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Abstract—The importance of archaeometric investigations,
performed with technical support is not only that eases the
work of archaeologists, but also contributes to optimize human,
financial and time resources. Thus the study highlights the
results of investigation of an archaeological site from the
imperial roman era through a method specific to electrical
engineering. Accordingly, based on some soil resistivity
measurements made in the Legionary Camp of Potaissa -
fortress where the 5™ Macedonian Legion camped, members of
the Archaeometry Laboratory from the Technical University of
Cluj-Napoca were able to identify and establish the trajectory
of buried walls that were marking the specific construction of
the barracks belonging to the troops in Cohors I Miliaria. In
order to perform this task, a genetic algorithm based technique
was used to determine the different soil layers.

Index Terms—soil properties, geophysical measurements,
electrical resistance measurements, genetic algorithms, object
detection.

I. INTRODUCTION

A. The Legionary Castrum from Potaissa (Turda)

On the occasion of Marcomanic wars the emperor Marcus
Aurelius transferred in Dacia the 5th legion Macedonica,
establishing its garrison at Potaissa (today Turda, Cluj
County). The camp that the Legion has built at Potaissa
worked for about a century (approx. 170-270 AD.), until
Emperor Aurelian (270-275 AD.), this being one of the
approximately 70 legionary camps of the Roman Empire.
The best analogy in size (573 x 408 m, 23.37 ha) and
planimetry are obviously other legionnaire forts built during
the reign of Marcus Aurelius (Locic in Pannonia Superior
and Albing in Noricum) [1], [2], [3].

Fort ruins were seen on Citadel Hill until the nineteenth
century, attracting the attention of travellers and collectors
of antiques, such as Pierre Lescalopier, Csipkés Elek, Orban
Balasz, Karl Torma or Téglas Istvan.

The archaeological research of the building itself started
after mid-twentieth century when, in 1958, with the
occasion of some public utility works, lon Horatiu Crisan
conducted a survey in the southeast corner of the fort. Then
systematic archaeological research led by Acad. Mihai
Bérbulescu are conducted continuously from 1971 up to
now. These targeted fortification elements (inside the
bastion of the north-western corner of the fort) and the west
gate (porta Decumani). Inside the fort, there were
exhaustively investigated the headquarters (principia)
building with a surface of 0.89 ha, and the baths, that were
the largest in the Dacia province, stretching on a surface of
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0.64 ha. Also there were partially investigated cohort
barracks miliaria of some cohortes quingenariae and
granary (horreum). Other studies have considered the camp
roads, their connection to the road system in the Dacia
province and the water supply of the fortress [4], [5], [6].

B. The Legionary Castrum from Potaissa (Turda)

Identification and demarcation of the barracks planimetry
from Cohors I Miliaria occurred during the archaeological
research, in the campaigns of 1990-1992. Through section
A/1990, facing northwest/southeast in Jlatus praetorii
dextrum of the fort of the 5th legion Macedonica, barracks
I-IV have been surprised, disposed parallel with the
headquarters building. Barracks were divided into
contubernia as researched walls are arranged thereon, and
between the barracks I-II and III-IV were identified access
driveways (bounded by a layer of alluvial gravel) that
communicates directly the via principalis. The most detailed
has been researched barrack IV that consists of 12
contubernia, bordered by a portico to barrack III. During the
research in 2011, it was completed the planimetry of Cohors
I Miliaria.

Fig. 1 presents archaeological research section S01/2011
(barrack IV) from Cohort I Miliaria (Dimensions: 3 x 10 m;
Orientation: North-South, drawn at north of the barrack IV
next to room C). The earth stratification at research site was:

1. Modern Humus (0+0.20 m depth);

2. Medieval-Modern Debris level (0.20+0.35 m depth)
black loosen earth with tegular material (tiles, bricks), stone
etc.

3. Habitation level (0.35+0.55 m) defined by compacted
yellowish-gray soil, which is submission to the Roman
period within the chamber A. Between 7.20 m and 7.65 m,
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the Roman habitation level is cut by a modern pit (0.50 m
deep).

