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last section includes reviews of books and events such as scientific exhibitions,
conferences, workshops, etc.
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published papers on the basis of their interest and/or the difficulty of
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ESTUDIOS

ROCK ART AND DIGITAL TECHNOLOGIES: THE
APPLICATION OF REFLECTANCE TRANSFOR-
MATION IMAGING (RTI) AND 3D LASER SCAN-
NING TO THE STUDY OF LATE BRONZE AGE
IBERIAN STELAE

Marta Diaz-Guardamino y David Wheatley'

Abstract:

In spite of a long-standing research tradition, the study of Late Bronze Age Iberian stelae has been severely
limited by a very fundamental shortcoming: the inaccuracy of the methods and techniques that have been
employed to record, examine and reproduce these stones and their engravings. This paper will describe the
recent application of two innovative techniques, namely Reflectance Transformation Imaging and 3D laser
scanning, to record various Late Bronze Age stelae found in the South of the Iberian Peninsula. It will then
comment on the preliminary results of this undertaking and their implications for current research on Late
Bronze Age Iberian stelae. Finally, it will assess the potentials and limitations of these techniques for recor-
ding and interpreting Late Bronze Age Iberian stelae in particular, and prehistoric Rock Art in general.

Keywords: Rock Art, Late Bronze Age Stelae, Digital Technologies, Recording Techniques, Polynomial Tex-
ture Mapping, Reflectance Transformation Imaging, 3D Laser Scanning.

ARTE RUPESTRE Y TECNOLOGIAS DIGITALES: LA APLICACIO‘N DE REFLEC-
TANCE TRANSFORMATION IMAGING (RTI) Y ESCANEADO LASER 3D AL
ESTUDIO DE LAS ESTELAS DEL BRONCE FINAL DE LA PENINSULA IBERICA

Resumen:

A pesar de contar con una larga trayectoria, la investigacion dedicada a las estelas decoradas del Bronce
Final en la Peninsula Ibérica ha estado seriamente limitada por un aspecto fundamental: la inexactitud de
los métodos y técnicas que se han empleado para el registro, examen y reproduccion de sus soportes y gra-
bados. Este articulo describe la reciente aplicacion de dos técnicas innovadoras (Reflectance Transformation
Imaging y escaneado laser 3D) para el registro de varias estelas decoradas del Bronce Final documentadas
en el sur de la Peninsula Ibérica. Se ofrecen algunos resultados preliminares y reflexiones en torno a sus
implicaciones para la investigacion actual dedicada a las estelas del Bronce Final. Para acabar, el articulo
valorara el potencial y limitaciones de estas técnicas para el registro e interpretacion de las estelas del
Bronce Final en particular y del Arte Rupestre prehistérico en general.

Palabras clave: Arte rupestre, estelas del Bronce Final, Tecnologias Digitales, técnicas de registro,

Mapeado de Texturas Polinomial, Reflectance Transformation Imaging, Escaneado Laser 3D.

" Archaeological Computing Research Group, Department of Archaeology, University of Southampton.
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1. IBERIAN LATE BRONZE AGE STELAE
AND TRADITIONAL GRAPHIC RECORDING
METHODS

“Late Bronze Age (decorated] stelae” is used in
this article as a conventional term that encapsula-
tes a variable and complex phenomenon’. It refers
to a series of stone stelae that are inscribed with
engravings reproducing varied, more or less con-
ventionalized, iconographies which may bear broad
geographic distributions. These stelae are known
in various regions of the Iberian Peninsula but are
particularly dense in the Guadalquivir Valley (South)
and the South-West of the Central Meseta. Their
chronological attribution has been a matter of some
debate. Various authors have considered their possi-
ble relationship with previous engraving and sculp-
tural traditions (i.e. Almagro-Gorbea, 1993; Bueno
Ramirez et al., 2005a, 2010; Diaz-Guardamino, 2010:
327-46, 2011). Within this perspective, it has been
recently suggested that their ‘emergence’ as diffe-
rentiated iconographic traditions could have taken
place during the late Middle Bronze Age or early
Late Bronze Age (ca. 1425/1250 cal. BCE) and their
manufacture could have lasted in some regions until
the beginning of the Iron Age (ca. 800/750 cal. BCE)
(Diaz-Guardamino, 2010: 346-61, 2012).

