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Abstract— An optimal reconstruction of the soil for archeo-
logical purposes is mandatory. Dimensions and depth of buried
anthropogenic remains must be identified accurately allowing
an easier design of the excavation survey and minimizing the
excavation costs. Electrical resistivity tomography (ERT) is a
widely used geophysical technique to measure the resistivity of the
ground at different depths, and then reconstruct the underground
stratigraphy. Misplacement of the electrodes is a fundamental
aspect of these measurements because it could lead to incorrect
data analysis. Regardless this issue, recent literature misses to
consider the influence of the global position system (GPS) error
in the localization of the electrodes on the final subsoil electrical
resistivity distribution. In this article, the results of a measure-
ment survey on the Poggio Pepe tumulus (Italy) were analyzed
and a Monte Carlo (MC) simulation was carried out to investigate
the influence of the GPS accuracy. The MC approach has been
applied to two different kinds of ERT arrays: pole-dipole and
dipole-dipole. Firstly, the simulation considers the ideal in-line
position of the electrodes affected by the GPS error, then the real
coordinates of the electrodes are introduced, together with the
GPS uncertainty. The simulations provide interesting findings on
how the GPS error influences the two arrays and the use of the
topography. Moreover, the proper deployment of the remote pole
for the pole—dipole array is discussed.

Index Terms— Geophysical measurements, geophysics, mea-
surement errors, soil measurements, tomography.

I. INTRODUCTION

WIDELY employed technique in geophysical measure-
ment is electrical resistivity tomography (ERT). It is
used for environmental investigations [1]-[8], hydrogeol-
ogy [9]-[11], civil engineering [12], [13], waste investigations
[14], [15], and archeology [16]-[19]. This latter is a very
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challenging application field because of the complex subsoil
resistivity distribution (buried anthropogenic structures can be
identified by high resistivity anomalies at shallow depth), the
target dimensions of few meters, and sometimes the rough
topography (e.g., tumuli and/or funeral mounds) [18]—[22].

Despite the wide diffusion of the ERT measurements, this
method is affected by problems. Noise contamination and high
signal to noise ratio affect the quality of data, influencing
resolution and reliability [14], [23]-[25]. In archeological
applications, the resolution, for the identification of the dimen-
sions and the depth of the buried objects, depends on the
electrode spatial distribution [3], [17], [19]. Therefore, it is
important to avoid as much as possible errors induced by the
electrode distribution [26].

Zhou and Dahlin [25] suggest that there are two types of
errors on ERTs: measured voltage errors and electrode-spacing
errors. The first type could be caused by ineffective contacts
between electrodes and soil (i.e., when the soil is rocky,
or composed by gravels, or it is very dry so that the coupling
between soil and electrodes is not suitable and the contact
resistance is too high), damages to the cables, low injection
current (so that the read voltage reaches the accuracy of the
Voltmeter of the instrument), and background noises (i.e.,
an electrical line).

The second type could be caused by a wrong positioning
of the electrodes (i.e., the electrodes are not placed at the
fixed theoretical distance so that the spacing between two
adjacent electrodes is lower/higher than the theoretical one)
and/or by ignoring the topography (i.e., the real x-, y-,
z-coordinates of each electrode) in the inversion procedure
[23], [24], [27]-[30]. Electrode wrong positioning occurs
always for some type of array (pole—dipole and pole—pole)
because of the finite length of the cables that does not allow
to place remote electrodes at infinite theoretical distance.
Moreover, it can occur for human errors, when electrodes are
posed by means of a tape or a string, and when electrodes
have to be moved to improve the coupling with the soil. These
sources of uncertainty could be reduced during the acquisition
campaign but cannot be totally avoided.

Zhou and Dahlin [28] demonstrate that, when the theoretical
fixed distance among the electrodes is equal or lower than 2 m,
an electrode wrong positioning up to 10% could happen (i.e.,
if the fixed distance is 2 m, it is possible that an electrode has
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to be moved, for the above-mentioned reasons, up to 20 cm
away from the theoretical position). Oldenborger et al. [23]
calculate the dependence of data on the location of electrodes.
Uhlemann et al. [8], studying the electrode’s movements along
a landslide, show that the knowledge of the exact position of
the electrodes can avoid misinterpretations of the resistivity
anomalies.

Nowadays, technology helps to mitigate electrode wrong
position error, since the real/actual electrode location (in
terms of x-, y-, z-coordinates) can be measured by laser
distance meters ([24]) or by global position system (GPS)
instruments [4], [8], [31], [32]. Nevertheless, employing GPS
measurements, a new kind of error is introduced that related
to the acquisition technique itself. The accuracy of GPS data,
in fact, can be expressed as the product of the pseudo range
error factor (UERE: user equivalent range error) and the
geometry factor (DOP: dilution of precision) [33], [34]. The
latter depends on the geometry of visible satellites: higher
the value is, worse the satellite distribution over the horizon.
In practice, the lower possible DOP value is around 2 [34]. The
UERE value is obtained mitigating the error sources by means
of: appropriate models, dual frequency receivers, number of
visible satellites higher than 4, and adequate receiver shapes.
The above-mentioned error sources are the following:

1) satellites and receiver clocks drift (clock-related errors);

2) ionosphere, troposphere, Earth rotation, and multipaths
(signal propagation errors);

3) selective availability, signal jamming and spoofing
(intentional errors);

4) orbital planes shape and receiver structure (system
errors);

5) power failures and communication breakdowns.

