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Abstract

A major obstacle to the broader use of 3D object recon-
struction and modeling is the extent of manual intervention
needed. Such interventions are currently extensive and exist
throughout every phase of a 3D reconstruction project: col-
lection of images, image management, establishment of sen-
sor position and image orientation, extracting the geometric
information describing an object, and merging geometric,
texture and semantic data. We present a fully automated
approach to pottery reconstruction based on the fragment
profile, which is the cross-section of the fragment in the di-
rection of the rotational axis of symmetry. We demonstrate
the method and give results on synthetic and real data.

1. Introduction
A large number of ceramic fragments, called sherds, are
found at every archaeological excavation. These fragments
are documented by being photographed, measured, and
drawn. Archaeological finds are traditionally grouped by
typology. Defined forms and types of vessels form codes
which simplify communication within the scientific field.
The drawing and interpretation of ceramic fragments is
very time consuming and costly work, requiring trained and
qualified draftsmen. The drawing in Figure 1, for instance,
is a representative of many other examples.

The drawing is a 2D projection of the 3D object, there-
fore photographs of the real object have to be added. Never-
theless, there is no 3rd dimension left in the archive drawing
and a graphic documentation done by hand also increases
the possibility of errors. There may be errors in the mea-
suring process (diameter or height may be inaccurate), and
inconsistencies in the drawing of the fragment or the com-
plete vessel. However, it is not possible to achieve a consis-
tent style, since it is very difficult to make a drawing of an
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Figure 1: Drawing of a complete pot ([7])

object without interpreting it. This leads to a lack of objec-
tivity in the documentation of the material.

Because the conventional documentation methods were
shown to be unsatisfactory [11], the interest in finding an
automatic solution increased (see [16]). Cooper et. al. [2]
present a largely automated approach for estimating poly-
nomial models in order to assemble virtual pots from 3D
measurements of their fragments. Existing techniques for
solving the fragment reconstruction problem mainly focus
on the analysis of the break curve [12]. In particular, Copper
et. al. [3] developed a method for fragment matching based
on a Bayesian approach using break curves, estimated axis
and profile curves. Kanoh et. al. [9] try to solve the jigsaw
problem in two stages: first, potsherds are joined automati-
cally in two dimensions by using an efficient joint detection
algorithm. Next, three dimensional shape is recovered by
an adequate three dimensional transformation. Leitao and
Stolfi [10] describe an algorithm for reassembling broken
two-dimensional fragments. The procedure compares the
curvature-encoded fragment outlines.

In contrast, our approach to pottery reconstruction is
based on the following main tasks: we start with the estima-
tion of the correct orientation of the fragment, which leads
to the exact position of a fragment on the original vessel.
Next, the classification of the fragment based on its profile
section provides a systematic view of the material found and
allows us to decide to which class an object belongs. In the
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reconstruction phase, partial similarities of profiles can be
detected and complete pots can be reconstructed based on
the already stored data in the description. This paper fo-
cuses on the reconstruction of pottery out of one fragment,
in particular out of its profile section. With respect to our
previous work [14], the paper describes the automatic esti-
mation of the profile section as its main contribution.

At excavations most of the finds are in form of frag-
ments, of which only a few are still complete. It would be
ideal to have one acquisition system that covers both sorts
of objects, however they have different properties (dimen-
sions, color, and geometry). Fragments of vessels are thin
objects, therefore 3D data of the edges of fragments are not
accurate. Furthermore this data cannot be acquired with-
out placing and fixing the fragment manually, which is time
consuming and therefore not practicable. Ideally, the frag-
ment is placed in the measurement area, a range image is
computed, the fragment is turned and again a range image is
computed. This led us to the profile reconstruction method,
which allows this kind of fast acquisition.

Traditional archaeological classification and reconstruc-
tion is based on the so-called profile of the object, which is
the cross-section of the fragment in the direction of the ro-
tational axis of symmetry. This two-dimensional plot holds
all the information needed to perform archaeological re-
search. The correct profile and the correct axis of rotation
are thus essential to reconstruct and classify archaeological
ceramics.