Late Bronze Age (hereafter LBA) decorated stelae are
striking visual displays. They have variable sizes but
are generally large sized (between ca. 0.50-1.60 m],
and usually present regularized shapes. Typically, in
one of their surfaces, they present a series of engra-
ved, more or less standardized, motifs of variable
size that are arranged over the surface of the stone
following broadly shared conventions. Their icono-
graphy is centred on the ‘presentation’ of persona-
ges, who are generally represented through static
bodies adorned or surrounded by various ‘things’,
such as elements of dress and adornment, weapons,
and other elements of ‘prestige’. In some occasions
there are stelae with various personages, which are
represented either as static or active beings that may
be part of broader narratives. These were conspi-
cuous monuments, for they were set in the lands-
cape, usually nearby older remains, contemporary
settlements and/or passageways (for a recent review
see: Diaz-Guardamino, 2010).

Research on LBA decorated stelae has a long-las-
ting history. The first stela known to scholars was
published in 1898 by Mario Rosso de Luna (Rosso
de Luna, 1898). Since then, more than one hundred
articles publishing newly discovered stelae and
various books or lengthy book sections dedicated to
the topic have been published (Almagro Basch, 1966;
Pingel, 1974; Almagro-Gorbea, 1977: 159-94; Gomes
and Monteiro, 1977; Barceld, 1989; Galan Domingo,
1993; 2001; Harrison, 2004;
Diaz-Guardamino, 2010). Despite this long-standing
research tradition, there are many aspects of LBA
stelae that remain largely unexplored and/or unk-
nown, such as the contexts in which they were pla-

Celestino Pérez,

ced, their surrounding landscapes or the social con-
texts in which they were produced. To a great extent
this situation is the result of the research interests
that have guided the study of LBA stelae, generally
focused on the formal analysis of their iconography.
Until now little attention has been placed on innova-
tive questions, such as their landscape dimension or
the technological aspects involved in their manufac-
ture, for instance. This situation has also resulted
in the application of very traditional methodological
standards, which, apart from a few exceptions, are
still preponderant.

Already since the late 1990s and early 2000s, other
comparable research themes in the Iberian Penin-
sula, such as Palaeolithic, Levantine or Megalithic
Rock Art, have benefited from innovative research
questions that have promoted the application of
modern techniques such as Geographic Information
Systems (i.e. Fairén-Jiménez, 2002; Cruz Berrocal,
2004), Photogrammetry (i.e. Buchén Moragues et al.,
2002), Digital Image Enhancement techniques [i.e.
Domingo and Lépez Montalvo, 2002; Bueno Ramirez
and Balbin Behrmann, 2006), Digital Image Analysis
(i.e. Montero Ruiz et al., 1998; Rogerio Candelera,
2007) or direct C14 dating of paintings (i.e. Carrera
Ramirez and Fabregas Valcarce, 2002). Occasiona-
lly, research on Early and Middle Bronze Age stelae
and statue-menhirs has also included the applica-
tion of advanced technologies such as Digital Image
Enhancement techniques (Teira Mayolini and Onta-
nén Peredo, 2000; Bueno Ramirez et al., 2005b) and
Geographic Information Systems (Fabrega-Alvarez
etal, 2011).

1 This term includes the stelae that are typically known as "Warrior stelae”, “South-western stelae” or “Extremaduran stelae”, as well as
the so-called “Diademated stelae” or “Stelae with headdress” attributed to the Late Bronze Age.
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Research on LBA stelae profited from the applica-
tion of quantitative analysis methods for the exami-
nation of their iconographic variability in two works
during the late 1980s and early 1990s (Barceld, 1989;
Galdn Domingo, 1993]). Yet, since then and until
very recently, neither quantitative nor other ‘new’
methods have been applied for the recording and/or
analysis of LBA stelae. Recently, some works have
employed Geographic Information Systems to map
and assess their spatial setting at different scales
(Garcia Sanjuan et al., 2006; Diaz-Guardamino, 2010;
Celestino Pérez et al., 2011) or to analyse their spa-
tial relationship with passage ways in a particular
region (Celestino Pérez et al., 2011: 142-4; Rodriguez
Zamora, 2013).