The GPS error is widely studied in topography and geo-
desy, while recent geophysical literature does not take it into
account. Therefore, it is mandatory to estimate how much
the GPS uncertainty influences the soil resistivity measure.
Starting from preliminary data analysis proposed in [35]
and [36], this work illustrates some of the results of an
ongoing project campaign on a great tumulus in Tuscany
(Italy). A statistical analysis of the acquired data using Monte
Carlo (MC) simulation is presented [37]—[41]. The purpose of
the research is to investigate the effects of the errors occurred
in collecting the electrode coordinates in two different array
architectures, and to estimate if this effect has a relationship
with the depth of investigation. Therefore, a comparison of
four different scenarios is presented in order to highlight
advantages and disadvantages of the methods and to find which
is the best one for different applications. Furthermore, the
optimal positioning of the remote pole is very challenging.
In this work, a simulation of the remote pole positions (along
x- and y-coordinates) is presented to find out the effects of a
mispositioning in the resistivity output.

The data acquired on the Poggio Pepe tumulus are used
as example to validate the procedure. The proposed approach
is adaptable to any kind of ERT investigation even if the
interpretation of the MC results depends on the field of
application. Despite this, the findings of this article could be

Fig. 1. Common arrays used in resistivity surveys. Top: Dipole—dipole
configuration. Bottom: Pole—dipole configuration.

extended to any archeological survey (e.g., funeral mounds,
walls, streets, etc.), because the depth of investigation range is
usually comparable (approximately from 0 to 15 m). The opti-
mization of the acquisition parameters is one of the key factors
to reconstruct a more reliable subsoil model and improve the
identification of the anomalies. Consequently, the archeolog-
ical excavation survey can be designed easily, the research
funding can be managed more efficiently, and the excavation
survey costs can be minimized.

In Section II, the base theory of ERT measurement is
explained; Section III describes the measurement survey car-
ried out on the Poggio Pepe tumulus; Section IV proposes
a MC-based approach to estimate the effects of the GPS
error that affects the electrode coordinates measurement; and
finally, Section V summarizes the main results and findings
comparing four different models.

1) Pole—dipole array considering the theoretical in-line
positions of the electrodes (fixed interspace).

2) Pole—dipole array considering the real 3-D topography
(X; Y; Z coordinates).

3) Dipole—dipole array considering the theoretical in-line
positions of the electrodes (fixed interspace).

4) Dipole—dipole array considering the real 3-D topography
(X; Y; Z coordinates).

II. ERT MEASUREMENT

The objective of ERT measurements is to determine the
subsurface resistivity of the soil by means of measurements
on the ground surface. The obtained resistivity value is not the
true resistivity of the subsurface, but it is an “apparent” value
that is the resistivity of a homogeneous ground that will give
the same resistance value for the same electrode arrangement.
The relationship between the “apparent” resistivity and the
“true” resistivity is a complex relationship. Starting from the
acquisition of the apparent resistivity it is possible to estimate
the true resistivity of the subsurface (“inversion problem”) [3],
[16], [26], [42], [43]. There are several different array geome-
tries used in ERT measurement (e.g. Wenner, Schlumberger,
pole—dipole, dipole—dipole) [44]. Fig. 1 shows the deployment
of the electrodes (commonly stainless-steel stakes insert in the
soil for at least 1/3 of their length) in the considered geometry:
dipole—dipole (D-D) on the top side and pole—dipole (P-D)
on the bottom side. Both architectures are based on four
electrodes, A and B are called current electrodes and M and
N are called voltage electrodes. Using a set of batteries, a
dc voltage is generated between the A and B electrodes, and



then the current I that flows between them is measured. At the
same time, the voltage AV generated in the ground by the
above-mentioned current is measured through two different
electrodes (M and N).

The current that flows through A and B generates a potential
characterized by a symmetrical pattern about the vertical place
at the midpoint between the two electrodes. The potential
values in the M-electrode and N-electrode are given by equa-
tions (1) and (2) respectively,
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where p is the resistivity of the subsurface soil (“apparent”)
and Iap is the current measured between A and B. Conse-
quently, the measured voltage AV is given by
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The apparent resistivity p is calculated using the measured

current /op and the measured voltage AV yn as follows [45]:

p=k— @)

where k is the geometric factor that depends on the arrange-
ment of the four electrodes as follows:
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The most commonly used arrays are (see Fig. 1) [3], [17],
[18], [21], [22] as follows.

1) The dipole—dipole array is based on four aligned elec-
trodes deployed using the sequence: A, B, M, and N.
The lateral resolutions at shallow depths are enhanced
using this configuration, as well as the electromagnetic
inductive noise is minimized.

