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Abstract

Micro-computed tomography is a valuable tool for studying ancient ceram-

ics technology. Analysing pottery 3-D images is a challenging issue, the data

being extremely noisy and heterogeneous.

Quantitative criteria are introduced for the characterisation of a previously

unrecognised pottery building method, the Spiralled Patchwork Technology

(SPT).

An analytical protocol has been implemented which applies to 3-D recon-

structions of ceramic sherds and integrates automatic segmentation of porous

systems and shape recognition using Hough transform. It enables discriminat-

ing between SPT and other techniques for vessels manufacture, and opens up

many perspectives for independent characterisation of ancient technical ges-

tures in ceramic technology.
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1. Introduction

1 Introduction

Applying micro-computed tomography (µ-CT) on ancient pottery technology presents

specific challenges related to the nature of the clay material itself, which is highly

heterogeneous from mineralogical, textural and chemical viewpoints, presents vary-

ing degrees of alteration and, once fired, different microstructures according to the

firing technology. While several recent studies have demonstrated the great poten-

tial of µ-CT to visualise the internal structure of ancient pottery [Gomart et al. 2017,

Kahl and Ramminger 2012, Kozatsas et al. 2018, Park et al. 2019, Sanger et al. 2013, Sanger 2016,

Sanger 2017], using this method for the characterisation of ancient forming tech-

niques remains arduous. To assess ancient pottery forming techniques via µ-CT, it

is indeed necessary to have access to the internal architecture of large portions of

the vessels or of entire vessels, which implies the acquisition of large volume sam-

ples and data processing on large regions of interest (ROI). The heterogeneity of

ceramics’ internal structure making data segmentation and analysis on large ROIs

particularly complex, there is, to the Authors’ knowledge, no study focused on the

forming of ceramics that has gone beyond the analysis of tomographic data in 2-D

(virtual slices) or the sole qualitative analysis of 3-D data. In the context of the first

Neolithic of the north-western Mediterranean, a previously unrecognised ceramic

fashioning sequence was recently discovered, which (1) differs from all the technical

sequences identified so far in ancient agricultural contexts in Europe and (2) has not

been recognised in any other archaeological or modern context [Gomart et al. 2017].

The analysed vessels were entirely constructed by juxtaposition of circular patches

of regular diameter (≈ 45 mm) previously formed using a spiralled coil (see Fig.

1), in stark contrast with the coiling technique (superimposition of long rolls of

clay) that dominates in Early European Neolithic contexts (e.g. [Commenge 2009,

Gomart 2010, Gomart 2014, Kreiter et al. 2017, Salanova et al. 2010]).

This new operational sequence was identified by means of macro- and microscopic

analyses, based on the thorough examination of (1) the spatial organisation of pores

and mineral inclusions, as well as the associated discontinuities in radial and equa-

torial sections; (2) the characteristics of the surface topography; (3) the variations in

wall thickness and texture, and (4) the fracture networks. The diagnostic macro- and

microtraces for this technical sequence are as follows: uneven surface topography,

networks of curvilinear fractures and uneven topography on the surfaces, circular
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2. Materials and methods

organisation of the pores and inclusions; curvilinear discontinuities in the tangential

plane; circular configurations associated with long oblique discontinuities in the ra-

dial plane. As no source of comparison was available for this operational sequence,

a first set of µ-CT data was acquired in order to create a body of evidence indepen-

dent from the surface reading. This offered 2-D and 3-D images that were visually

in line with the macroscopic observations, i.e. circular and curvilinear alignments

of pores and mineral inclusions [Gomart et al. 2017]. The goal of this research is to

go beyond the simple visualisation of the tomographic images obtained by intro-

ducing quantitative criteria in 3-D on a larger series of µ-CT data in order to build

an unbiased body of evidence for the spiralled patchwork technology (SPT) and

discriminate it from the regular coiling technique.

