰὸὥὫὩ ὥὧὧόὶὥὧώ Ͻὅέὲὸὥὧὸ ὶὩίὭίὸὥὲὧὩ
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Multiple gradient surface Multiple gradient borehole 

Figure 3.5: Illustration of a borehole-surface measurement with the multiple-gradient array. The measurements are collected 

separately in the borehole and surface, as it is indicated in the figure. 
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where, A and B are the current electrodes, M and N are the potential electrodes, AM is the distance of 

electrode A from M and AᴂM is the distance of M from the symmetrical point of A, considering the 

surface as the line of symmetry. The same is applied for the rest of the distances. The sensitivity, s, 

(Loke et al., 2014) of the geometric factor to errors is given by: 

For the electrode A, which is placed in the position (xa, ya, za) the sensitivity error is: 

An error in xa will only affect the AM and AN distances so: 

where, 

Similar equations will hold for the rest of the distances and points (ya, za). These equations apply to 

3D investigations, but since this thesis concerns 2D surveys, the ñyò dimension is ignored, and only x 

and z contribute to the sensitivity calculations. The geometricsô factor relative error is then defined as: 

According to Wilkinson et al. (2008), the removed measurements had estimated relative error Re   Ó 

5m-1. Since the uncertainties in the array depth were ~1cm, this limit equates to geometric factors of 

~5 per cent. For the created algorithm, the sensitivity error corresponds to the error that would occur 

if all the electrodes had 3% displacement on their expected position. The borehole electrodes may be 

displaced in the horizontal and vertical distance, which is considered by assuming the error above in 

both directions. Instead of eliminating measurements as Wilkinson et al. (2008) proposed, a threshold 

value was chosen (ȿɞɨɓŬɟɖɠ, 2020). The threshold for the accepted relative error values is selected 

according to each geometry. 
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The next step is the calculation of the Jacobian matrix. A regular grid of çxè and çzè points is 

formed based on the electrode coordinates. This grid corresponds to the parameters for which the 

Jacobian matrix will be calculated. The Jacobian matrix is calculated for every accepted measurement 

and every parameter.  Also, the cumulative Jacobian (L1-norm, ȷɗŬɜŬůɑɞɡ (2009)) for each parameter 

is calculated.  

Some points (parameters) can be eliminated to define a more specific area of interest near and 

around the electrodes. Effectively, the process attempts to limit the region of interest only to parameters 

which exhibit a cumulative sensitivity above a given threshold. For this reduction of points, the median 

of the cumulative Jacobian was used. All the values less than the median of the cumulative Jacobian 

or the median multiplied by a given value are disqualified, and only the rest of the values remain. After 

this elimination and when plotting the remaining points, the areas of low expected sensitivity are 

rejected from the optimization procedure. 

In the following, the optimization based on the method proposed by ȷɗŬɜŬůɑɞɡ (2009) was used 

but with some modifications. The first change is that, as mentioned above, after calculating the 

Jacobian matrix and the L1-norm, there was the possibility of eliminating some parameters of the 

Jacobian matrix that were considered less sensitive. Secondly, the optimization occurs so that the 

resulting number of optimized measurements can be controlled. This was achieved by automatically 

calculating the clusters, depending on the desired number of the final measurements, which were 

chosen between three possible percentages concerning the number of measurements of the full 

protocol. The available percentages are of 25%, 50% and 75% of the full protocol, meaning that if the 

total measurements of the full protocol are for example, 10000, the optimized protocol of 25% will 

choose the most appropriate number of clusters so that after the optimization the final measurements 

are approximately 2500, etc.  

More specifically, an iterative process was created to find the most appropriate number of clusters 

that would eventually lead to an optimized protocol with the chosen percentage of full measurements. 

For this iterative process, many clusters were tested, and the one that would result in measurements 

closer to the desired percentage was finally chosen. The following equation calculated the cluster 

length: 

 
ὧὰόίὸὩὶᾲὩὲὫὸὬ Ὢὰέέὶ
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3.10 

where, Pmax is the total number of the parameters of the ñnewò Jacobian and çiè is the cluster 

examined each time. Then, for each iteration, meaning for each of the 50 different clusters, a temporary 
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variable was created which stored the total number of the measurements that would be enlisted to each 

cluster if the chosen cluster was the examined one. Finally, the cluster with the smallest deviation from 

the desired number of final measurements is selected.  

