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Archaeologists working with pottery spend a considerable amount of time on a fundamental task — providing
precise descriptions of pottery fragments. This study presents a survey of existing computational solutions to
identify the best matches for a given fragment, based on its shape. Four methods (ICP, DCT, RDP, and RTC) are
compared, using a pottery dataset from Graufesenque (southern France), dated to the Roman Period. The first
three methods produced successful and very similar results for rim fragments (within the five best candidates for
95% of the dataset). The ICP algorithm produced the best overall results for rim fragments, and can also be used
for non-rim fragments. A practical computer application, including all the above methods, was developed in R
programming language, with an easy-to-use graphical interface, and is now made freely available to the

archaeological community for future studies, and further development.

1. Introduction

Pottery is one of the most abundant materials present in archaeo-
logical excavations. It provides information about chronology, and the
evolution of technique and style. It may also provide evidence of social
organisation. Unlike precious artefacts belonging only to the elite, ce-
ramics have been used by all social strata. The socio-economic dynamics
of ancient populations can be reconstructed, based on pottery features:
clay, fabrication technique, shape, decoration, spatial distribution, dis-
covery context, etc. (e.g. Buko, 1990; Orton, 1980; Orton et al., 1993;
Rice, 1987). However, pottery is fragile, and can be damaged or even
destroyed by post-depositional processes, thus reducing the information
available for archaeological inquiries.

Among archaeological investigations, one strategy is to use a set of
descriptors (e.g. clay, colour, decoration, etc.) with pre-defined classes
for the precise characterization of pottery fragments. Here, the main
focus is on shape descriptors, which are generally related to period,
origin, function, and/or aesthetics (e.g. Bahn and Renfrew, 2015).

The specialist often tries to find the best match for a given fragment
from within a well-established classification system, which can be
composed of morphological classes (e.g. Machacek, 2001; Ness, 2015;
Vaginay and Guichard, 1988; Venclova, 1998, 2001). This attribution

process can be time-consuming, particularly when processing thousands
of fragments. To overcome these problems, many quantitative methods
have been proposed for the automatic retrieval of pottery fragments.
Almost all archaeological pottery vessels can be considered to be
rotationally symmetrical. These 3D objects are thus usually represented
by a 2D profile, corresponding to any cross-section between the vessel
and the plane passing through its rotational axis. Quantitative methods
are therefore often based on the calculation of similarities between 2D
profiles, usually represented by polar or cartesian coordinates (Liu et al.,
2005; Maiza and Gaildrat, 2005), or expressed as a function of radius (e.
g. Jicin and Vasicek, 1971; Karasik and Smilansky, 2011; Mom, 2005;
Smith et al., 2014), or its derivatives, such as tangent (e.g. Gilboa et al.,
2004; Karasik and Smilansky, 2011; Leese and Main, 1983; Main, 1987,
1986; Saragusti et al., 2005; Smith et al., 2014), or curvature (Gilboa
etal., 2004; Hristov and Agre, 2013; Karasik et al., 2005; Saragusti et al.,
2005). Profiles may sometimes be represented by b-spline coefficients
associated with segments of the profile curve (e.g. Adler et al., 2002;
Hlavackova-Schindler et al., 2001; Kampel and Sablatnig, 2007, 2003,
2002, 1999; Laflin, 1986; Schurmans et al., 2001), by polylines (Lucena
et al., 2016), or by dominant feature points that are extracted using the
medialness measurement (Piccolli et al., 2015). Similarities between
two pottery fragments can be calculated from Euclidean distances
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Fig. 1. Morphological sub-groups used in this study. Abbreviations: Drag. — Dragendorff, Ritt. — Ritterling. Scale 1/2.
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Table 1
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Test corpus used in the study (from Genin et al., 2008). For morphological class and sub-group codes: C - Curle, G — Goblet, D — Dragendorff, R — Ritterling. See Fig. 1 for

corresponding images.