2) The pole—dipole array is based on three aligned elec-
trodes (B, M, and N), and one current electrode
(A) posed at theoretical infinite distance. This approach
is characterized by high resolution and large depth of
investigation.

Both P-D and D-D are characterized by two fundamental
geometric parameters used to describe the sequence of acquisi-
tion during the measurement survey (see Fig. 2). The first one
is the dipole length “a” defined as the distance between the
two voltage electrodes in both array configurations, expressed
in meters. In case of dipole—dipole, this factor must be also
equal to the distance between the current electrodes. The
second factor is the dipole separation factor “n,” which is an
integer value that indicates how many “a” there are between
the current electrode B and the voltage electrode M.

In case of D-D array, introducing these two geometric
parameters inside (5), the geometric factor kpp could be
revised as

kstp=7m-n-n+1)-n+2)-a. (6)

Fig. 2. Geometric parameters for dipole—dipole array (top) and for
pole—dipole array (bottom). Red lines: electrodes. Shades: subsoil.

While, in case of P-D, the geometric factor kpp could be
revised as

ka=27r~n~(n+1)~a. (7)

ERT surveys are usually carried out using several electrodes
directly connected to a resistivity meter system. This kind
of instrumentation system is based on a microprocessor and
an electronic switch to automatically select the relevant four
electrodes for each acquisition. The microprocessor of the
instrument needs to be programmed with sequence of mea-
surements to take, the type of array used, and other survey
parameters, e.g., the input voltage used to generate the current
through the electrodes A and B. Using all this information
the instrument automatically selects the appropriate set of
electrodes for each measurement.

In case of dipole—dipole, the first step is to make all the
possible measurements when the dipole length is “a =1.”

For the first measurement, the electrodes used are the
numbers 1, 2, 3, and 4, while the second measurement is
acquired using the electrodes 1, 2, 4, and 5. This is done up to
the maximum dipole separation factor “n.” After completing
this sequence of measurement, the dipole length is increased
to “a=2" and the process is repeated (the first with the elec-
trodes 1, 3, 5, and 7). Then the dipole length “a” is increased
up to its maximum value. The maximum of the parameters
“n” and “a” are assessed depending on the maximum depth
of investigation. In case of pole—dipole array the sequence of
acquisition is still the same of the dipole—dipole one, but the
electrode A is always placed at an infinite position.

According to [46], Table I illustrates the rule for the
assessment of the depth of investigation z, based on the dipole
separation and dipole length. Each acquisition included in the
sequence is characterized by a determined value of the dipole
separation “n” and the dipole length “a.”

Selecting the proper row of Table I depending on “n” it
is possible to obtain the corresponding z,/a value and conse-
quently calculate the depth of investigation by multiplying this
value for the corresponding “a.” It is clear from the table that
increasing “n” and/or “a” the depth of investigation increases.

III. MEASUREMENT SURVEY

Vetulonia (Tuscany, central Italy) was one of the most
important Etruscan towns. Many monumental tumuli were
erected near it, one of them is the Poggio Pepe tumulus, one of
the largest tumuli in Tuscany. This tumulus does not show any



morphologic deformation, suggesting that the internal structure
of the tomb could be still intact.

An ERT survey was carried out on Poggio Pepe tumulus,
with the aim to verify the presence of a tomb and optimize the
archeological excavation. Seventy-two electrodes were placed
in a linear configuration, with a theoretical electrodes space
of 1.5 m, and a total linear length of 106.5 m. Furthermore,
an extra-electrode called remote pole was installed as far as
possible (at a theoretical infinite position) from the others at
approximately 100 m perpendicularly far from the center of the
linear array and it was used as A-electrode in the pole—dipole
sequence of acquisition.

The data acquisition was carried out using a 10-channel
receiver SyscalPro by Iris, equipped with 48 electrodes. More-
over, an external link (to reach a total amount of in-line 72
electrodes) was employed. The receiver was programmed to
consider only 4 electrodes for each measurement, according
to the procedure explained in section II. The instrument
generates the data acquisition sequences considering 10 and
5 increments of “n” and “a,” respectively. The number of
possible combinations for the D-D array Cpp considering the
procedure illustrated above is

Omax 'max
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where Neeee = 72 is the number of electrode used for this
survey, a; represents the increments of the dipole length “a,”
n; represents the increase of the dipole separation “n,” omax
and ny, are given by the following:

Neec —1
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While, the number of possible combinations for P-D array
CPD is

Omax 'max

Cop = D D [Neteer — (@ + ain;)] (1)
i=1 j=1
N, —1
max = L%J (12)
Nmax = Neleet — 1 —a; Vi =1,2,... amax. (13)

Practically, to have a good signal to noise ratio, the incre-
ments of “a” are at least 5, while the one of “n” are between 6
and 10. In the presented study, the values of ayax and npax are
fixed according to the geophysics literature equal to ey = 5
and np, = 10, leading to o € [1 —5] and n € [1 —10]. In this
scenario, the number of acquisitions for each ERT is given by

5 10

Cop = D D [72— Qa; +ainj)] =2475  (14)
i=1 j=I
5 10

Cpp = Z 2[72 — (i +a;n;)] = 2625. (15)

i=1 j=1

In compliance with Table I, considering the maximum value
of “n” and “a,” the maximum investigation depths reached by
D-D and P-D are 20 and 30 m, respectively.