Regarding the graphic recording of LBA stelae, there
has been a total absence of innovation. The docu-
mentation of LBA stelae has been generally focused
on the two-dimensional recording of engraved motifs
through traditional recording methods. This has been
particularly detrimental, for the quality of the primary
data is in some cases rather low, not even capable of
contributing to traditional research questions, which
are typically concentrated on the identification and
interpretation of motifs. In some occasions resear-
chers have been faced with two rather different inter-
pretations of the engraved motifs found on the same
stela. Attempts to answer more innovative questions
such as the techniques employed in their manufacture
(i.e. Diaz-Guardamino, 2010; Enriquez Navascués and
Fernandez Algaba, 2010) or the different interventions
involved in their present configuration (i.e. Harrison,
2004; Diaz-Guardamino, 2010) have been restricted by
the limitations of the recording techniques used or/
and the lack of detail with which many of the published
reproductions have been undertaken.

Interestingly, most works that have included the
publication of new recordings, of either newly docu-
mented or already known stelae, do not comment
upon the techniques employed for their documen-
tation (i.e. Celestino Pérez, 2001; Dominguez de
la Concha et al., 2005). This lack of explicitness
has also been unfavourable, for it has prevented
researchers to be able to assess the quality of the
reproductions that have been published. By consi-
dering the time in which particular stelae have been
studied or the resulting interpretative drawings,
it is possible to infer that most of them are either
scale drawings, tracings made from photographs or

directly drawn from the stela with the use of poly-
vinyl plastic sheets and permanent markers, all pro-
bably aided by the visualization of the stela’s surface
with oblique light. Nowadays, tracing from digital
photographs or direct tracing are usually supported
by vector graphics software (such as Adobe /llustra-
tor or Corel Draw). Direct tracing is commonly used
for the graphic recording and reproduction of engra-
ved rock art in Spain (i.e. Dominguez Garcia and
Aldecoa Quintana, 2007: 18-9; Seoane Veiga, 2009).
In the case of LBA stelae, direct tracing seems to be
the preferred method among Portuguese scholars,
who tend to note the techniques they have emplo-
yed more frequently (i.e. Alves and Reis, 2011: 191;
Vilaca et al., 2011: 299).

Traditional recording techniques such as scale
drawing, direct tracing or tracing from conventio-
nal photographs, all pose relevant limitations. The
very process of retrieval and assemblage of pri-
mary information (measurements, tracing, photo-
graphing) involved in the elaboration of the resul-
ting reproductions is selective and interpretative.
At this stage recorders have to make several deci-
sions and, depending on the method employed and
on the quantity and quality of the data recorded,
namely its richness, the resulting reproduction
will have more or less empirical resonance. These
recording methods do not provide a lot of accuracy,
neither enough information to help constrain inter-
pretations. Additionally, the recording process may
be conditioned by environmental circumstances,
especially in terms of light and weather, which may
influence to a high degree the quality and quantity
of the recorded data. This kind of graphic recor-
ding techniques and the renderings they produce
are two-dimensional by definition. They have inhe-
rent problems to capture and reproduce the very
essence of these monuments and the engravings
they bear, that is, their three-dimensionality. As a
consequence, the resulting reproductions are depri-
ved from relevant information, such as the volume
of these monuments or the micro-topography of
their surfaces. These aspects would potentially pro-
vide us with clues about the technologies involved
in their production, their subsequent re-use or the
effects of weathering on them through time. Finally,
we should consider that LBA stelae could have been
painted and, until very recently, no technique has
been applied to detect possible preserved pigments
on their surfaces (but see below).
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It is true that, as David Whitley reminds us about the
graphic documentation of rock art that “There is sim-
ply no way that every empirical fact can be recorded
about a site.” (Whitley, 2011: 48). As he mentions,
there are various general views regarding which
aspects are essential to be documented. These gene-
ral views, and the standard approaches derived from
them, are dependent upon broad shared research
interests and theoretical orientations. Additiona-
lly, the funding available for rock art research also
conditions the kind of recording approaches that are
considered standard, for many of the innovative tech-
nologies enabling richer data recording have been,
and at times still are, too expensive to be contem-
plated as part of the basic methodological approach
of most rock art research projects. In conclusion,
consensus about standard approaches to recording
may vary with time, depending not only on prevailing
theoretical orientations and research interests, but
also on the availability of certain technologies. As it
will be put forward in this paper, new technologies
that demonstrate an innovative potential at providing
rich and high quality documentation at low cost, such
as Reflectance Transformation Imaging, have the
potential of triggering the reformulation of Rock Art
research interests and the standard approaches to
document Rock Art.