Class c23 D15/17 D18 D24/25 D27 D33 D35 G R5 R8
Sub-group c23 D15/17B | D17A | D18B | D18C D24/25 D27A | D27B | D27C | D33A D35 G R5 R8A
Total 10 21 11 52 11 61 10 49 11 15 22 15 17 14

between their profiles (Maiza and Gaildrat, 2005), or from the similarity
of the coefficients expressing their shape (Gilboa et al., 2004). The best
match for a given fragment (and hence its morphological class) is ob-
tained by minimising differences with potential candidates in a refer-
ential database.

The above-mentioned approaches have already been tested on real-
world artefacts, with a high success rate for classification (Karasik and
Smilansky, 2011), and for best-match retrieval (Lucena et al., 2016). It
should, however, be noted that several major issues have not yet been
fully addressed. For example, if the position of the outline in relation to
the rotational axis is not appropriately constrained, the shape of the
pottery fragment or vessel may be drastically deformed, leading to
misidentification. Methods requiring successive derivatives generally
suffer from numerical instability (Karasik and Smilansky, 2008).
Although the idea underlying morphological correspondence between
profiles appears simple, achieving perfect correspondence between in-
dividual points on profiles is challenging, even more so when working
on fragments. Many approaches have been evaluated solely on the outer
surface of the profile, or only on rim fragments. Although the mathe-
matical basis of all these approaches has already been explored (e.g.
Hristov and Agre, 2013; Liu et al., 2005; Mom, 2005; Mom and Paij-
mans, 2007; Smith et al., 2014), no practical solution is currently
available to the broader archaeological community for routine use. It is
important for such proposals to be tested on a wider variety of artefacts,

di
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as no method is likely to be universally applicable.

This paper implements supervised classification, i.e. the attribution
of a given fragment to one of the predefined classes. The aim of this
study is to compare three existing approaches for the mathematical
matching of pottery fragments based on morphology, together with a
new method based on Discrete Cosine Transform (DCT). The goal is not
to reconstruct complete vessels, but to identify the best matches to the
fragment within the referential dataset, by shape similarity, thus indi-
cating which shape label or labels would best suit the fragment. Attri-
bution accuracy is evaluated on an already labelled real-world dataset.
All the approaches tested are made available as a set of functions
encoded in R programming language (R Core Team, 2021). An easy-to-
use graphical interface was also developed, using Shiny GUI (Chang
et al., 2019), and is made freely available to the archaeological com-
munity, to simplify data retrieval.

2. Material and methods
2.1. Corpus

The collection of ceramic vessels found at Graufesenque (southern
France), dating from the Roman period (first to mid-second century AD),
is published as an illustrated paper catalogue (Genin et al., 2008). The
fact that vessels in this catalogue are already labelled by a widely
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Fig. 2. Profile acquisition and data preparation. A) Scaling the outline to the original size of the vessel, positioning it according to the axis of symmetry (i.e. z axis),
and r axis, and segmenting it to the outer (red) and inner (blue) segments using the rim (red arrow) as a reference point. Bi) Size normalisation of the profile by
baseline registration (here the rim point and the point of intersection between rim plane and the axis of the symmetry are set to (—1, 0) and (0, 0) respectively; note
that the coordinate system is now expressed in rim radius units). Bii) Virtual extraction of the rim fragment: the outer and inner part of the profile is virtually broken
at the distance of 0.5 rim radius along the profile from the rim point, and resampled by 100 equally spaced points, 50 for the outer and 50 for the inner part. C)
Virtual extraction of the non-rim fragment: the outer and inner part of the profile are extracted approximately in the middle of the vessel, and resampled by 250

points, with 125 points equally spaced along the outer and inner parts.
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B

Fig. 3. Alignment process between source fragment (red polygon) and complete target vessel (grey polygon). A) The fragment is translated along the r and z axes (a,
b), rotated (¢), and scaled (S) to minimise the distance with the complete vessel. B) Final alignment of the source on the target.

adopted morphological classification scheme (e.g. Brulet et al., 2012;
Passelac and Vernhet, 1993; Py et al., 1993; Schucany et al., 1999; Tyers,
1996) makes it suitable for method comparison. The test corpus iden-
tified within this vast collection contains complete vessels only, and
includes all morphological classes (and sub-groups) represented by ten
or more vessels in the catalogue. The test corpus is thus composed of 319
vessels, including plates, bowls, cups, and goblets (Fig. 1; Supplemen-
tary Materials SM1), already divided into 14 sub-groups, belonging to 10
morphological classes (Table 1).