TABLE 1

PARAMETERS FOR THE IDENTIFICATION OF THE DEPTH OF INVESTIGATION
(z¢) FOR THE DIFFERENT CONSIDERED ARRAY (DIPOLE-DIPOLE
AND POLE-DIPOLE)

Dipole z./a
separation | o0 Dipole | Pole-Dipole
n=1 0.416 0.519
n=2 0.697 0.925
n=3 0.962 1318
n—=4 1.220 1.706
n=5 1.476 2.093
n=6 1.730 2.478
n=7 1.983 2.863
n=8 2236 3.247
=9 2.473 3.621
=10 2712 3.996
Electrode position [m]
0 20 40 60 80 100

-10

Depth [m]

-15
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Fig. 3. ERT measurement diffusion underground. The sequence of acquisition
was obtained for the dipole—dipole array with 72 electrodes, a € [1 — 5], and
n € [1—10]. Each color stands for a different value of “a,” while the different
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section depths are obtained increasing “n”.

Fig. 3 shows the results of the obtained sequence for the
dipole—dipole array in the described scenario, in which each
color represents a different value of the parameter “a,” and
each line of dots of the same color represents a different value
of “n,” where the higher the value of “n,” the deeper the point
of investigation.

Each dot in the figure stands for a point of investigation
of the soil resistivity, placed in correspondence of the half
distance between A and N. The little black crosses just above
the x-axis are the positions of the 72 electrodes. The figure
highlights that the maximum depth of approximately 20 m
could be obtained only with the maximum values of “a”
and “n.” Moreover, it reveals that there are many points of
acquisition at shallow depth, while increasing the depth the
number of points decrease since there are less acquisition with
great values of “n.”

The chosen instrument could work in two different modes
of operation:

1) set a constant input voltage VAB selectable between the

range from 12 to 800 V;
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Fig. 4. Boxplots of dipole-dipole array resistivity acquired with different
input voltages.

2) set a constant VP value, that has to be measured
between M and N electrodes, between the range
from 20 to 800 mV. The instrument varies the input
voltage VAB that could be at least equal to a maximum
value forced by the operator. The Save Energy Mode
sets the voltage VP equal to 20 mV.

The survey was carried out using five input voltages for the
dipole—dipole array (Vag = 200 V; Vap = 400 V; Vap =
800 V; Vp = 800 mV; Vp =20 mV), and two input voltages
for the pole—dipole array (Vag = 800 V; Vp = 20 mV). In both
arrays, the maximum input voltage in the save energy mode
was set to 800 V. Generally, the higher the voltage input, the
better the quality of the data. On the other way, the use of
low voltage allows to save batteries energy and repeat the
measurement with different array displacements in the same
day. However, these considerations are also strictly related to
the type of soil investigated. For this reason, the survey was
carried out using multiple input voltages. The results of the
measurement campaign are summarized in Fig. 4, where each
boxplot represents the complete set of the acquired data for
the different input voltages.

All the resistivity values obtained with different inputs are
comparable [26], so with this particular geological condition
there are no remarkable differences and benefits of using
higher voltages. Same results are obtained with pole—dipole
array. For this reason, the following analyses could be carried
out using only one data set neglecting the influence of chang-
ing input voltages. Of course, it is not possible to generalize
this statement based only on the analyzed data, since the
results could be related to the local resistivity distribution and
limited to the study area. Therefore, the data set used in the
following analysis is that obtained employing an input voltage
of 800 V.

To identify the electrode position, a Leica 1200 GPS was
employed. The acceptable GPS error was set equal to 0.05 m,
which means that if the uncertainty of GPS acquisition is lower
than the threshold the measurement is directly accepted by
the instrument, otherwise the operator evaluates if accept it
or not. The instrument provides the value of the measurement
and the error as x = X + &, where X is the position of the
electrodes and ¢ is the GPS error. Because of a nonfavorable
satellite geometry (the mean DOP value was higher than 7
and the number of visible satellites was always lower than 6),
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Fig. 5.
position.

Boxplot of all the errors in the GPS acquisition of the electrode

a low quality of the transmission signal, and the presence of
some olive trees, only the 11.0% of the data were stored with
an error lower than 0.05 m, and among this only the 2.8%
has an error lower than 0.03 m. Fig. 5 shows how the error
¢ are distributed using a boxplot. The range of the acquired
error is [0.0247 m, 0.9988 m], the median value is 0.4927 m
and the mean is 0.4478 m. The above-mentioned nonfavorable
conditions highly influence the data acquisition, leading to a
very low quality of data.

The errors in Fig. 5 must be referred to the complete
extension of the array, since the evaluation of the geometric
factor is based on the distance between the electrodes and not
on their absolute positions. The worst case (by uncertainty
point of view) occurs when the shortest array is involved with
the highest GPS error.