After completing all these processes, the full and optimized protocols are saved into output files as 

protocols, which can then be uploaded to the instruments (*.txt  for Syscal and *.org for ABEM-

Terrameter) or can be used to generate synthetic data (*.A2D for the DC_2DPro program) to test the 

performance of the protocols.  

оΦн !ǇǇƭƛŎŀǝƻƴ ƻŦ ǘƘŜ ŀƭƎƻǊƛǘƘƳ 

оΦнΦм tŀǊŀƳŜǘŜǊǎ 

Initially, the user can choose between borehole-surface or borehole-borehole array and then input 

the appropriate information to form the desired geometry. For this purpose, there are two panels, one 

for the borehole electrodes and one for the surface (Figure 3.6) or the borehole 2 (Figure 3.7) 

electrodes. After inserting the parameters and clicking the óPreviewô button, the electrode coordinates 

are calculated and plotted along with their ID number on the graph. Examples of measurements are 

shown in Figure 3.6 and Figure 3.7 for a borehole-surface and borehole-borehole configuration, 

respectively. Note that surface electrode IDs have been reversed because the boreholeôs tip is closer to 

the last surface electrodes. The ID number is essential when making the cable connections in the field.  

 

Figure 3.6: Geometry window. The user can add the appropriate information so that the desired geometry could be calculated and 

implemented. 
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оΦнΦн /ƻƴŬƎǳǊŀǝƻƴǎ 

The process continues with the user choosing one or more of the given arrays (Figure 3.8). The 

available arrays are the 1) pole-tripole, 2) bipole-bipole equatorial, 3) bipole-bipole diagonal, 4) 

dipole-dipole, 5) multi-gradient in the borehole and finally 6) multi-gradient in the surface. The dipole-

dipole is only available in borehole-surface measurements. A matrix with all the quaternary 

Figure 3.7: Example of the geometry window when the borehole ï borehole array is selected. 

Figure 3.8: Configuration window. The user selects the desired configurations. 
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measurements is calculated depending on the chosen configurations and the variables that the user can 

interfere with. This matrix contains the ID of the four electrodes utilized each time for the 

measurement.   

оΦнΦо DŜƻƳŜǘǊƛŎ ŦŀŎǘƻǊ κ {ŜƴǎƛǝǾƛǘȅ ŜǊǊƻǊ 

Then, the user can eliminate some measurements due to geometric factors (Figure 3.9). This can be 

realized with two options. The user can input an arbitrary threshold value or calculate the threshold 

with equation 3.1, in which case some more variables should be added. When clicking the óReject 

measurementsô button, all the measurements with higher threshold values are dismissed, and their 

percentage is shown. The user can also choose whether the rejection of some more measurements due 

to sensitivity error will be applied. The relative error value (Re) of each quaternary measurement 

appears in the histogram, and then the user can choose a threshold that will be deemed reasonable to 

dismiss all those values that are out of charts. Again, the percentage of the rejected measurements can 

be seen.  

оΦнΦп WŀŎƻōƛŀƴ ŎŀƭŎǳƭŀǝƻƴ 

The next step is to calculate the Jacobian matrix (Figure 3.10). Once again, there is a choice between 

using the default grid or creating a new one. In the first option, the resolution of the cartesian grid 

affects the step for the in-between points. For example, if the 0.5 resolution is chosen, it will produce 

approximately quadripole points compared to selecting ñresolution 1ò.  The second choice was added 

Figure 3.9: Geometric factor and sensitivity error window, where the user can eliminate some of the measurements. 
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because the default grid might not be preferable since the geometries that may be used are theoretically 

unlimited. The user, depending on the electrode coordinates, needs to input the minimum desired çxè 

and absolute çzè value to indicate the top left corner of the grid, the step for the calculation of the in-

between points and finally, the desired maximum çxè and absolute çzè value for the completion of the 

grid. The minimum çxè value does not have to be equal to the exact coordinates but may be smaller 

to cover the surrounding area. The same is applied to the maximum values.  

Then, the Jacobian matrix is calculated following the selected parameterôs elimination. The 

rejection degree depends on the user and how strict or not the chosen threshold would be. The presented 

examples in the following chapter use three different thresholds: a) low threshold, where only a few 

points are eliminated (10% of the median cumulative Jacobian), b) medium, where the threshold is set 

to be 50% of the median cumulative Jacobian and c) a high threshold where the median cumulative 

Jacobian is multiplied by 1.5 and much more points are dismissed. 