Figure 2 shows the inner side of a fragment on the left, its
left side (broken surface) in the middle, and the profile sec-
tion generated automatically on the right (Figure 1 shows
the same fragment drawn by hand). We follow the profile
approach, as used by archaeologists for decades, to recon-
struct complete vessels out of fragments.

Figure 2: (a) Archaeological fragment - (b) site of fracture
and - (c) profile section

The paper is organized as follows: in Section 2 we take a
closer look on the acquisition device used to get the 3D data
of fragments. Next we describe the reconstruction tech-
niques used for fragments (Section 3). Reconstruction and
visualisation results are given in Section 4, followed by
conclusions and outlook on future work.

2 Data Acquisition
The acquisition method for estimating the 3D-shape of a
fragment is shape from structured light [6], which is based
on active triangulation [1]. We used theEyetronics Shape-
Snatcher Technology[4], that allows the generation of 3D-
models based on the use of a single image taken by an ordi-
nary camera (see Figure 3).

A predefined grid or pattern is projected onto an object
or a scene and is viewed by a camera from a (slightly) dif-
ferent point of view. Traditionally, the use of these tech-
niques has been restricted to carefully controlled lighting
circumstances requires tedious calibration procedures and
depends heavily upon high-precision, dedicated hardware.
The ShapeSnatcher technology offers a flexible and cost-
effective alternative as a single projection suffices, thereby
doing away with the need for any mechanical scanning op-
eration, it works with a normal camera, and through the ease
of its calibration [4].

Figure 3: Eyetronic’s ShapeCam

We have carried out in situ tests to capture 3D sherds
and other finds from an excavation site in Turkey named
Sagalassos [4]. We are developing an archaeological tool
within the 3D-MURALE EU project (3D Measurement &
Virtual Reconstruction of Ancient Lost Worlds of Europe.
This project aims to virtually reconstruct a complete archae-
ological site including landscape, buildings, and artifacts
in 3 dimensions for both archaeological and virtual display
purposes [4]. The automated 3D object acquisition system
is developed to satisfy the archaeological requirements [15]
and to provide not only 2D archive data, but 3D models of
the vessels to be archived.

For each fragment two views (front and back views) have
been recorded. The following devices have been used:

• Sony TVR-900E digital camera

• Leica slide projector: The Leica slide projector is used
to project grid lines onto the pottery sherds

Common sizes of fragments range from10× 10× 8cm
to 30× 30× 20cm, and they are recorded with an accuracy
of 0.5mm. The 3D-data is stored as a software indepen-
dentV RML-file containing 3D-points that are connected

2



in form of triangles. As this system is a hand held device,
the shapes can be recorded in situ. Our pottery dataset cur-
rently consists of 40 different sherds.

3 Reconstruction from Profiles
Archaeological pottery is assumed to be rotationally sym-
metric since it was made on a rotation plate. With respect
to this property the axis of rotation is calculated using a
Hough inspired method [14]. To perform the registration of
the two surfaces of one fragment, we use a-priori informa-
tion about fragments belonging to a complete vessel: both
surfaces have the same axis of rotation since they belong to
the same object. Consequently we register the two views
by calculating the axis of rotation and by bringing the re-
sulting axes into alignment. A detailed description of the
registration algorithm can be found in [14].

The registration of front- and back-view together with
the axis of rotation provide the profile used to reconstruct
the vessel.

Figure 4: Orientated sherd, rotational axis, intersecting
planeemax and longest profile line.

Figure 4 shows the 3D-model of a sherd and its rota-
tional axisrot as a vertical line along the z-axis. The black
plane represents the intersecting planeemax at the maxi-
mum heighthmax of the sherd. The longest profile line is
the longest line along the surface of the sherd parallel to the
rotational axisrot. The radiusr is the estimated mean ra-
dius of the profile line. The extracted profile line is shown in
the xz-plane. Our algorithm for the estimation of the longest
profile line consists of the following steps:

1. First the axis of rotation is transformed into the z-axis
of the coordinate system in order to simplify further
computation.

2. The fragment’s size described by its circular arc is es-
timated. Depending on the size we compute a number
of intersecting planesei, which are used for the profile
estimation. The number of planesei depends on the
length of the perimeter of the fragment. Experiments
have shown that 7 to 13 profile lines return the best
ratio of exactness and performance. Figure 5 shows a

sample of 4 planesei intersecting the 3D-model and
the plots of the extracted profile lines on the surface of
the sherd.