In the dipole—dipole array in the considered survey (a = 1,
n = 1 and theoretical distance between electrodes of 1.5 m)
the shortest array is 4.5 m long. Therefore, the maximum
uncertainty value leads to an error of 22%. Considering a
more realistic scenario with the same array but the mean value
of uncertainty the error decreases to 10%. When far-distant
electrodes are involved, the length of the array increases and
consequently the percentage error decreases. For example, the
largest array (¢ = 5, n = 10 and theoretical distance between
electrodes of 1.5 m) is 90 m long. In case the maximum value
of uncertainty is involved the percentage error is 1.1%, which
decreases to 0.5% for the mean uncertainty value. For some
types of applications (e.g., tomography applied in medical
science) these high positioning error values are unacceptable,
but in archeological and geophysics surveys could frequently
occur. Since experimentally this aspect is neglected during the
measurement campaign (as illustrated in the literature review
in Section I), the idea of this article was to study a worst-case
scenario to understand the influence of such high errors on the
soil resistivity analysis.

Fig. 6 shows the real deployment of the 72 electrodes,
represented by black dots. The figure highlights that the
electrodes are not perfectly in line but some deviations,
due to the imperfection of the soil and the human error in
positioning, are present. All the values are related to the GPS
acquisition.
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Fig. 6. Electrode position acquired using the GPS: the black dots represent
the acquired values, and the red circles stand for the GPS errors of each
electrode. The coordinates used are expressed in meters and are normalized
with respect to the position of the first electrode.

The dots are surrounded by red circles, where the radius
of each circle stands for the error ¢ in the specific position.
The used coordinate system is the projected Gauss-Boaga
Roma40, normalized with respect to the position of the first
electrode.

IV. PROPOSED APPROACH

This section deals with MC simulation (MCS) to take into
account the effects of the error in the positioning of the
electrodes. MCS is based on multiple trial runs to approximate
the outcomes of a certain event in terms of probability that
the event occurs. It is a problem-solving method widely used
in several different fields of application. The multiple runs
are usually called simulations. Each simulation depends on
a set of input variables randomly selected based on their
probability density function. The model of the output is
determined observing its statistical characteristics. The steps
of the procedure illustrated in Fig. 7 are the following.

1) The input data must be acquired after the measurement
survey (coordinates of the electrodes, sequence of acqui-
sition, electrical parameters).

2) Construct a domain of electrode locations considering
the ideal position of the electrodes and the error of the
GPS measurement.

3) Seti =1 and N = number of MC simulations.

4) Generate the random position of the electrodes inside
the domain according to the normal probability density
function.

5) Following equations (4) and (5) the geometric factor k
and the apparent resistivity p are calculated.

6) Steps 4 and 5 are reiterated up to i = N.

7) Statistical analysis of the final results.

Fig. 8 illustrates the domain of a generic position of the
electrode A. The error in the location of the electrode (i.e.,
the data shown in Fig. 5) is used to calculate the standard
deviation of the distribution, while the mean value is the ideal
position.

Considering & the uncertainty of the GPS measurement
related to the electrode A, the standard deviation of the
distribution is evaluated considering the “empirical rule” as

Acquire input data
/—i—\
Domain of electrode
locations

i

(=1
/4i—
Generate random input
with normal distribution

& = \
Calculate geometric factor

and apparent resistivity

i<N

ino

Collect data

\

Fig. 7. Procedure used to generate multiple MC samples and analyze the
effects of the error in the position of the electrodes.

Probability Density Function

A+e

les]
=

ig. 8. Graphical representation of the Step 2 of the proposed MC procedure.

follows:

P(u—30 <X <u+30)=~0.9973 (16)
where X is the observation from the random variable, x and
o are the mean and the standard deviation of the distribution.

Therefore, the 99.73% of values lie within the range
[A — &, A + €] where the mean value u was set equal to the
position A. Consequently

€
30 =¢=0 = .

3

This procedure for the domain construction is repeated for

all the ideal positions of A, B, M, and N electrodes; for each
one of them, 100000 samples are generated.

a7
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Fig. 9. Results of the MC simulation for the dipole—dipole array. Each
color stands for a different statistical parameter. The 2475 different points of
acquisition of each curve are ordered by increasing depth of investigation.

V. RESULTS AND DISCUSSION

This section resumes the main results and striking obser-
vation of the MC simulation. The proposed approach has
been applied to both P-D and D-D arrays, firstly considering
the ideal in-line position of the electrodes affected by the
error in Fig. 5 (this model will be called “Theoretical” in
the following), then considering the real coordinates of the
electrodes, i.e., considering the real topography of the mea-
surement campaign including the errors illustrated in Fig. 6
(this model will be called “Real” in the following).