2.2. Profile acquisition and data preparation

The drawings of the 319 vessels thus selected were scanned at 600
dpi from the paper catalogue. Profile outlines were extracted using a
modified set of functions described in Claude (2008), and positioned
according to their rotational axis. The outlines were automatically
divided into outer and inner segments, using the rim as a reference point
(Fig. 2A).

To evaluate the potential of the four methods under comparison, two
test subsets of synthetic data (rim fragments and non-rim fragments)
were then produced from these outlines, by virtually fragmenting the
profiles of the original complete vessels. Rim fragment analysis was
based only on shape, and not on size.

For rim fragments, all outlines were size-normalised using baseline
registration (Bookstein, 1991), sending the rim point and the point of
intersection between rim plane and the rotational axis to the (—1, 0) and
(0, 0) coordinates (Fig. 2Bi). Rim fragments were then obtained by
virtually cutting the outer and inner profile parts at a distance of 50
percent of the rim radius from the rim point, expressed by 100 equally
spaced points (50 for the inner and 50 for the outer segment; Fig. 2Bii).
Virtual rim fragments therefore measured 11-35% of the profile length
of the original complete vessel.

Non-rim fragments, representing 40-45% of the profile length of the

original vessel, were extracted approximately from the middle of the
profile (Fig. 2C). Each non-rim fragment was expressed by 250 points
(125 each for outer and inner segments).

2.3. Best match searching algorithms

2.3.1. Iterative Closest Point (ICP)

The Iterative Closest Point algorithm (ICP; Liu et al., 2005; Maiza and
Gaildrat, 2005) is widely applied in graphics and computer vision for 3D
model alignment (e.g. Besl and McKay, 1992; Fitzgibbon, 2003; Turk
and Levoy, 1994). To identify the best match, a complete profile
(target), is positioned in the coordinate system, and the fragment to be
aligned (source), is iteratively translated, scaled, and rotated (Fig. 3A),
to minimise (using a Simulated Annealing algorithm; Bélisle, 1992;
Cortez, 2014; Hajek, 1988) the sum of root-mean-square deviations
(RMSDs) of the distances between the points of the source and those of
the target (Fig. 3B):

. 1 M 2 1M 2
al'{)l}pl’lg \/szzld(PjvTi) +\/Nzk:1d(Pk7Ta)

For the source profile, a and b correspond to translation along the r
and z axes, ¢ to rotation, and S to scaling; M and N are the total number
of points on the inner and outer segments of the source profile. The
expression d(P;, T;) is the distance between the j-th point, P, on the
source segment and its closest point on the inner target segment, T;. The
expression d(P,T,) is the distance between the k-th point, P, on the
source segment and its closest point on the outer target segment, T,.

Note that scaling (S), and translation along the z axis (b) are the only
rigid transformations that do not alter the original shape of the vessel,
unlike a and ¢, which are strongly constrained by the position of the
rotational axis. Ancient pottery vessels are often considerably frag-
mented, and were not always perfectly regular, thus making it difficult