During the last decade, interpretative and phenome-
nological approaches have raised awareness of the
importance of documenting and analysing dimensions
of Rock Art that had been previously overlooked (i.e.
Wilson and David, 2002; Jones, 2006; Jones et al,
2011). As a result, current standard approaches for the
graphic recording of Rock Art tend to include, when
possible, a broader variety of aspects. In the case of
the Rock Art panel itself, this includes various interre-
lated aspects, such as the identification (delineation) of
motifs and the techniques employed for their elabora-
tion, the position of motifs on the stone and the spatial
relation between each other, including their superim-
position, the micro-topography of the stone, the even-
tual techniques employed in its shaping, its texture and
colour, or the geometry of the stone and of the engra-
ved and/or painted motifs (i.e. Bueno Ramirez et al.,
2008; Fahlander, 2012; Domingo et al., 2013).

Ideally, the documentation of Rock Art, including LBA
stelae, should provide a dense and high quality matrix
of primary data, capable of enabling other resear-
chers to assess the degree of subjectivity drawn into

the interpretative syntheses of the recorders, that is,
the renderings that are published as ‘final’ repro-
ductions. As noted before, we should consider that
rock art recording itself is already an interpretative
process. Nonetheless, if we compare the process of
recording and the process of elaboration of a repro-
duction to be published, it becomes apparent that the
latter synthesises more information, involves more
selection regarding the aspects that are held relevant
to be reproduced, and therefore, is more subjective
than the primary data recorded during fieldwork (i.e.
photographs aided by oblique light). In this context
it is important to note that the richer and the more
accurate the recorded primary data are, the more
constrained will be the scope of possible interpreta-
tions involved in the elaboration of reproductions for
publication. Richer primary data will also facilitate
the assessment of the robustness of those reproduc-
tions by the rest of the community of researchers.

Nowadays there are various techniques capable of
producing very rich and accurate documentation,
both for painted and engraved Rock Art. Photogram-
metry and 3D laser scanning have already been
applied to Rock Art for some time (i.e. Delluc and
Delluc, 1984; Buchon Moragues et al., 2002; Muzquiz
Pérez-Seoane and Saura Ramos, 2003; Diaz-Andreu
et al., 2006; Chandler et al., 2007; Mafiana-Borrazas
et al., 2009). They are capable of producing three-di-
mensional models, which, in the case of 3D laser
scanning, have sub-millimetric accuracy. This level
of accuracy is especially relevant for documenting
rock engravings, for in many occasions carved motifs
have millimetric depths and may only be recorded
through 3D laser scanning. The software needed
for photogrammetry is becoming more affordable
with time but laser scanners and their renting are
still very expensive. In both cases data processing
requires specialized knowledge and is very time
consuming. Other innovative technologies are Digi-
tal Image Analysis (hereafter DIA) and Reflectance
Transformation Imaging. DIA includes the applica-
tion of remote sensing techniques for the enhance-
ment, among others, of possible existing pigments
(Rogerio-Candelera et al., 2011; Rogerio Candelera,
2011). Currently it is being applied by Miguel Angel
Rogerio Candelera for the analysis of two of the ste-
lae that we are addressing in this paper (Mirasiviene
and Montoro). Reflectance Transformation Imaging,
on the other hand, is a technique developed by HP
Labs that is capable of enhancing surface details,