2 Materials and methods

Pottery is characterised by high intrinsic porosity whose profile varies according to

the clay material used [Coletti et al. 2016, Drieu et al. 2019]). In addition to this in-

trinsic porosity, there is also a porosity linked to the technical gestures implemented

on the paste during the forming of the pottery. Several experimental studies have

shown that (1) the different types of pressure applied to the plastic clay orient the

pores according to specific patterns (e.g. [Thér 2016]); (2) the assembling of clay

elements during forming traps air pockets in the paste, creating specific disconti-

nuities in the internal structure of the pottery, whose shape varies according to the

fashioning technique used (e.g. [Livingstone Smith 2001]).

The spatial organisation of the mineral inclusions also characterises the internal

structure of a pottery and is subjected to the type of pressure applied during form-

ing. Thus, mapping the pores and these inclusions provides a reproducible indica-

tion of sequences of technical gestures [Pierret et al. 1996].

The mineral inclusions include a large variety of heterogeneous materials, which

can differ from one vessel to another (according to the type of clayey earth used)

or even inside the same vessel (some earths being more heterogeneous than oth-

ers), while the pores correspond to more homogeneous regions (see Fig. 1, central

column). As a result, the pores are more easily identifiable and segmentable than

mineral inclusions, which often display various intensity values corresponding to

different absorption properties. In order to make the new protocol applicable to the
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2.1. Selection of the samples 2. Materials and methods

whole sample set, as well as other pottery assemblages characterised by different

clay materials, the focus of the analysis is on pore distributions.

(a) (b) (c)

(d) (e) (f)

Figure 1: Scheme for considered pottery building techniques. First row: coiling
technique, second row: Spiralled Patchwork Technology. (a) and (d): experimental
vase; (b) and (e): tomographic image of a slice issued from an experimental control;
(c) and (f): distribution of pores (in yellow) inside the experimental control’s vol-
ume. (b)-(c): central slice from sherd C1, 6 cm side approximately. (e)-(f): central
slice from sherd SP1, 5 cm � approximately.

2.1 Selection of the samples

A study was conducted on archaeological fragments showing clear diagnostic macro-

traces (e.g. for the SPT, networks of curvilinear fractures and uneven topogra-

phy on the surfaces) and ceramic controls, i.e. ceramic sherds produced in con-

trolled conditions using (1) on the one hand the newly identified SPT, and (2) on

the other hand the regular coiling technique. These control samples were produced

using clayey earths mineralogically and texturally analogous to that used to pro-

duce the archaeological ceramics here analysed, as defined on the basis of a pet-

rographic approach. The 6 archaeological fragments are issued from the Castellar

- Pendimoun rock shelter (Impresso-cardial Neolithic; Early 6th millennium BCE,

[Binder et al. 1993, Binder et al. 2020, Drieu et al. 2020, Gomart et al. 2017]) and from

Agay - La Cabre settlement (Late Southern Chassey Culture, Early 4th millennium
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2.1. Selection of the samples 2. Materials and methods

BCE, [unpublished]), both located close to the Mediterranean coast in south-eastern

France. The corpus of 6 archaeological samples is completed by 10 experimental

controls, 3 issued from the coiling technique and 7 issued from the SPT, and it is

listed in Table 1. As the archaeological SPT sherds could be made by a part of either

a single patch or several overlapping patches, 6 single-patch experimental controls

and 1 double-patched experimental control are considered as well.

Coiling technique SPT

Archaeological Exp. control Archaeological Exp. control

AC1 (V1.9) C1 (ControleCoil) ASP1 (AP0013 sherd1) SP1 (ControleSPT)
C2 (V3.2) ASP2 (AP27928, V1.1) SP2 (DoubleSPT)
C3 (V4.8) ASP3 (AP0013 sherd2, V3.6) SP3 (V1.3)

ASP4 (V4.1) SP4 (V1.4)
ASP5 (AP47643, V4.2) SP5 (V1.8)

SP6 (V2.1)
SP7 (V2.2)

Table 1: List of archaeological sherds and experimental controls.