Figure 5: Sample of intersecting planesei

3. A profile line is calculated by intersecting the 3D-data
of the fragment with planesei: First the distance of
each vertex of the fragment to the planeei is calcu-
lated. All vertices are sorted by their distance to the
plane. Then the nearest 1% of vertices are selected
as candidates for the profile. For each of those ver-
tices, all the patches to which they belong are filtered
through a search in the patch list with their index num-
ber. In Figure 6 a sherd shaded by the value of dis-
tance to the intersecting plane is shown (lighter means
nearer to the intersecting plane). Every patch is a tri-
angle which consists of three points that are connected
by three lines. Every pair of vertices that has a point
on both sides of the plane is part of the profile line,
because its connection intersects the plane. The coor-
dinates of these pairs are rotated into the xz-plane and
the z-coordinate is removed. The result is a properly
oriented profile line.

4. Next the profile line having the longest line is found:
the difference between the maximum z-value and the
minimum z-value of the profile line defines the height
of the profile line. The remaining profile lines are used
for evaluation of the estimate of the rotational axis.

Figure 7 shows two plots of diameters based on the pro-
files from two different fragments. The y-axis is the dif-
ference of the diameters to the overall mean diameter of all
profiles in centimeters and the x-axis corresponds to the cir-
cular arc. The upper line shows the maximum diameter, the
middle shows the mean diameter and the lower line shows
the minimum diameter. The grey box allows the quality of
the results to be visualized by showing the overall mean di-
ameter of all profiles versus the standard deviation of all
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Figure 6: Properly oriented sherd and intersecting planeei.
The greyvalues corresponds to the distances. Lighter means
nearer to the intersecting plane.
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Figure 7: Maximum, mean and minimum diameters

profiles. If the standard deviation exceeds a certain thresh-
old (for example 0.5 cm) the fragment is excluded from fur-
ther reconstruction.

As seen in Figure 7a a correctly estimated rotational axis
results in mean diameter with a small standard deviation
(smaller than 0.5 cm) along the perimeter of the sherd. Also
the minimum and the maximum diameter are constant ex-
cept on the left and right side, where the fracture of the frag-
ment is located. In Figure 7b the mean diameter along the
perimeter has a standard deviation of more than 0.5 cm (in
this case 5 cm). This indicates that the estimate of the rota-
tional axis is not accurate enough for further processing. In
this case we plan to extend the algorithm for axis estimation
by using additional information on the fragment e.g. rills on
the inner surface, detection of rim-fragments.

4 Results
The resulting 3D reconstruction of fragments depends on
the correct orientation of the profile section. The evaluation
of the 3D representation is rather complicated since ground
truth is not available due to the fact that there is no 3rd di-
mension in archaeological archive drawings and the object
does not exist in reality. The description of shape is subject
to the ideas of the archaeologists and is not standardized.

Experiments were done on all 40 fragments of our pot-
tery database. The success rate for correct extraction of the
profile line and consequently the percentage of sherds used
for further reconstruction is around50% of the data found
at the excavation site. This should be compared to manual
archivation done by archaeologists [11]: for coarse ware
around35% [5] and for fine ware around50% [13] of the
findings are used for further classification. It heavily de-
pends on the shape of the fragment (e.g. handle, flat frag-
ments like bottom pieces, small size, etc.). 18 fragments
have been excluded from reconstruction due to incorrect es-
timation of the axis of rotation.

Box Sherd Radius Std. Mean Fragment
Nr. Nr. dev. thickness size

(cm) (cm) (cm) (%)
1 04 10,20 0,05 0,51 11,13
1 08 15,78 0,04 0,39 4,78
1 16 14,56 0,09 1,75 6,36
1 17 16,15 0,15 1,51 8,08
1 18 15,16 0,03 1,75 5,12
1 19 14,54 0,15 0,84 8,25
1 20 12,99 0,08 1,56 7,55
1 22 11,53 0,10 0,75 13,55
1 23 12,33 0,08 0,65 8,72
2 01 9,97 0,09 0,82 11,15
2 02 15,95 0,03 1,13 6,35
2 04 6,66 0,18 1,67 17,03
2 05 9,94 0,08 0,49 8,94
2 06 2,35 0,21 1,03 31,51
2 09 12,3 0,08 0,97 9,06
2 10 18,33 0,06 1,00 5,91
2 11 10,2 0,05 2,24 9,09
2 12 12,34 0,12 0,982 10,04
2 14 16,91 0,17 1,52 12,61
2 15 15,42 0,07 1,21 8,4
2 16 14,36 0,12 1,53 8,47
2 18 10.8 0,06 1,93 9,69