DCT coefficients

XY coordinates P1,P2, Ps, ..., Pn

Hi+H2+ H3+Ha

Hi+H2+H3+..+Hs Hi+H2+H3+..+Hs Hi+H2+ H3+ ...+ Hn

A

B

Fig. 4. Discrete Cosine Transform. A) The original cartesian coordinates of the outline. B) The original cartesian coordinates of the outline are decomposed into a set
of harmonics. A given number of harmonics can be used to reconstruct the approximation of the original contour (here 4, 6, 8, and a full set of harmonics were used

for reconstruction).
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Fig. 5. Radius, Tangent, and Curvature. The first point on the outline and its corresponding representations are highlighted in red. A) Position of the fragment
according to rotational axis and tangent angle calculation. The tangent angle 6 of the point is calculated as an angle between the tangent line passing through the
point, t, and the line parallel to the rim, x. B) The radius function represents the distance between each point on the profile and the rotational axis. C) Tangent
function represents the angle between the tangent of each point on the profile and the line parallel to the rim (see A for details). D) Curvature function represents the

rate of change of the tangent function.

to determine the precise rotational axis to be used for profile extraction.
In real-life situations, the researcher may therefore decide to relax the
constraints of the rotational axis position a little, by allowing a and ¢ to
vary to some extent, although some shape modification will occur.

2.3.2. Discrete Cosine Transform (DCT)

Outlines can also be treated by Discrete Cosine Transform (DCT), used
in signal treatment for compression and de-noising. This Fourier-based
method transforms open outline coordinates (Fig. 4A) into a set of har-
monics (Fig. 4B), each represented by a pair of coefficients that may be
used as shape variables (e.g. Dommergues et al., 2007; Forel et al., 2009).
The higher the number of coefficients, the more precise the reconstruction
of the outline (Fig. 4B). Shape information can generally be preserved with
a low number of harmonics (Hurth et al., 2003; Schmittbuhl et al., 2003).
The similarity between two profiles is then expressed as the RMSD be-
tween their corresponding coefficients.

The calculation of DCT is strongly constrained by the position of the
rotational axis. Thus the researcher does not control variation of posi-
tion, size, and orientation of the source fragment, as applied in ICP. Note
that these facts also concern the two remaining algorithms: radius,
tangent, and curvature, and Ramer-Douglas-Peucker polyline.

2.3.3. Radius, Tangent, and Curvature (RTC)

The profile curve (Fig. 5A) can be represented by three mathematical
functions: radius, tangent, and curvature. The radius function of the
profile outline represents the distance between the rotational axis and
each point on the profile (Fig. 5B). The tangent function represents the
angle between the tangent of each point on the profile and the rotational
axis (Fig. 5C). The curvature function represents the rate of change of
this angle (Fig. 5D). The similarity between two profiles can then be
obtained by calculating the sum of the RMSDs of these three functions,
weighted to stress the relative importance of different parts of the pro-
files if required (e.g. Adan-Bayewitz et al., 2009; Hristov and Agre,
2013; Karasik and Smilansky, 2011; Smith et al., 2014).

2.3.4. Ramer-Douglas-Peucker (RDP) polyline

Pottery profile coordinates can also be approximated by a polyline with
a fixed number of segments, obtained with the Ramer-Douglas-Peucker
(RDP) algorithm (Douglas and Peucker, 1973; Lucena et al., 2016).
Given a profile curve with endpoints a and b, this algorithm seeks the most
distant point on the curve from the segment ab. Once this point, c, is
located, the segment ab is then replaced by two new segments, ac and cb
(Fig. 6A). The entire procedure is then repeated until the desired number
of segments (L) is obtained on the profile outline (Fig. 6B-D). The points
generated in this way then serve as shape variables. Similarity between

Fig. 6. Ramer-Douglas-Peucker polyline algorithm. A) Given a profile curve (black dots) with endpoints a and b (red dots), this algorithm seeks the most distant point
on the curve from the segment ab (dashed red line). Once this point, c, is located (red point), the segment ab is replaced by two new segments, ac and bc (red lines).
B-D) The procedure is repeated until the desired number of segments is obtained (here 5 segments).
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Parameters and ranges of acceptable values used to evaluate algorithms. See Supplementary materials SM2 for visualisation of the reconstruction quality for 20 DCT

harmonics and 20 RDP polyline segments.