4. Black earth, archaeological sterile (0.55+0.70 m).

5. At 825 m in sterile ground a mortar lens defines
(0.60+0.65 m depth), that is the level of wall construction.

Through section S01/2011, squares 5-10 was partially
uncovered the inside of a barrack (room A and room B) and
two interiors of contubernia from barrack III. The southern
wall of the barrack, oriented east-west, has a thickness of
approx. 0.50/0.60 m and is built in opus incertum from
Sandulesti limestone. A height of 0.50 m it is kept (three
rows of stone). Partition wall with an irregular route and
0.50 m wide, is built of limestone with mortar, having
tegular fragments too, right at the base (reused material).

In the room A were found Roman pottery, iron and
bronze objects, glass, pieces of military equipment and a
bronze coin issued four Legionnaire banners issued by
Nicaea (obverse illegible). A parallelepiped form column
(dimensions: 0.85 x 0.57 x 0.30 m), placed on a bed of
crushed limestone, was found in this section at 2.85 m from
the south wall of the chambers A and B. This indicates the
existence of the porch on the southern side of the barrack
III. The opening the porch was 10 pedes. There were found
several fragments of limestone column spindles, probably
Podeni, and other archaeological materials: a fragmentary
mortarium, glass and tegular material.

In order to ease the work of archaeologists, the members
of the Archacometry Laboratory from the Technical
University of Cluj-Napoca have applied and tested a truly
electrical engineering specific method to determine the
trajectory of buried walls. Soil resistivity measurements
have been carried out at Cohors I Miliaria, Potaissa
archaeological site to identify variations in earth electrical
resistivity and thus to detect the presence of buried ancient
constructions (see Fig. 2). This method could significantly
reduce financial, human and time resources needed for
archaeologic sites research and to increase the probability of
archaeological findings.

II. SOIL RESISTIVITY MEASUREMENTS

A. Applied Wenner four Point Method

Usually, to determine the soil resistivity the galvanic
contact between an array of electrodes and the earth is used,
as in the case of the Dipole-Dipole, Wenner or the
Schlumberger array methods [7, 8].

The Wenner Four Point methos, is the most frequently
used soil resistivity measurement method in electrical
engineering applications. This techniques has the advantage
that the spacing between the voltage electrodes (P1&P2)
increases in the same as the spacing between the current
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electrodes (C1 & C2), therefore less sensitive equipment are
required for deep earth measurements.
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Figure 3. Wenner’s four probe method

For the Wenner Four Point method (see Fig. 3), the
current (C1&C2) and voltage (P1&P2) electrodes are placed
in a straight line, with equal spacing. In Fig. 3 a is the
distance between two adjacent electrodes, d is current
electrodes length and 7 is the injected d.c. current.

During the measurements the test equipment injects a d.c.
current, I, into the earth via the outer two electrodes (the
current C1&C2 electrodes). The current flows through the
earth (considered as resistive material) and generates a
potential difference between the inner two, voltage
electrodes. Using Ohms law, the testing equipment displays
the apparent soil resistance in [Q] for a given electrode
spacing (i.e. R=V/I).

Considering the earth as a uniform, homogeneous and
isotropic half-space (from now on, all “uniform” structures
will be considered as homogenous and isotropic), the
potential field generated by the Wenner electrode array can
be computed and this way to relate the soil resistivity to the
electrode array geometry [9-11]:

paf 1 1 1 1],
27z |CIPl C2P1 C2P2 CIPI

where Up; and Up, are potentials of the two voltage
electrodes (P1&P2), CIPI is the distance between electrode
CI and P1, etc.

The quantity inside the brackets depends on the actual
distance between the electrodes, whether or not they are
placed on a straight line. Denoting this quantity with I/K
equation (1) could be rewritten as:

p-1
14 % 2)
where K is a geometric coefficient, and for the Wenner Four
Point method is equal to K=2-m-a.