The samples were scanned using a SkyScan-1178 X-ray µ-CT system (Bruker) with

two 1280x1024 X-ray cameras CCD1300D1, beam energy of 60kV, a 0.5mm thick

aluminium filter, slow scan mode, 0.7◦ rotation, 420 ms and no binning applied.

The software used for reconstruction is NRecon 1.6.6.0, ring artifact correction was

applied with parameter 12, the parameters of misalignement correction and beam

hardening correction were chosen between 0 and 1.5 and between 51% and 56%,

respectively. Each reconstructed image has a size of 1024× 1024 pixels and a reso-

lution of 81 µm. The reconstructed image stack was first inspected with Paraview

and Fiji, all the successive analysis on the tomographic images were performed in

MATLAB R2018b. In a tomographic image, the pores will appear in black (as in Fig.

1, central columns).

Six 3-D numerical controls containing a random distribution of pores were also sim-

ulated. The goal was to take into account the great variety of pottery building tech-

niques that could possibly show random pore patterns, such as moulding or pinch-

ing (see for instance [Roux 2016]) in contrast to the coiling technique and SPT. These

numerical controls were simulated by randomly disposing into 3-D volumes a num-

ber of pores that is comparable to the average number of pores in a real sherd, once

the latter are counted inside archaeological and experimental sherds through the

segmentation protocol. These virtual volumes are either boxes, whose size is com-

parable to the archaeological sherds’ size (i.e., 6× 6× 2 cm3 maximum) or cylinder

portions (5 cm diameter and 2 cm thickness, as for experimental controls). The size
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of the voxel is the same as the one used for the sherds acquired through µ-CT (81

µm). These numerical controls are named as NumXX, where XX represents a couple

of digits from 01 to 06.

2.2 Pore segmentation

To the Authors’ knowledge, there is no standard protocol for the analysis of the com-

plex and heterogeneous tomographic images acquired on ancient pottery. The first

objective of the analysis being the extraction of pore regions from the 3-D datasets

on large ROIs, a new protocol was developed and adapted to the available data

set. All consecutive steps of this protocol were performed on MATLAB R2018b, with

both new code and standard MATLAB routines, which are specified in the following.

Each step is illustrated with an example in Fig. 2. The whole volume of the sherd

for the considered example is displayed in Fig. 2a.

(a) (b) (c)

Figure 2: Pore segmentation process. (a) SPT control (SP1, 5cm �, 1cm thickness,
approximately), volume. (b) Voxels’ lower intensities, corresponding to pores (Step
I). (c) Final segmentation result for SP1.

Step I (Voxel identification). The preliminary step is the identification of the voxels

containing the air, characterized by low X-Ray absorption: to this aim, the distribu-

tion of the greyscale intensity values is evaluated in the whole sherd volume and

the voxels with low intensities, i.e. low absorption, are selected by the user (Fig.

2b). The choice of the cutting threshold depends on the histogram’s values and it

is decided by the user for each dataset. This procedure allows to select the voxels

corresponding to air location (which have intensity equal to 0) as well as the voxels

which are located on and near the boundary of the regions which contour the pores

inside the sherd: as the pores contours are not sharp due to tomographic resolution,
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2.2. Pore segmentation 2. Materials and methods

these voxels are selected as pores to avoid information loss on pore thickness.

Figure 3: 6-
connectivity scheme
for connected com-
ponent identification
(from MATLAB on-
line documentation).

Step II (Volume binarisation). A binary volume is obtained,

where the air (including the air surrounding the ceramic sam-

ple, which will be referred to as background, and the poros-

ity inside the sample) is separated from other materials con-

tained in the pottery (as in Fig. 4 second column, the white

value is assigned to air voxels and the black value is assigned

to the materials). The MATLAB function imbinarize1 is used

in this step.