Algorithm Rim fragments

Non-rim fragments

a €(-0.1,+0.1)
© € (—3°,+3°)
S € (—2%,+2%)

Iterative Closest Point

a values are expressed in rim radius units

a€(—1cm,+1cm)

@ € (—3°,+439)

S € (—2%,+2%)

b € (0cm,T, cm)

a and b values are expressed in real units
T}, corresponds to the height of the target
profile

Discrete Cosine Transform 20 harmonics

Radius, tangent, and

curvature curvature

Equal weights for radius, tangent, and

Ramer-Douglas-Peucker 20 segments

two profiles is expressed as the RMSD between their corresponding points.
2.4. Evaluating fragment retrieval

All four algorithms are a priori suitable for rim fragment retrieval, but
only the ICP algorithm can be used to identify the best matches for non-
rim fragments. The leave-one-out procedure was used to evaluate the
algorithms: one vessel was selected from the test corpus of 319 complete
vessels. A fragment extracted from this vessel was matched to the
remaining 318 complete vessels in order to identify the best matches.
This procedure was performed for all 319 vessels. Rim fragment
retrieval was evaluated with the strategy used by Lucena et al. (2016)
and Martinez-Carrillo et al. (2010), where fragment attribution is
considered correct when the original class label is present among the k
best matches. The traditional values for classification performance
evaluation (with k equal to 1, 3, and 5) were used here for rim frag-
ments. Stricter conditions were applied for non-rim fragments, where
fragment attribution was considered correct only if all k best matches
corresponded to the original class label (with k values ranging from 1 to
10).

The acceptable ranges for parameter values used to evaluate algo-
rithms are given in Table 2. The optimal values required for very good
approximation of the original fragment profile were 20 DCT harmonics
and 20 RDP polyline segments (see Supplementary Materials SM2).

The time required for ICP calculation depends on the maximum
number of iterations used in the Simulated Annealing optimisation al-
gorithm. Rim fragments were optimised with 1000 iterations. To speed
up the calculation time for non-rim fragments, the initial raw position of
the source fragments on target complete vessels was estimated with the
maximum number of iterations set to 500. The ten best candidates were
then selected, and the optimisation procedure was repeated with the
maximum number of iterations increased to 5000.

Table 3

2.5. Programming

The code for archaeological pottery identification was written in R
language, version 4.0.3 (R Core Team, 2021), with the aid of libraries
‘sp’ (Pebesma et al., 2020), ‘MASS’ (Ripley et al., 2016; Venables and
Ripley, 2002), and ‘kmlShape’ (Genolini and Guichard, 2016). The
graphical user interface was programmed with the ‘shiny’ package
(Chang et al., 2019), combined with RStudio (RStudio Team, 2019). All
software and packages used here are freely available. The application,
with manual and sample data, is provided as Supplementary Materials
SM3, and is also accessible via the public Git repository (https://github.
com/jwilczek-dotcom/RACORD).

3. Results and discussion

3.1. Rim fragment retrieval

Rim retrieval results can be seen in Table 3 (see also Supplementary
materials SM4 for confusion matrices obtained with k = 1). The RTC
representations, although used with success to create a classification of
rim fragments dated to the Iron Age from the region of Levante (Karasik
and Smilansky, 2011), did not correctly classify ca. 20% of the test
dataset, while the other three methods all produced better results,
reaching 95.9% for ICP with k = 5. Interestingly, these successful
retrieval rates, based only on rim fragments, were very close to those
obtained from analyses of whole ceramic profiles (Lucena et al., 2016).

Examples of visual outputs of rim fragment retrieval can be seen in
Fig. 7. This figure shows that, when a direct correspondence for the
fragment is present in the corpus, the correct morphological class is
identified, and the superimposition of the source fragment and target
complete vessel is almost perfect (Fig. 7:1-4). Retrieval was not
considered successful for rim fragments (i) with no direct correspon-
dence in the corpus (Fig. 7:5-6), or (ii) which were attributed to a sub-
group of the same morphological class (Fig. 7:7-8), or (iii) which could

Percentage of well-labelled rim fragments, when the correct class is among the k best candidates for the four algorithms tested. The best result for each k is highlighted
in bold. See Supplementary materials SM4 for visualisation of confusion matrices obtained with k = 1.