Figure 3.10: Calculation of the Jacobian matrix window. The Jacobian matrix is calculated for the desired grid and some of the 

parameters can then be eliminated to define a more restricted area. 
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оΦнΦр hǇǝƳƛȊŀǝƻƴ 

Optimization is the process after which the final protocol contains only those measurements of the 

entire protocol that are considered more valuable and necessary for depicting the targets in the 

investigated area. In Figure 3.11 the generated window for the optimization is presented. The user can 

choose between the three available percentages and how the parameters will be assigned into clusters 

(linear or quasi-linear option). Then follows the plot of the cumulative Jacobian of the optimized 

dataset. Sometimes, with this way of cluster calculation, the resulting cluster may be 1, which is not 

preferable, and to avoid this, a less dense grid (fewer parameters) should be employed, or perhaps 

some of the choices could be altered.  

оΦнΦс {ŀǾŜ 

After all these processes, the user can finally save the full and optimized files (Figure 3.12). The 

user has to input some further information that will be valuable. One is the regionôs name that will be 

referred to in the produced files.  

The number of çskipped cable_2 electrodesè is related to the cable connected to the second borehole 

electrodes or perhaps to surface electrodes. As already mentioned, the numbering of the IDôs starts at 

the bottom of the first borehole and goes up to the last surface electrode or the electrode of the second 

borehole. But if it is impossible to insert the cable in the second borehole fully and some of the cable 

outputs remain outside, a problem in the numeration will appear. Thatôs why a variable is used to skip 

these electrodes.  

Figure 3.11: Optimization window. 
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оΦо 5ŀǘŀ ǇǊƻŎŜǎǎƛƴƎ 

Each instrument recognizes a specific format, so the uploaded protocols should be compatible with 

this form. As mentioned above, the available exports of the algorithm are *.a2d, *.org and *.txt files 

of the full and optimized data following an appropriate format. To acquire the measurements for the 

Syscal pro instrument, this generated *.txt file must be converted to a protocol (*.sqz) readable by the 

instrument. This is feasible with the upload of the *.txt file on the Electre Pro Software, where the user 

can also interfere with different parameters. One of them is the allowance of gap fillers. With the 

selection of çcreation of standard sequenceè, the generated protocol is in the appropriate format to be 

uploaded to the instrument. 

After that, the measurements are obtained. With the completion of the data acquisition, the type of 

file exported from the instrument is *.bin. This information is downloaded using another processing 

software, the Prosys . This software displays all the measurements with the positions (x, y, z) of each 

electrode (A, B, M, N) and the resistance, the deviation, the potential difference, the injected current 

of each measurement, etc. These can be submitted to an initial process. For instance, the deletion of 

the gap-fillers inserted in a previous step should occur, since they are not actual measurements and the 

extermination of bad data could make the provided information more optimal. An example of the 

application of the extermination of ñbadò data is shown in Figure 3.13, where some of the deleted data 

that seem to diverge from the gathered points appear in red.  

Figure 3.12: Save window. The generated files are saved. 
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Since the *.bin file is not readable from the software that will be used for the inversion (DC_2DPro), 

another process should occur. An algorithm was coded in Matrix Laboratory based on an existing 

available algorithm. Taking this code and making some adjustments, the *.bin files that include the 

desired information could be read, and the apparent resistivity of each measurement could be 

determined. The exported file of this algorithm is of type *.A2D that is readable from the DC_2DPro 

inversion software. Also, another algorithm was created for the optimized protocol to retrieve only the 

resistivity values that correspond to the optimized measurements from the full protocol since only the 

full protocol was measured in the field. 

  

Figure 3.13: Data proccessing, bad data extermination using the software Prosys . 
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This chapter includes the evaluation of the protocols produced with the algorithm over synthetic 

and experimental data. After creating the exported files, using all the available configurations, they 

were tested before applying the algorithm to real data. So, many synthetic models of various 

geometries went through the inversion process to test the effectiveness of the full and optimized 

datasets in locating different targets. Three different threshold values for the defined area of sensitivity 

and three different optimized datasets were created for each geometry to determine which would be 

the most appropriate. Finally, some models were tested in an experimental tank in the lab to investigate 

the algorithm's applicability in models where the conditions are not ideal, like in the synthetic models, 

and noise may affect the results. 

пΦм {ȅƴǘƘŜǝŎ ƳƻŘŜƭǎ 

After the generation of the algorithm, the results of the full and optimized protocol had to be tested. 