Step III (Connected components detection). A method for

the detection of the connected components of the air voxels is

applied, in order to identify the largest connected component

which corresponds to the background and remove it (as in Fig. 2c). The MATLAB

function bwconncomp2 is used with the parameter conn set to 6, which returns the

connected components in binary images with a connectivity of 6 for 3-dimensional

images (i.e., voxels are connected if they share a common face among the 6 possible

faces, as in Fig. 3). The 6-connectivity was chosen as it allows to keep the pores’

voxels as separated as possible.

An example of the connected component detection process is shown in Figure 4 for a

2-D slice issued from a coiled experimental control volume and for a 2-D slice issued

from a SPT experimental control volume. After the voxel selection implemented in

Step I, the 2-D binary slide is obtained in Step II as shown in Fig. 4, second column.

In Step III, the connected components in the images are retrieved in the binary vol-

ume and labeled (in colours in Fig. 4, third column). The pixels corresponding to

the background region are detected and set to black, so that only the position asso-

ciated to internal pores remains in the data (as in Fig. 4, right column). The minimal

size of the remaining pores is 1 voxel. It is important to note that it unachievable

to automatically discriminate small components which are due to noise from actual

pores. Noise effect reduction is applied after the evaluation of the Hough transform.

1https://www.mathworks.com/help/images/ref/imbinarize.html
2https://www.mathworks.com/help/images/ref/bwconncomp.html
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2.3. Hough transform 2. Materials and methods

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 4: Connected components detection process (2-D examples). First row: cen-
tral slice from coiling control C1, 6 cm side approximately, second row: central slice
from SPT control SP1, 5 cm � approximately. (a) and (e): slice; (b) and (f): binary
image (Step II); (c) and (g): region labels in colours (Step III); (d) and (h): final re-
sults.

2.3 Hough transform

Once pore locations are identified inside the volume, the successive goal was detect-

ing the principal distribution features of pores inside the sherds in order to diagnose

the building technique.

To this aim, the Hough transform is exploited, which is a classical tool in Image Pro-

cessing for the automatic detection of points distributed along straight lines or para-

metric shapes in images [Ballard 1981, Beltrametti et al. 2013, Duda and Hart 1972,

Gonzalez and Woods 2006, Hart 2009, Hough 1962, Mukhopadhyay and Chaudhuri 2015,

Tu 2014], and is related to the integral Radon transform [vanGinkel et al. 2004]. Other

methods, like PCA based object recognition methods or other template matching

methods are appropriate for shape detection in images. In the present issue, how-

ever, these shapes (parallel lines or circles) are not directly present in the available

images, so the detection can only be performed on points or small regions (pores)

that are located along them. Thus, these techniques are not suitable for this problem,

while the Hough transform is appropriate. The Hough transform relates points from

an image space to a voting array in an associated parameter space (called Hough

space). Thus, it is possible to setup a shape detection issue as a peak detection pro-

cess which involves vote counting in a discretised accumulator space.
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2.3. Hough transform 2. Materials and methods

In 2-D, the classical Hough transform processing associates points in the image

space to sinusoids in the Hough space, so that the line detection issue is trans-

formed in the problem of finding and counting intersection points between these

sinusoids. The parallelism between lines corresponds to the superposition (same

abscissa) of intersection points in the Hough space. The Hough transform relies on

the so-called normal parametrisation of lines and on a voting procedure in a param-

eter space [Duda and Hart 1972]. Two Cartesian planes are considered, the space

xOy which corresponds to the image space, and the associated parameter space θOρ,

which is called Hough space (see Fig. 5). The normal parametrisation defines a line `

in the image space xOy by means of two parameters, the distance ρ between the line

` and the origin and the angle θ formed by the horizontal axis 0x and the normal

vector to ` (see Fig. 5a):

(x, y) ∈ `⇐⇒ x cos θ + y sin θ = ρ. (1)

The couple (θ, ρ) which identifies the line (1) in the image space is transformed

into a point (θ, ρ) in the Hough space. The Hough space is generally restricted to