Table 1: Results for 22 fragments

Table 1 summarizes the results for 22 properly orientated
fragments. Box and piece numbers are used for identifica-
tion of the fragment. The radiusr is the estimated mean
radius of the profile line. The standard deviation of the
radius was estimated along the perimeter of the fragment.
The thickness of the fragment is the difference between the
mean radius of the inner side and the outer side. The frag-
ment size is the percentage of the perimeter of the sherd
compared to the perimeter of the whole object.

Experiments with synthetic data have shown that the cor-
rectness of the reconstruction depends on the correct esti-
mation of the axis of rotation (see [14] for a detailed survey)
and on the resolution of the 3D scanner used. The number
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of vertices in the data used ranges between 4000 and 15000,
leading to a profile line with 200 to 300 points. The execu-
tion time using a prototype written in Matlab running on a
Pentium III 1 GHz is less than a minute per sherd. It
depends heavily on the computation of the axis of rotation
(70% to 80% of the execution time).

In order to demonstrate the correctness of the computed
profile lines, Figure 8 shows a recorded sherd (dark object)
and its computed profile section (vertical line). The compu-
tation of the virtual fragment (grey object) is based on the
profile section. One can see that the recorded fragment fits
into the virtual fragment, which indicates that the compu-
tation is correct. Following multiple cross-sections along
the perimeter of the virtual fragment - Figure 9a - one can
see hardly any deviation from the original fragment. Some
deviations are caused by the bumpiness of the surface, as
the surface is not exactly rotationally symmetric since it is
hand-made pottery.

Figure 8: Reconstructed fragment, profile section and
recorded fragment

If the fragment was orientated incorrectly, the recorded
fragment does not fit into the virtual object and multiple
cross-sections along the perimeter of the virtual fragment
show large deviations from the original object (see Fig-
ure 9b).

We now have the profile constructed using methods de-
scribed in Section 3. A computed profile and the axis of
rotation are shown in Figure 10a. It was rotated 360 de-
grees around the axis of rotation in order to construct the
vessel in 3D. Next the resulting 3D point cloud was trian-
gulated [8] and the acquired texture was mapped onto the
triangulated mesh. Figure 10b shows the reconstructed pot.

In Figure 11 the reconstruction of the virtual pot was
based on an incorrectly orientated rotational axis. Since the
fragment is a base fragment (fragment from the bottom of
the pot), which means that it is a flat surface with hardly
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Figure 9: Multiple profile lines: (a) using a correct esti-
mated rotational axis (b) using a incorrect rotational axis

any curvature it is not possible to orientate it by the use of
its axis of rotation. The image is shown to demonstrate the
deviation between the cross-section of an incorrect recon-
struction and the original data (Figure9 b).

Figure 12 displays a reconstructed pot (grey object) out
of a rim- fragment (dark object) based on the profile line
(light line) and its axis of rotation (dashed line).

5 Conclusion and Outlook
We have proposed a reconstruction-method for pottery
based on its profile section. The profile, which is the cross-
section of the fragment in the direction of the rotational axis
of symmetry, represented by a closed curve in 2D, is com-
puted by finding the correct orientation of the fragment.

Comparing the performance of our automated technique
to the manual, archaeological approach, the archival process
of pottery is accelerated and the quality is improved.

The ceramic documentation and reconstruction system
described is currently under further development to be in-
tegrated into the virtual excavation reconstruction project
MURALE. Future work will be directed towards setting up
a pottery database with more then 1000 fragments. Cur-
rently we are working on the classification system based on
the profile in order to classify all profiles and to find match-
ing fragments from similar vessels and from singular ves-
sels finally.
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