A. Results of Monte Carlo Simulations

The MC simulation has proven to be a powerful method
to evaluate the effects of the electrode positioning in the
ERT measurement. Each D-D simulation provides a 2475
x 100000 samples, where 2475 are the number of differ-
ent electrode acquisitions, and 100000 are the number of
MC repetitions, while the P-D simulations provide 2625 x
100000 samples. Therefore, a statistical data analysis must
be implemented to extrapolate the relevant information from
the data set. Fig. 9 shows the apparent resistivity simulated
for the dipole—dipole array in the “theoretical” configuration.
The main statistical parameters are included in the chart using
different colors. The samples are ordered by increasing the
depth of investigation. The measured apparent resistivity varies
in a range from 20 Q-m to 1200 Q-m where the highest values
represent a possible underground anomaly and are all located
in the first meters of investigation. By a statistic point of view,
the mean value represents the optimal estimator for this kind
of analysis. In spite of this, also other parameters must be
considered since the differences between them are remarkable.
The effects are more relevant for shallow depth, but they
cannot be neglected also for deeper analysis. Same results were
obtained also for the pole—dipole array. Therefore, all these
statistical results are used to evaluate the true resistivity of the
subsurface using the “inversion algorithm.” In particular, the
inversion algorithm is implemented after the MC simulation
taking the apparent resistivity achieved using MCS as input
to reconstruct the subsoil image. Consequently, it is really
important to deeply analyze the results of the MC simulations
since their outputs will have a significant impact on the true
resistivity of the subsurface. The first findings achieved after
the inversion procedure are illustrated in [36], while this
section analyzes the effects of the error only on the apparent
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Fig. 10. Results of the MC simulation for some random depth of the
dipole—dipole array, where each color stands for a different depth. Each point
shows mean and standard deviation of the simulation.
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Fig. 11.  Mean value of the MC simulation for the pole-dipole array
varying the uncertainty in the positioning of the remote pole, where each
color represents a different uncertainty value. The 2625 different points of
acquisition of each curve are ordered by increasing depth of investigation.

resistivity using the mean value of the data set for each
acquisition.

Fig. 10 uses the error bar to illustrate the mean value and
the standard deviation of some randomly chosen acquisitions
of the dipole—dipole array (“Theoretical” simulation). Each
trend identified with a unique color represents a different
depth of investigation. As seen in Fig. 3, the deeper the
analysis, the lower the number of acquisition points. The
figure shows that for shallow depth the standard deviation is
remarkable, while for deeper acquisition the error is smaller.
Since for archeological purposes the depth of interested is
generally limited to the first meters from the ground surface,
this consideration must always be taken into account.

To overcome the problem, the following subsections com-
pare different simulation results to identify the optimal array
architecture for each different scenario.

B. Effects of Uncertainty in Remote Pole Positioning

The right positioning of the remote pole is a challenging
aspect on geophysical survey. It should be deployed as far
as possible (theoretically infinite distance) from the array, but
of course it is not possible due to finite length of the cable,
geomorphological aspects, presence of obstacles, and so on.
Moreover, when the optimal location is identified, trees or
other obstacles could influence the quality of the GPS signal
and the coordinate of the pole positioning could be affected by
significant error. Therefore, this subsection analyzes the effects
of the remote pole position on the measurement survey.

Fig. 11 shows the mean value of the MC simulation for
the pole—dipole array varying the error egp in the positioning
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Fig. 12.  Percentage relative error between geometric factors calculated

considering infinite and real position of the remote pole. The error is ordered
by increasing depth of investigation, and each depth is identified with a
different color.

of the remote pole. The different colors stand for different
uncertainty values used in the simulation, from egp = 0.5 m
to egp = 1.5 m.

The samples are ordered by increasing depth of investiga-
tion, from shallow to deeper acquisitions. The figure highlights
that no significant differences are resulted in the different
simulations. This is a remarkable result because a high GPS
error in the acquisition of the remote pole location does not
affect the measurement survey.

Since the uncertainty in the remote pole deployment does
not influence the apparent resistivity, the effects of a noninfi-
nite positioning were investigated considering the parameter
Ak defined as the percentage relative error between the
geometric factor considering the ideal infinite position of
the remote pole Kpp_ and the actual geometric factor Kpp
(calculated with the real coordinates of the remote pole)

Kvp,, — Kpp

Agx = 100 -
K Kpp,,

(18)

Using the coordinates of the remote pole (100 m perpen-
dicularly far from the center of the array), Fig. 12 shows the
influence of a noninfinite positioning of the remote pole at
different depths and for different electrode acquisitions.

Particularly, the analyzed error increases when the depth of
investigation increases, showing a significant influence of the
remote pole positioning when the investigation depth is greater
than 15 m (with a corresponding maximum value of the error
of approximately 5%).

The most striking result to emerge from the simulation is
that: fixing the depth of investigation, the data describe a sort
of “v trend,” with an initial decreasing phase followed by an
ascending phase. The error is minimized when the dipole of
acquisition is perpendicular to the remote pole.

Despite this behavior, for archeological purpose the depth
of investigation is shallow, and generally it is lower than 15 m.
In this scenario, the relative error is low, highlighting that the
real positioning of the remote pole has no significant effects
on the measurement survey.