ρ ∈ [0, M] where the constant 0 < M < +∞ relates to the image space dimensions

and θ ∈ [0, π] to avoid redundancy in line identification. Given a point P = (x, y)

in the image space, all the lines which pass through P are defined via (1) by a set

of parameters (θ, ρ), which forms a sinusoidal curve in the Hough space (for exam-

ple, the red point in the image space of Fig. 5b is transformed into the red sinusoid

in the Hough space of Fig. 5c). Conversely, each point (θ, ρ) in the Hough space

identifies a line via (1) in the image space (for example, the green point in Fig. 5c

identifies the green line in Fig. 5b). The Hough space is used as a discrete accu-

mulator space, where each point (θ, ρ) which lies on a sinusoid counts a vote. For

example, in Fig. 5c the points on the red sinusoid which are not intersection points

for others sinusoids count 1 vote each, while the green point counts 2 votes, as it is

the intersection point of 2 sinusoids (which correspond to 2 points aligned in the im-

age space of Fig. 5b). If N points are on the same line `N in the image space, the line

`N is identified by a point (θN, ρN) which is the intersection point of N sinusoids in

the Hough space (for example, the orange point in Fig. 5c corresponds to the orange

line which passes through 3 points in the image space in Fig. 5b). In conclusion,

the search for points which are aligned in the image space can be carried out by the

9



2.3. Hough transform 2. Materials and methods

(a) Normal parametrisation of lines

(b) Image space (c) Hough space

Figure 5: Fig (a): Normal parametrisation of lines. From (b) to (c): Example of
Hough transform processing (bi-dimensional case). Red, cyan, pink and yellow
points in image space (left) transform to sinusoids in Hough space (right); green,
violet and orange points in Hough space (right) correspond to lines in the image
space (left).

search for points that count the greater amount of intersection between sinusoids in

the Hough space, whence of votes in the discrete accumulator space. Furthermore,

points on parallel lines in the image space correspond to groups (1 group per line)

of sinusoids that intersect at the same value of θ in the Hough space.

This approach can be generalised to the detection of other shapes, like circles, parabo-

las and other parametric curves [Ballard 1981, Beltrametti et al. 2013].

Depending on the object under investigation, the Hough transform procedure can

be adapted to the detection of shapes in the 3-D space [Torrente et al. 2018]. A nu-

merically efficient way to detect lines in 3-D point clouds is described in [Dalitz et al. 2017]

(with C++ code3). This 3-D Hough transform is used to determine alignment in

pores inside the sherds. The ability of the Hough transform to discriminate between

pore location distributions on parallel straight lines from other distributions is par-

ticularly efficient and convenient in the present situation, in order to distinguish the

coiling technique from others.

3https://doi.org/10.5201/ipol.2017.208
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3. Results and discussion

3 Results and discussion

The 3-D Hough transform is used to detect principal alignments in pores inside the

datasets. Indeed, as already discussed in Section 1, macro- and microscopic analyses

performed on archaeological and experimental pottery showed that parallel lines

patterns are characteristic of the coiling technique, while other patterns are likely

to be related to other building techniques. The detection of circular patterns via

the Circular Hough transform [Atherton and Kerbyson 1999, Duda and Hart 1972]

is preliminary investigated as well.

3.1 Line detection

After implementing the segmentation process described in Section 2.2, the 3-D Hough

transform was applied to the data volumes [dataset] which contain the pores’ coor-

dinates for each of the considered samples (ceramic and numerical), and the de-

tected lines were calculated.

In the experiments, the 15 lines which obtained the most votes in the Hough space

(i.e., the lines which pass through the greater amount of pores in the samples) are re-

tained and the lines are displayed in the original image space. The choice of 15 lines

appears to be an appropriate trade-off which allows to take into account the princi-

pal alignments of pores/voxels and remove some noise, discarding the lines which

are related to a small count of votes (e.g., see the results in Fig. 6, right column).