k
Algorithm 1 3 5
Radius, Tangent, and Curvature 56.4 74.3 81.2
Ramer-Douglas-Peucker 74.0 91.2 94.4
Discrete Cosine Transform 74.3 90.3 95.6
Iterative Closest Point 81.8 93.4 95.9



https://github.com/jwilczek-dotcom/RACORD
https://github.com/jwilczek-dotcom/RACORD

J. Wilczek et al. Journal of Archaeological Science: Reports 37 (2021) 102891

T D)
? ,(?
)
) D17A D18B

—_
N

U~
Ll

D24/D25

w

D18B Z
Ritt5

6
)
, /
D18C
7
D278
)
)
J D18B
9
. Ritt8A

10

Fig. 7. Evaluation of rim fragment retrieval. 1-4) Example of well-labelled fragments. 5-10) Example of incorrectly labelled fragments. Source fragments correspond
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have been attributed to several different classes (Fig. 7:9-10). However, 3.2. Non-rim fragment retrieval
the first problem would easily be identified by the archaeologist, who

could therefore decide not to attribute that fragment to a specific class. Non-rim fragments were judged to be attributed correctly only if all k
The remaining two problems clearly illustrate the underlying limits of best candidates belonged to the same sub-group. This choice was made
morphological attribution in archaeology. to show the practical use of ICP for matching, and to stress that a fair

proportion of non-rim fragments, but not all, can be attributed with very
high accuracy. Table 4 shows the percentage of classifiable fragments,
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Table 4
Attribution for non-rim fragments, based on the k best candidates. Fragments were judged classifiable only if all k best candidates belonged to the same sub-group.
Accuracy indicates the percentage of fragments judged classifiable that were attributed to the correct sub-group.

k 1 2 3 4 5 6 7 8 9 10
Classifiable (%) 100.0 57.1 37.3 28.8 24.8 20.7 16.3 14.7 103 8.8
Accuracy (%) 63.3 77.5 83.2 89.1 93.7 93.9 96.2 95.7 97.0 96.4

>

B

GOSN N O
NG NN

f |
"

—_

(
\‘

N

Ritt5

w

)

\

N

a

.l
o

D27B

(o)}

(o]

\
{
{
{
{
{

Fig. 8. Evaluation of non-rim fragment retrieval, using ICP, for k = 5. 1-5) Example of well-labelled fragments. 6-8) Example of incorrectly labelled fragments. A)
Source fragments (darker red polygon bounded by black outlines) and their position on the original complete vessels (lighter red polygons). Source fragment sub-
group code is shown in red. B) Source fragments (darker red polygons bounded by black outlines) are superimposed on the five most similar target complete vessels
(grey polygons). Sub-group code for the five best complete vessels is shown in grey. Scale 1/3.
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v entries search:

D Label Value

Browse.. | Graufesenque.txt

Virtual fragmentation

G07_042_11
G07_091_06
G07_091_07
2. Data preparation G07_091_08
Real radius G07_091_08
Equidistant G07_091_10
G07_091_11
3. Method selection G07_091_12
e G07_110_05

Advanced ICP G07_110_06

G07_084_06 D188 0.0525580813534421

G07_042_10 D188 0.0932988119124262

G07_084_09 3 D33A 0.0978160758417089

G07_039_07 D33A 0.114112966197537

G07_137_08 D188 0.119061624094036

G07_041_03 D15_178 0.127833164988546

G07_043_02 5 D33A 0.128101981649715

G07_042_08 D33A 0.129130817373301

G07_042_07 5 D33A 0.137964626611249

G07_043_01 D33A 0.140109951969857

RUN Showing 1 to 10 of 320 entries Showing

Previous |1 [ 2 3 4 5 32 Next

Fig. 9. Screenshot of the application. The source rim fragment to be labelle;

110 10 of 319 entries

Prey 1 32 Next

d (G07_042_11; red polygon) is shown superimposed onto the most similar target

complete vessel (G07_084_06; grey polygon) found in the test corpus, containing 319 individuals. The target vessel sub-group (here D18B) can be used to label the

source fragment.

and the accuracy of attribution, as k increases. With five best candidates
(k = 5), approximately 25% of fragments can be judged classifiable,
with very high accuracy (93.7% here).