Therefore, the apparent soil resistivity for a specific earth
depth, a, could be determined from the measured voltage V'
and the injected current I considering the same, a, horizontal
spacing between the electrodes [8].

pula)=2:7a-2 3)
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Figure 4. Potaissa camp planography (investigated area is marked in red)
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B. On site Soil Resistivity Measurements

The soil resistivity measurements carried out by the
Archaeometry Laboratory have focused on an area of the
barrack IV of Cohors I Milliaria (see Fig. 4).

On-site technical investigations aimed to identify buried
walls routes, and thus to validate their presence in the camp
planography, where "intuited" trajectories are drawn in
dotted line (see Fig. 4). Therefore, the soil resistivity
measurements were performed at several points above a
presumed chamber, considering a 1 m distance between
each measurement point as in Fig. 5 is showed:

> axis [m]

=

¥ axis [m] = Measurement Locations

Figure 5. Grid map of soil resistivity measurement locations

At each measurement location, the apparent soil
resistivity was determined for different depths: 20 cm, 60
cm, 100 cm and 150 cm. Apparent soil resistivity variation
along investigation grid map X axis (were a buried wall is
intuited) and Y axis (no wall is intuited) for each
measurement depth are presented in Fig. 6+9:
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Figure 6. Apparent soil resistivity at a depth of 20 cm
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Figure 7. Apparent soil resistivity at a depth of 60 cm

Looking to the apparent soil resistivity variation, along
X axis (above the intuited wall), it is noted that the
investigated soil resistivity has a high value at a depth of 60
cm and 100 cm, and a low value at the depth of 20 cm and
150 cm. This result is interpreted by the fact that the ancient
stone wall detected (probably located at a depth ranging
somewhere between 50 cm and 120 cm) lead to changes in
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measured resistivity; consequently, there is a sharp increase
in its characteristic from the level of earth above the wall
(values between 10 Q'm and 15 Q'm) to higher values,
ranging between 45 Q'm and 70 Q-m. Along the Y axis
(across the intuited chamber) the apparent soil resistivity is
relatively constant for each measurement depth with a value
between 10 Q'm and 30 Q'm (see Fig. 6+9).
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Figure 8. Apparent soil resistivity at a depth of 100 cm
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Figure 9. Apparent soil resistivity at a depth of 150 cm

The results of the last set of measurements (at a depth of
150 cm, along X axis) reveal again a low apparent soil
resistivity value, located around 35 Q'm (see Fig. 9). This
value, less than the corresponding depths with the wall
(60 cm and 100 cm), but higher than in the shallow depths,
free of construction (20 cm), can be explained by the fact
that the determined apparent soil resistivity value is
considered for the entire ground volume, up to the depth of
150 cm, which implicitly contains the wall located at a
smaller depth.

III. MULTI-LAYER SOIL STRUCTURE DETERMINATION

In order to determine the trajectory of the detected
underground ancient constructions from the measured
apparent soil resistivity values the equivalent horizontal
multi-layer soil structure has to be computed for each
measurement point.

A. Applied Genetic Algorithm Optimization Method

To obtain the proper equivalent horizontally layered earth
structure in accordance with measured apparent resistivity
data, the authors have previously developed a genetic
algorithm based optimization technique [12]. With the
implemented Genetic Algorithm (GA), the optimum earth
layer thickness and resistivity are determined. Similar
artificial intelligence approaches have been presented
in [13, 14].