Now, line parallelism has to be investigated. To this aim, for each dataset the direc-

tion (unit) vectors bi, i ∈ {1, . . . , 15} of the lines detected by the 3-D Hough trans-

form process are considered. If two lines i and j have almost the same direction, the

scalar product pij = 〈bi, bj〉 of their direction vectors is almost equal to 1, while it

is close to 0 for almost orthogonal lines. Thus, for each dataset 105 (= (15
2 ) = C2

15)

scalar products’ values pij are calculated. The statistical analysis of the scalar prod-

ucts’ values though histograms and descriptive statistics (minimum and maximum

values, median, 1st and the 3rd quartiles) allows to discriminate between the differ-

ent fabrication techniques.

The data set considered for the analysis includes 22 elements:

• 4 sherds formed with the coiling technique (3 experimental controls and 1 ar-

chaeological sherd),
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3.1. Line detection 3. Results and discussion

• 12 sherds formed with SPT (7 experimental controls and 5 archaeological sherds)

• and 6 numerical controls with a random distribution of pores.

For each data set, pore segmentation is performed (e.g., see the results in Fig. 6,

central columns), followed by Hough transform’s line detection. A visual inspection

of the Hough transform’s results show that most of the detected lines are parallel in

the case of the sherds built with the coiling technique (e.g., see Figs. 6a and 6b, right

column), while the lines intersect more in the case of those built with SPT (e.g., see

Figs. 6c and 6d, right column) and the numerical controls (e.g., see Fig. 6e, right

column). It is important to note that the lines for the SPT experimental control tend

to intersect around the centre (see Fig. 6c, right column).

To strengthen the visual inspection, the 105 scalar products are evaluated for the 15

Hough detected lines for each dataset of each class. Fig. 7a presents the histograms

for the 5 classes. As each class contains a different quantity of datasets, the num-

ber of occurrences of each scalar product value for any given class is rescaled by

dividing it by the quantity of datasets in that class, in order to allow comparisons

between different classes. The statistics on the scalar product values of each class

are shown in Fig. 7b. In each box plot, the low and the high black bars correspond

to the minimum and the maximum values of the scalar products for the considered

dataset; the lowest and the highest blue bars of the whiskers correspond to the 1st

and the 3rd quartiles and the red bar corresponds to the median value.

The results show that a greater occurrence of almost parallel lines (scalar products

close or equal to 1) is found in the cases of the coiling sherds, while for the SPT

sherds and the numerical controls the scalar products span a greater range of values,

corresponding to lines with different directions.

The scalar products of the Hough transform’s results provide an accurate discrimi-

nating feature which allows to separate the coiled sherds from the SPT sherds and

from the numerical controls: the high number of parallel lines detected by the 3-D

Hough transform. An important remark is that the statistics for archaeological and

experimental datasets are quite similar for both techniques which enforces the fact

that the features are well appropriate. In addition to classification, this approach al-

lows to detect the lines in the sherds for further analysis and modelling of the coiling

technique.

In order to define characterising features for the SPT, circle detection is considered.

12



3.1. Line detection 3. Results and discussion

(a) Coiling technique, experimental sherd (C1)

(b) Coiling technique, archaeological sherd (AC1)

(c) SPT, experimental sherd (SP1)

(d) SPT, archaeological sherd (ASP1)

(e) Numerical control (Num01)

Figure 6: Left column: pottery sherds. Central columns: segmentation results show-
ing the spatial distribution of pores. In the 3-D visualisation (second column), blue
tones indicate the pores which are close to the internal surface of the sherd, while
yellow tones indicate the pores which are close to the external surface of the sherd,
respectively. In the 2-D visualisation (third column), a projection of 3-D pores’ re-
gions onto the tangential plane is shown. Right column: 3-D Hough results. Pores’
voxels are displayed in pink colour and the detected lines are displayed in greyscale
with decreasing intensity from black to white following the decreasing order of vote
counts.
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3.1. Line detection 3. Results and discussion

(a) (b)

(c) (d)