For this reason, some synthetic models were created and inverted using the DC_2DPro software. The 

process of this evaluation is the following. The *.a2d files of the full and optimized measurements are 

inserted into the software. Then, the user can modify the half-space by adding modelling properties, 

e.g., bodies, layers or other formations that could have geological significance with various resistivity 

values. This model should be the final ñimageò after the inversion of full and optimized data. The 

models were examined over the defined area of sensitivity, the number of the final optimized data and 

the behaviour of different geometries and targets were tested. Many models were assessed, but only 

some of them will be presented and discussed. 

Models with the same geometry will be examined for different threshold values (low, medium, high) 

and three optimized datasets (approximately 25%, 50% and 75% of the full). For these models, 20 

surface and 20 borehole electrodes with a spacing of 5m were considered. The boreholeôs inclination, 

defined clockwise from the surface, is 30Á with the first electrode at 10m depth. In a half-space with 

resistivity 100 Ohm-m, there are 3 conductive blocks (10 Ohm-m) (Figure 4.1 a-c). The first and the 

second blocks are in the same position for the three models, but the location of the third one is altered. 

The first one is at 5m depth and 15m horizontal distance, having dimensions 5x5m. The second is at 

40m depth and 35m horizontal distance, measuring 15x15m. The third one, with dimensions 20x20m, 

is placed in three different locations a) 15m depth / 70m horizontal distance, b) 25m depth / 70m 

horizontal distance and c) 20m depth / 75m horizontal distance, to evaluate the capability of the 

optimized datasets with different threshold values to detect it. The blue colour bar of Figure 4.1, 
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indicates the low resistivity areas (i.e., the conductive blocks) whereas the lilac, red colour, shows the 

high resistivity areas (i.e., the half-space).  

The inverted results of the full and the three optimized protocols with the three threshold values of 

each model (Figure 4.1 a-c), with 6 iterations and the L1 norm option at DC_2DPro, are shown in 

Figure 4.2, 4.3 and 4.4, respectively. In each figure, on the left, the synthetic model appears and follows 

the inverted results of the full protocol with 9202 measurements. Each of the three columns 

corresponds to the same percentage of optimized data, containing approximately the same number of 

measurements and each row to a specific threshold value. At the top of each figure, the number of 

measurements and the used clusters are mentioned. The areas noted with a grid in the optimized models 

correspond to the assumed trusted areas of each one of the thresholds (low, medium, high). Also, the 

Figure 4.1: Synthetic model 1 with a resistive half-space of 100 Ohm-m and three conductive blocks (10 Ohm-m). The first block of 

dimensions 5x5m is positioned at depth z=5m and horizontal distance x=15m, the second block (15x15m) is at z=40m and x=35m and 

the third one (20x20m) is situated in three positions a) z=15m, x=70m, b) z=25m, x=70 and c) z=20m, x=75m. 
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% difference in the inverted image of the full and each optimized protocol compared to the original 

synthetic model was calculated. The values are shown in the highlighted at the top right box of each 

figure. 

Model 1a: 

For this model (Figure 4.2), with the increasing percentage of the optimized datasets, the number 

of measurements rises, and the image (75% of the data) tends to resemble the results of the full protocol 

more. Also, with this increase in the measurements, the artefact that appears near the third block is not 

intense. The models with 50% of the data also manage to achieve a valid representation. Since the 

measurements are approximately 50% less, acquiring them would theoretically take half the time in 

the field. The models with 25% data can locate the third block (on the right), but its boundaries are not 

well identified, and this percentage should not be preferred for this environment. The % difference 

values between the models also confirm these conclusions since the difference rate decreases as we 

move to the optimized protocol of 75%. 

As for the threshold, it seems that as it proceeds to higher values, more measurements participate, 

but without an apparent improvement in the results. On the contrary, the targets appear weaker, 

especially at the bottom and on the right. This is visible to both 25% and 50% optimized datasets, 

whereas on the 75%, the difference is not so noticeable. Except for these subtle changes, the different 

threshold values do not seem to affect the inversion process significantly since the targets in some 

models are reconstructed, although they are placed out of the supposedly trusted area. Despite that, the 

threshold could be valuable in determining which of the proposed trusted areas is more appropriate for 

each geometry. For this specific geometry only, it is apparent that the low threshold is the best fit since 

all the targets are included in the specified area, and the artefact is excluded. The other thresholds are 

stricter and eliminate points in regions that are trustworthy. 