The implemented iterative GA search process starts with
an initial randomly generated population formed by 30
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individuals representing possible multi-layer soil model
solutions. The chromosome encoding of a GA solution
contains the thickness and resistivity values of each soil
layer scaled to the [0+1] range:

Cz{plahhpZath”"pL} (4)

Each possible horizontally layered soil model is evaluated
based on the mean square error between the measured
Wenner apparent resistivity values and the computed
apparent resistivity curve:

M0, =3 Dl )pulaf ®)

where MSQp,, denotes the mean square error; N is the
number of earth resistivity measurements; p,(a) is the
measured Wenner apparent resistivity for an electrode
spacing a; and pg,(a;) is computed based on the following
relationships [15-20]:

prla)=pi[1+2F, (a)- F, (2a)] ()
where:
22,
F,(a)= 2aj:1i?jﬁjg (Aa)iA (7)
with Jy(Aa) — the zero order first kind Bessel function [12];
_k +K e kK e q
2 1— leLze—thz >y T 1— ijLjHe—Mh,H ®)

K ;=k;;; L — the number of horizontal earth layers;
h; — layer j thickness and k; — the reflection factor between
soil resistivity layer j and layer j+1:
P —P;
;= T i 9)
p j+1 + p J
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Figure 10. Implemented Genetic Algorithm optimization process.

To identify the equivalent optimum horizontal multi-layer
soil structure, the GA starting population is trained into an
iterative process, presented in Fig. 10 and described by the
following steps:

Step 1: All the possible soil model solution from current
GA population are evaluated and the best 5 solutions are
selected for the next iteration (next GA generation).

Step 2: Two possible soil model solutions are randomly
selected as “parents” of a crossover process to get two new
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solutions for the next GA generation.

During the crossover process from the selected two
“parent” solutions 6 new solutions are generated. The first
two “children” soil models are obtained by applying an
arithmetical crossover operator [9]:

Cl=a-P +(1-a) P
C!=a-P +(1-a) P
where ¢ represents the 7 parameter of an multi-layer soil
model; C, and P,, represents the n™ “child” and m™ “parent”
soil model solution; « is a randomly generated scaling factor
(between 0 and 1).
Two other possible solutions are generated besed on a
max-min crossover operator [13]:

C; =min(P, P))

C; =max(P',P))
while the final two “children” GA solutions are obtained
using a classical one-point crossover operator [14]:

C, :(Pll Plk P2k+1 P2r)
C, = (le sz Pl/m Plr)
with k a randomly selected crossing point.

Based on the evaluated mean square error values the best
two “children” soil model solutions are selected and pased
to the next GA generation population.

Step 3: Step 2 is repeated until the new GA population
will have the same number of possible earth structure
solutions as the current GA population.

Step 4: Four randomly selected GA solutions are
subjected to a mutation GA operator.

For each parameter of the four GA solutions selected for
the mutation process probability test is applied. If the
probability test is passed than an arithmetical parameter
value alteration is carried out:

C'=C'"+(05-a)M (13)
where a is a randomly selected value from the 0+1 range,
and M is a predefined mutation coefficient.

Step 5: Go to the next iteration (next GA generation) and
start over Step 1.

The above described iterative GA optimization process is
repeated 2000 times or until the mean square error for the
best solution is smaller than a previously imposed value.
This way the implemented GA optimization technique
identifies the proper parameter values for a specific
horizontally layered soil model. Similar ar

(10)

an

(12)

B. Obtained Multi-Layer Soil Structures

In order to identify buried walls and constructions
trajectory the earth stratigraphy for each measurement point
was reconstructed based on measured apparent soil
resistivity values and using the above presented genetic

algorithm.
TABLE I. DETERMINED SOIL STRUCTURE
AT FIRST MEASUREMENT POINT (0 M, 0 M)

L Layer Layer Reflection
No. Resistivity Thickness Coefficient
[Q-m] [m] [p-u.]
1 14.92 0.18 -1
2 185.36 0.37 0.928
3 7.58 Infinite -0.922
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The obtained horizontal multi-layer soil structure for the
first measurement point along X axis (where underground
walls belonging to barrack IV were intuited) are presented in
Table I and Fig. 11 respectively.
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Figure 11. Determined soil structure at first measurement point (0,0)

Fig. 11 clearly show the presence of ancient walls
remains at a 0.2 m depth (an approximately 40 cm thick
layer with a considerably higher resistivity, 185 Q-m).