Figure 7: Statistics on results. In the histograms, the red colour corresponds to coiled
sherds, the blue colour to the SPT sherds and the green colour to the numerical
control in the histograms plots. In each box plot, the low and the high black bars
correspond to the minimum and the maximum values of the scalar products for the
considered dataset; the lowest and the highest blue bars of the whiskers correspond
to the 1st and the 3rd quartiles and the red bar corresponds to the median value.
The width of each box plot is proportional to the quantity of sherds in the related
class. From (a) to (b): Histogram and box plot for scalar products of 15 lines for 16
sherds (3 experimental controls and 1 archaeological sherd for the coiling technique,
7 experimental controls and 5 archaeological sherds for the SPT) and 6 numerical
controls. From (c) to (d): Histogram and box plot for the Circular Hough transform’s
metrics of 5 circles for 12 sherds (7 experimental controls and 5 archaeological sherds
for the SPT) and 6 numerical controls.
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The Hough transform approach is already extended to a large variety of curves (in-

cluding circles) with algorithms and available codes. As the SPT sherds are expected

to show circular/spiralling patterns regarding pore disposition, while no such pat-

tern should appear in the case of the numerical controls in which the pores are ran-

domly disposed, an exploratory analysis was conducted to evaluate whether it was

possible to distinguish their respective pore systems using the circular Hough trans-

form.

3.2 Preliminary results on circles detection

In this section, preliminary investigations are described for the detection of circular

patterns in the pores’ disposition, in order to find distinctive features for the SPT

building technique.

If the 3-D Hough transform for line detection is already able to provide quite dif-

ferent and discriminating results between the coiled sherds from the SPT ones, it

does not really allow to distinguish between SPT sherds and numerical controls (see

above Section 3.1). As the final goal is to detect quantifiable features which could

characterise the SPT within the great variety of pottery building techniques, a gener-

alisation of the Hough transform is applied, focusing the experiments on the twelve

SPT sherds and the six numerical controls (described in Section 2.1).

To simplify the preliminary analysis, the Circular Hough transform [Atherton and Kerbyson 1999,

Duda and Hart 1972] was tested for the detection of circles in 2-D images, by means

of the the function imfindcircles4 available in MATLAB R2018b. The 2-D images

considered for these experiments were constructed as follows: for each 3-D datasets

of pores, all pores’ points are projected onto a plane which is tangential to the largest

face of the considered sample (e.g., see Fig. 8, left column). These images were fed

to the function imfindcircles, which returns the center, radius and metric of the

detected circles; the parameter metric contains a value which is proportional to the

votes obtained by a circle (i.e., an high metric for a given circle corresponds to an

high number of points on that circle). This process is actually similar to the one de-

scribed for line detection in Section 2.3, except that it uses the classical parametrisa-

tion of circles, and it is led to detect peaks within intersection points between circles

in the corresponding 3-D Hough space. For the experiments, the 5 circles which

4https://www.mathworks.com/help/images/ref/imfindcircles.html
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obtained the highest metrics between the circles with radii in the range [50, 300]

pixels (corresponding to approximately [50, 300] mm in real world measures) were

selected.

A visual inspection of the circles detection results via the Circular Hough transform

only allows to notice little differences between the SPT datasets and the numerical

controls ones: the detected circles appears to be closer in the SPT case, while they are

more scattered in the case of the numerical controls (e.g., see Fig. 8, right column).

The metric results for all the twelve SPT datasets (7 experimental controls and 5 ar-

chaeological sherds) and six numerical controls datasets are shown in Fig. 7c. For

each dataset the 5 metric values which are associated to the 5 detected circles are

taken into account. Again, the results are grouped by dividing them into 3 different

classes (SPT experimental controls, SPT archaeological sherds and numerical con-

trols). As each class contains a different quantity of datasets, the number of occur-

rences of each scalar product value for any given class is rescaled by being divided

by the quantity of datasets in the class, in order to allow comparisons between dif-

ferent classes. The statistics on the metric values of each class are shown in Fig.