Geophysical literature demonstrates that the optimal posi-
tioning of the remote pole is perpendicular to the center of the
array, with a distance at least equal to the total length of the
array (106.5 m in the analyzed survey). Since it is not always
neither easy nor possible to ensure this scenario, the following

Geometric Factor K

y 300

260 280

240 1
200 220 array (M

160 180 er of the

120 140 m the cen’

pole fro

o 100
0o 60 80 0
pistance of the remo’

Fig. 13. Representation of all the 2625 values of the geometric factor for the
pole—dipole array varying the y-coordinate of the remote pole, which means
changing the distance of the electrode from the center of the array. Each color
represents a different distance considered in the simulation.
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Fig. 14. Representation of all the 2625 values of the geometric factor for
the pole—dipole array varying the x-coordinate of the remote pole, which
means shifting the position of the electrode from one possible extreme of the
array to another. Each color represents a different distance considered in the
simulation.

analyses simulate the geometric factor of the pole—dipole array
varying y- and x-coordinates of the remote pole.

Fig. 13 shows the effects of the moving of the remote pole
from the center of the array (in other words the simulation
shows the geometric factor increasing the y-coordinate of the
electrode). In the figure, Kpp is ordered by increasing depth
of investigation.

The figure highlights that the variation of the geometric
factor increases as the distance tends to decrease, producing a
stabilization of the geometric factor.

For distance higher than 130 m the variation of the geomet-
ric factor is negligible, while for distance lower than 100 m the
obtained geometric factor is not trustworthy and consequently
the measured resistivity will not be reliable. This effect is more
evident for deeper analysis, while for shallow investigation
lower distance of the remote pole is acceptable.

Fig. 14 shows the effects of the moving of the remote pole
on the x-axis, fixing the y-coordinate to 100 m. The range
of the simulation varies from —100 to 200 m, the subrange
between 0 and 100 m is the actual position of the other
electrodes. If the remote pole is located on the left of the
array, the geometric factor is higher than Kpp_, while whether
the remote pole is located on the right side of the array, the
geometric factor is lower than Kpp,,.

In summary, these analyses highlight that the remote pole
should be located perpendicularly from the center of the array
to minimize the effect of a noninfinite positioning on the
x-axis. The minimum acceptable distance from the center
of the array is equal to the length of the array itself. The
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Fig. 15. Percentage relative error between the apparent resistivity measure-
ments and the mean value of the apparent resistivity simulated using MC
approach considering the dipole—dipole array (blue line) and the pole—dipole
array (red line). Both trends refer to the in-line electrode analysis (“Theoret-
ical” configuration).

higher the distance, the lower the effects of the noninfinite
positioning, especially for shallow depths.

Nevertheless, it is not necessary to reach further location
since the difference in the geometric factor is negligible.
A distance equal to the length of the array represents the
optimal trade-off between the minimization of the error and
the possible installation.

C. Comparison Between Pole—Dipole and Dipole—Dipole
Arrays

In this subsection, the results of the simulation for the
pole—dipole array and dipole—dipole array are compared to
investigate which is the best one for archeological purpose.
The first results illustrated in Fig. 15 refer to the “theoret-
ical” scenario in which the real topography of the survey
is neglected, and the electrodes are supposed to be in-line.
The blue line stands for the percentage relative error REpp_Tp
between the measuremegt\e_lgquisition PDD_mea and the mean

value of the simulation pf} . of the D-D array, while the red
trend represents the percentage relative error REpp_t, between
the measurement acquisition ppp_me, and the mean value of the

simulation pgf, . of the P-D array. Both errors are evaluated
using the following equations:

_ . Th
REpp_m, = 100 - |Z2P-mea — /DD sim (19)
pDD_mea
_ Th
REpp_1h = 100 - PPD_mea T PPD sim | (20)
pPD_mea

The errors in Fig. 15 are ordered by increasing the depth of
investigation, highlighting that the effects of the error in the
electrode positioning are relevant for both arrays at shallow
depth. The high values of the relative error are mainly due to
the fact that the errors in the electrode positioning were very
remarkable due to nonfavorable conditions during the survey.
Nevertheless, the P-D array shows a relative error lower than
the P-D array on average at shallow depth. Quite the opposite,
for depth greater than 10 m, REpp_ppar decreases tending to
negligible values, while REpp_ppar increases maintaining the
“v shape” highlighted also in Fig. 12.
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Fig. 16. Percentage relative error between the apparent resistivity measure-
ments and the mean value of the apparent resistivity simulated using MC
approach considering the dipole—dipole array (blue line) and the pole—dipole
array (red line). In both trends the real topography of the measurement survey
is considered.

Fig. 16 shows the results of the simulation introducing the
real topography of the survey.

In this scenario, the electrodes are not in-line, but the
coordinate, the altitude, and the GPS error are considered (see
Fig. 6). The blue line stands for the percentage relative error
REpp_Rreal between the measuremenl_ali:guisition PDD_mea and

the mean value of the simulation pgff‘_lsim of the D-D array,

while the red trend represents the percentage relative error
REpp_Rrear between the measurement acquisition ppp mea and

the mean value of the simulation ppRﬁallSim of the P-D array.