Determining the soil stratigraphy at each measurement
point, variations in underground constructions structure
could be detected (gaps, door places, wider walls, etc.).
Table II presents the measured apparent soil resistivity
values for measurement point 2 m along X axis while the
corresponding horizontal multi-layer structure are indicated
in Fig. 12 and Table III respectively:

TABLE II. MEASURED SOIL RESISTIVITY
AT MEASUREMENT POINT 2 m ALONG X AXIS

Depth 0.2 m 0.6 m 100 m 150 m
Measured
Apparent | 20.73 Q'm 62.20 Q'm 51.08 Q'm 36.94 Q'm
Resistivity
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Figure 12. Determined soil structure at measurement point 2 m along X axis

TABLE III. DETERMINED SOIL STRUCTURE
AT MEASUREMENT POINT 2 m ALONG X AXIS

L Layer Layer Reflection
;yer Resistivity Thickness Coefficient
o [©Qm] [m] [pu]
1 19.48 0.15 -1
173.56 0.48 0.886
3 12.88 Infinite -0.832

The second part of the study focused on analyzing
measured apparent soil resistivity values and corresponding
soil stratigraphy within the enclosure of a chamber, to
identify its delimitation. Table IV presents measured
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apparent soil resistivity values at measurement point
(3 m, 2 m), which should be the middle of one of barrack IV
chambers.

TABLE IV. MEASURED SOIL RESISTIVITY
AT MEASUREMENT POINT (3 m, 2 m)

Depth 0.2m 0.6 m 100 m 150 m
Measured
Apparent | 1044 Qm | 31.32Q:m | 3235Qm |22.99 Q'm
Resistivity

As it was expected, applying the implemented genetic
algorithm, a uniform soil structure with an equivalent
28 Q-'m resistivity was obtained (see Fig. 13):
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Figure 13. Determined soil structure at measurement point (3 m, 2 m)

Measured apparent soil resistivity values for measurement
points corresponding to the middle of a chamber showed
that at a depth of 100 cm, 150 cm and 200 cm, the soil
resistivity is approximately the same, and at a shallower
depth (60 cm), it does not vary significantly, indicating no
structures other than the soil (stone, brick, tile), as expected.

The resistivity value measured at a shallow depth (20 cm)
was not taken into account because of several residues in the
study area, stones and tiles at the surface of the soil and in
close proximity to the surface. Therefore, to improve the
accuracy of measurements, it is recommended that
previously investigated surface to be cleaned of any material
which could induce errors.

IV. CoNcCLUSION

Investigations in the field of archacometry are complex,
the extent of which is enhanced by the interdisciplinary
character of research: conjugation with the electric
engineering items related to the history. Thus, the
convergence of scientific rigor in both areas, we are looking
for accession to remarkable results in archeology by
conducting preliminary technical measurement.

The soil electric resistivity measurements have succeeded
to evidence the path of some buried walls, marking the
specific construction of the barracks belonging to the troops
in Cohors I Miliaria.

In this way, it has been highlighted the possibility of
using the electrical engineering in archaeological study, an
idea that can lead to exceptional results through which
archeology do a qualitative, fundamental leap: engineering
investigations will allow the transition from the classical,
empirical approach, to the one based in advance on a
technical "diagnostic" of the target area. A genetic algorithm
approach has been implemented to identify the presence of
underground buried walls based on soil resistivity
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measurements. An archaecometric study will preface proper
archaeological excavations and the results will be on
MATTER: excavations will be made punctually in the areas
where ruins are indicated by technical means, thus achieving
optimization in the use of human, time and financial
resources.

According to the protocols signed between Technical
University of Cluj-Napoca (Laboratory of Archaecometry),
Babes-Bolyai University, Cluj-Napoca and the town hall of
Turda (the History Museum of Turda), the use of this
method will be extended in the perimeter of the 5™
Macedonian Legion Castrum from Potaissa, in order to
identify other structures - typical to military and civilian
construction - from the imperial epoch.
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