7d.

The results show that the metric values for the SPT datasets are always higher than

those of the numerical controls datasets: this indicates that the detected circles al-

ways pass through a greater number of points (i.e., pores) in the case of the SPT

sherds, while the detected circles meet less points in the numerical controls cases.

These differences on 2-D images preliminary show the possibility to characterise

the SPT building technique with the Circular Hough transform and open the path

to further development and analysis of 3-D approaches.

4 Conclusion

Within the framework of this research, a micro-tomographic analysis protocol is

advocated, which is primarily based on the exhaustive visual analysis of the ar-

chaeological corpus and on the production of experimental controls shaped under

controlled conditions with sourced geomaterials. It is therefore thanks to a thor-

ough knowledge of the archaeological corpus that choices were made in terms of

sampling regarding micro-tomographic analyses and 3-D data processing, allowing

for proposing a new quantitative protocol for the characterisation of ancient pot-
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(a) SPT, experimental sherd (SP3)

(b) SPT, experimental sherd (SP2)

(c) SPT, archaeological sherd (ASP1)

(d) Numerical control (Num01)

(e) Numerical control (Num04)

Figure 8: Circular Hough transform results. Left column: the 2-D projection of 3-D
pores’ disposition. Right column: the Circular Hough transform results.
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tery techniques. This analysis represents the first attempt for the quantitative char-

acterisation of Neolithic pottery forming techniques using 3-D datasets and large

ROIs. The 22 analysed datasets (16 archaeological and experimental sherds, as well

as 6 numerical controls) provide a significant amount of statistically representative

quantitative data that (1) strongly support the definition of the two ceramic tech-

niques identified in the considered archaeological contexts and (2) provide a solid

and reproducible frame of reference for the characterisation of the SPT technique, a

pottery technique for which there are no points of comparison among archaeological

or actualist contexts.

Hough transform tools appear extremely promising for the characterisation and

classification of the internal architecture of both archaeological and experimental

samples. The implemented 3-D Hough transform protocol allowed for effectively

discriminating the porous systems respectively associated with the coiling tech-

nique and the SPT, by comparing the distributions of the scalar products between

the directions of the recovered lines: these recovered lines are mainly parallel for

coiling sherds, while they intersect for the SPT sherds. The advantage of analysing

these different classes of samples via the detection of a same geometrical shape (line)

permitted to overcome the diversity of macrotraces observed on the archaeological

and experimental sherds and to build a reference frame independent from the vi-

sual analysis of the sherds. Moreover, the possibility to relocate the detected shapes

inside the sherds could allow further analysis on the pores, i.e. their size or distribu-

tion inside the sherd. Ongoing work is also dedicated to setting up a Deep Learning

classification framework which could be applied to tomographic pottery images.

The use of the 2-D Circular Hough transform then permitted to distinguish the

porous systems associated with the SPT sherds from random porous systems. This

important step, which will be developed in 3-D on circle and spiral shapes as part of

future investigations, is an essential milestone in the characterisation of SPT. More-

over, this approach will be applied to a larger number of samples, notably including

archaeological and experimental samples formed using other ceramic forming tech-

niques such as modelling, slab building, moulding or pinching. Furthermore, a fu-

ture goal will be the detection of 2-D structures in available 3-D images, such as por-

tions of planes or cylinders, as they may provide valuable information to distinguish

the internal architectures associated with different ceramic forming techniques. Fur-

ther research will also involve high resolution tomography data issued from Syn-
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chrotron facilities, in order to investigate and detect different types of pores, as some

of them may not directly reflect the forming processes but the paste processing (i.e.,

addition of vegetal fibers).
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The data that support the findings of this study are available from the corresponding

author upon reasonable request.
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Nouvelles données sur le complexe culturel de la céramique imprimée

méditerranéenne dans son contexte stratigraphique. Gallia Préhistoire, 35:177–
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