The errors are evaluated as follows:

PDD_mea — pReal .
REpp-_Rear = 100 - - DD_sim 21
pDD_mea
e
REpp_Rear = 100 - PPD_mea — PpD_sim | 22)
PPD_mea

Also in this case, the analyzed errors are ordered by increas-
ing depth of investigation. In these simulations, the analyzed
relative errors have comparable trends with the “theoretical
simulation,” on average. At shallow depth, the D-D array
seems to be more affected by the GPS error with respect to the
P-D array, while for greater depth the influence of the error
is negligible.

These analyses are useful to decide which type of array
is the most suitable depending on the scenario that will be
investigated. For instance, for archeological investigation of
tumuli, the P-D array has a lower influence of the GPS error
with respect to the D-D array in the depth of interest. Quite
the opposite, in case of deeper investigation, the dipole—dipole
array is the most suitable solution.

D. Pros and Cons in the Introduction of the Real Topography

The final simulations taken into account consider the real
topography of the survey to evaluate if there are remark-
able advantages in the use of the topography instead of the
in-line simulation. Moreover, also the GPS error in both
EST and NORD coordinates is considered. The blue line in
Fig. 17 represents the relative error REpp_ppar, while the
red trend stands for the percentage relative error REpp_Topo.
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Fig. 17. Percentage relative error between the apparent resistivity measure-
ments and the mean value of the apparent resistivity simulated using MC
approach considering the “Theoretical” scenario (blue line) and the “Real”
simulation (red line). Both trends refer to the pole—dipole array.

Fig. 17 highlights that the “real” simulation allows to reduce
the influence of the GPS error at all the investigated depths.
This advantage is relevant especially at high depth, in which
in the in-line simulation the error increase, while introducing
the topography (“Real” simulation) the error is quite stable.
The advantages of the topography are also investigated
in case of dipole—dipole array introducing a new parameter,
the percentage relative error REpp between the mean value

of the simulation considering the real topography p%%"‘jsim

and _the mean value of the simulation in the in-line scenario
pih . evaluated as follows:

Real Th
PDD_sim — PDD_sim

REpp = 100 - (23)

Real
P DD_sim

Fig. 18 illustrates REpp ordered by increasing depth of
investigation, where each color represents a different depth.
The error between considering or not the topography is
remarkable regardless of the depth of investigation. Increasing
the depth, the influence of the topography slightly decreases
but still remains a considerable effect. This means that, the
introduction of the real topography inside the procedure is
mandatory because it influences the measurement even more
than the GPS error.

VI. CONCLUSION

The aim of this study was to investigate the effects of
the GPS error in the location of the electrodes for ERT on
resistivity measurement. An ERT survey was carried out on
Poggio Pepe tumulus near Vetulonia (Italy), with the aim
to verify the presence of an Etruscan tomb and optimize
the archeological excavation. Seventy-two electrodes plus a
remote pole were used to implement both dipole—dipole and
pole—dipole arrays.

An MC simulation is taken into account in this article
to evaluate how the GPS errors in the electrode deployment
influence the survey.

The proposed approach has been applied to four different
scenarios: P-D array with in-line electrodes, D-D array with
in-line electrodes, P-D array introducing the effects of the
real topography, and D-D array considering the effect of
topography.

One of the more significant findings to emerge from this
study is related to the positioning of the remote pole in
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Fig. 18. Percentage relative error between mean value of the apparent resis-
tivity simulated using MC approach considering the “Theoretical” scenario
and the “Real” simulation. Both trends refer to the dipole—dipole array.

the P-D array. Simulations have been repeated considering
the influence of the uncertainty in the remote pole location
and considering variations on the pole coordinates. These
findings have significant implications for the understanding
of where the remote pole should be located. In particular,
in contrast to all the other electrodes in the array, the
uncertainty of the remote pole positioning does not affect
the resistivity measurement, while a proper distance from the
array is mandatory. To minimize the effects of a noninfinite
positioning, the remote pole should be located perpendicularly
to the center of the ERT line, at a distance at least equal to
the length of the array itself. Moreover, the study suggests
that it is not necessary to reach further location since the
geometric factor remains almost the same.

Finally, the four different scenarios are compared to identify
when and how to use an array or the other, and when the topog-
raphy must use rather than the in-line situation. What stands
from the simulations is that the pole—dipole array suffers
lower influence of the GPS error at shallow depths, proving
that it is a more suitable method for archeological purposes.
Quite the opposite, for deeper investigation the dipole—dipole
is preferable. Moreover, the topography of the survey must
always be considered during the inversion procedure because
it influences the measurement even more than the GPS error.

In conclusion, the simulations carried out for this project
refer to a very extreme acquisition of the error, and conse-
quently could be considered as worst case. Therefore, also the
error on the apparent resistivity is remarkable. If the error on
the resistivity measurement that comes out from the simulation
is not acceptable, then in case of nonfavorable conditions for
the GPS, the measurement campaign should be rescheduled
another day. A high quality of the measurement data set will
lead to an optimization of the localization of the archeological
target, with a minimization of the costs.
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