Examples of several correctly and incorrectly labelled fragments, for
k =5, are shown in Fig. 8. Very good results can be seen in Fig. 8:1-5:
the superimposition of source fragments with target complete vessels is
almost perfect, and all candidates belong to the same sub-group as the
fragment to be labelled. Fragments without a direct correspondence in
the dataset, i.e. which are not well aligned on the best candidates, can
easily be identified and filtered out by the archaeologist (Fig. 8:6-7),
thus minimising errors in attribution. However, in some cases, the
source fragment may seem to be well labelled when it is not - it is
perfectly aligned with vessels from a different sub-group than the orig-
inal (Fig. 8:8). The reason is that such fragments do not possess features
characteristic of the original class (here the specific shape of the rim)
and/or that some parts of vessel profiles are the same for several sub-
groups, and so they cannot be discriminated solely on geometric infor-
mation. As in the case of rim retrieval, such objects show clearly the
limits of automatic attribution.

4. Concluding remarks

The four algorithms presented here propose a set of potential best
matches for a given fragment, ordered by shape similarity. For three of
these algorithms, the results obtained were very good, both qualitatively
and quantitatively. The ICP algorithm may be recommended for all
types of fragments, because it gives the best labelling outputs, and can
easily be applied to all parts of the profile (rims, bodies, and bases), and
to both the outer and inner parts of the profile. The basic geometric
transformations on which this algorithm is based are easy to grasp,
allowing the user to make pertinent choices (e.g. relaxing constraints on
the rotational axis). Shape attribution with ICP is rapid, as it takes less
than one second to align a given fragment. This algorithm could also be
adapted to 3D data to handle fragments that are not perfectly symmet-
rical around the rotational axis (e.g. deformed fragments, cubic shapes,
fragments with plastic features, etc.).

All the algorithms presented here were implemented in a simple
computer application, with the open-source R software (Fig. 9). This
program provides an extension to (semi-)automatic systems dedicated to
pottery fragment orientation and profile extraction, based on 3D models
(e.g. Karasik and Smilansky, 2008; Mara and Sablatnig, 2006; Wilczek
et al., 2018). The user has full control over the criteria used for best-
match retrieval (e.g., the range of searching values in the optimisation
step). Criteria should be set in relation to the presupposed quality of the

rotational axis position and orientation, the size of the objects stored in
the dataset, and the number of points sampled along profile outlines. By
arbitrarily fixing several criteria (e.g. the percentage of unique classes
within k-best candidates), problematic fragments (e.g. typical of many
classes) can be identified, and the entire process can be fully automated.
The proposed class labels can then be verified, both visually by inspec-
tion of superimposed profiles, and quantitatively from the RMSD values.
The quality of the reference database and existing typological schemes
will obviously affect the quality of the output, whatever the algorithm
used. The archaeologist always retains full control over the final and
most important options with regard to fragment attribution (i.e. whether
attribution is possible, and if so, into which class).

This freely available tool can be maintained, developed, and tested
by the archaeological community. It can be adapted to suit the re-
quirements of various classification strategies. The best-match retrieval
procedures can also be integrated into other existing computer-aided
systems for the documentation, retrieval, and classification of archaeo-
logical pottery fragments (e.g. PIQD (Smith et al., 2014); ArchAIDE
(Gualandi et al., 2016); GRAVITATE (Phillips et al., 2016); and more
recent works (Di Angelo et al., 2019)). The tool can also calculate the
minimum distance (i.e. similarity) between two aligned profiles.
Calculated over a set of homologous profiles, these distances can be used
for unsupervised classification, or to calculate shape variability, in order
to explore artefact variability over space and time.
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