Model 1b: 

For this position of the third block (Figure 4.3), it appears that none of the models can depict the 

boundaries of the third block as clearly as they did in their first position. This probably occurs because 

the target is far from the surface electrodes. The models compared to each other do not differ 

significantly. Still, once again, the models with the high threshold produce a weaker reconstruction 

even though they manage to detect the blocks. This is also evident by the calculated % errors between 

the original and reconstructed models. Also, the 50% and 75% models have better resolution since 

more measurements are employed. The artefact on the right is not so intense relatively to model 1a, 

and once again, it tends to get weaker as the percentage increases. 
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Model 1c: 

In this position (Figure 4.4), the third block is not depicted as accurately as in the previous models, 

not even in the full protocol. There is an artefact attached to it that alters entirely its boundaries. The 

optimized 50% and 75% datasets can locate the target more clearly without apparent variability 

between the different thresholds. Also, the percentages that show the % differences of each optimized 

protocol with the initial synthetic model are similar, except for the optimized protocol of 25%, 

especially with the medium and high threshold, which provides more increased values and fails to 

identify the blockôs shape. This model shows that a part of the block crosses the untrusted area, as the 

low threshold indicates, and for this reason, an artefact appears attached to it and could be mistaken as 

an actual target.   
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Figure 4.2: Inverted results of the full protocol of model 1a and three optimized datasets (25%, 50%, 75% of the full) with three thresholds (low, medium, high). On top of each model there is the number of 

measurements and the clusters used for the optimization. The noted area in the optimized models corresponds to the area of sensitivity of each threshold. 
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Figure 4.3: Inverted results of the full protocol of model 1b and three optimized datasets (25%, 50%, 75% of the full) with three thresholds (low, medium, high). On top of each model there is the number of 

measurements and the clusters used for the optimization. The noted area in the optimized models corresponds to the area of sensitivity of each threshold. 
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Figure 4.4: Inverted results of the full protocol of model 1c and three optimized datasets (25%, 50%, 75% of the full) with three thresholds (low, medium, high). On top of each model there is the number of 

measurements and the clusters used for the optimization. The noted area in the optimized models corresponds to the area of sensitivity of each threshold. 
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For the same geometry, another synthetic model (model 2) was created (Figure 4.5 a-c), but this 

time, with a conductive half-space (50 Ohm-m) and resistive blocks (100 Ohm-m) of the exact 

dimensions and in the same positions as the above three models. These models aimed to examine the 

inversion behaviour in another geological background. The process was identical to that of the previous 

models.  

Model 2a: 

For this model (Figure 4.6), the targets seem to be reconstructed without being contaminated by 

artefacts. The first block, between and close to the surface and the borehole, is again detected 

accurately by all the models. All models locate the second block, but its boundaries are somehow 

disturbed. The third block is located in the correct position, but its shape is a bit blurred in the optimized 

Figure 4.5: Synthetic model 2 with a conductive half-space of 50 Ohm-m and three resistive blocks (100 Ohm-m). The first block of 

dimensions 5x5m is positioned at depth z=5m and horizontal distance x=15m, the second block (15x15m) is at z=40m and x=35m and 

the third one (20x20m) is situated in three positions a) z=15m, x=70m, b) z=25m, x=70 and c) z=20m, x=75m. 
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dataset of 25%. The other datasets produce results very similar to the one obtained from the full 

protocol, with no noticeable differences between the three thresholds. This is also apparent in the 

percentage of the model difference, which is systematically much lower than in the errors observed for 

model 1, as fewer artefacts appear here. 

Model 2b: 

For this position of the third block (Figure 4.7), all models manage to locate the targets, but the 

third block is more weakly presented compared to model 2a. This probably happens due to the fact 

that this block is more distant from the surface electrodes. The different thresholds do not significantly 

affect the depiction of the targets, and only the optimized protocol of 25% with the high threshold 

provides blurrier results. We could assume, that all the optimized datasets with the low threshold, 

provide adequate results close to the full protocol. 

Model 2c: 

These models (Figure 4.8) struggle even more to locate the third block accurately and with discrete 

boundaries. Still, contrary to the first model (Figure 4.4), where an artefact appeared, and the target 

was distorted, the results are relatively better in this geological background. Furthermore, in those 

figures, the discrepancy between the different thresholds is more apparent with careful observation and 

with the assistance of the highlighted values that indicate the differences in the images. The most 

optimized datasets fail to detect the blocks finely, with only the optimized protocol of 50% with the 

low threshold managing to recreate the synthetic model adequately.  
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Figure 4.6: Inverted results of the full protocol of model 2a and three optimized datasets (25%, 50%, 75% of the full) with three thresholds (low, medium, high). On top of each model there is the number of 

measurements and the clusters used for the optimization. The noted area in the optimized models corresponds to the area of sensitivity of each threshold. 
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