MENGA. REVISTA DE PREHISTORIA DE ANDALUCIA // N° 04. 2013. PP. 187-203. ISSN 2172-6175 // ESTUDIOS



ROCK ART AND DIGITAL TECHNOLOGIES: THE APPLICATION OF REFLECTANCE TRANSFORMATION IMAGING (RTI) AND 3D LASER SCANNING TO THE STUDY OF LATE BRONZE AGE IBERIAN STELAE

enabling their interactive real-time visualization
and documentation (Malzbender et al., 2000, 2001).
Its implementation and further development for the
documentation and communication of cultural heri-
tage has been undertaken by “Cultural Heritage
Imaging” (CHI) in collaboration with HP Labs (Mudge
et al., 2006). Its introduction in Europe has come
through the hand of researchers of the Archaeologi-
cal Computing Research Group (ACRG]) and the Web
and Internet Science group (WAIS), at the Univer-
sity of Southampton, in collaboration with HP Labs
through various projects? (Earl et al,, 2010a, b). The
application of RTI to Rock Art is still incipient but the
initial case studies, which, apart from the examples
here described, include cases from Portugal and
South East France (Mudge et al., 2006)%, Sudan* (Klei-
nitz and Pagi, 2012), Libya or the British Isles (Earl
et al., 2010a, b, have provided outstanding results
(Mudge et al., 2006, 2012).

In this paper we will present the recent application of
3D laser scanning and Highlight Based Reflectance
Transformation Imaging for the documentation, visua-
lization, interpretation and representation of various
LBA stelae found in the South of Spain (Tab. 1.). It will
briefly describe the techniques, their application to
these particular case studies, the preliminary results
and an assessment of their potential and limitations,
not only for LBA stelae but also for Rock Art in general.

DIMENSIONS OF
THE DECORATED

STELA NAME FACE

HEIGHT
(CM)

2. REFLECTANCE TRANSFORMATION IMA-
GING (RTI) AND 3D LASER SCANNING:
BRIEF DESCRIPTION

Reflectance Transformation Imaging (hereafter RTI)
is a technique that uses the transformation of the
reflectance properties of any surface through con-
trast enhancement to improve the perception of its
micro-topography by using Polynomial Texture Maps
(Malzbender et al., 2000, 2001)°. Polynomial Texture
Maps are image-based representations of functions
of two independent parameters (lu and lv), contai-
ned in every pixel, specifying how the red, green and
blue bands (RGB) vary according to the direction of
a light source. Polynomial Texture Maps are produ-
ced by taking multiple photographs of a fixed object
from a fixed camera with varying lighting directions®.
The combination of Polynomial Texture Mapping and
RTI provides real-time rendering, interactive visua-
lization of changing lighting conditions and perfor-
mance of enhancements of the captured reflectance
functions, revealing the most subtle details of a sur-
face. In comparison to photometric stereo, another
image transformation method aimed at enhancing
the three-dimensionality of surfaces, RTI does not
involve 3D geometry, making it more affordable in
terms of economic costs and processing time (Mudge
et al., 2006).

RECORDING ME-
THOD

PREVIOUS STUDIES AND PUBLICATIONS

ALMADEN DE LA PLATA 2 76 53 * - Garcia Sanjuan et al. 2006
MIRASIVIENE 181 24 * * -
MONTORO 150 85 * * Rosas, 2005
Bonsor and Thouvenot, 1928; Almagro Basch
* _ ’ ’ ,
SETEFILLA 170 45 1974; Celestino, 2001

Table 1. List of the decorated stelae that we have recorded through the application of 3D Laser Scanning and/or Reflectance Transformation

Imaging.

2 AHRC funded RTISAD project (http://acrg.soton.ac.uk/projects/rtisad/#about), which has been given continuation through further AHRC

funding (http://acrg.soton.ac.uk/projects/ahrc-rti-project/).

3 See also: http://culturalheritageimaging.org/What_We_Do/Fields/rock_art/index.html

4 Project “Musawwarat Graffiti Archive. Exploring Pictures in Place”, http://musawwaratgraffiti. mpiwg-berlin.mpg.de/

5 See also: http://www.hpl.hp.com/research/ptm/se.html and http://www.hpl.hp.com/research/ptm/ri.html

6 See also: http://www.hpl.hp.com/research/ptm/

MENGA. REVISTA DE PREHISTORIA DE ANDALUCIA // N° 04. PP. 187-203. ISSN 2172-6175 // ESTUDIOS

191



192

MARTA DIAZ-GUARDAMINO Y DAVID WHEATLEY

The adoption of RTI for the documentation and visua-
lization of cultural heritage has experienced a degree
of delay due to restrictions of existing PTM capture
methods until very recently. In order to perform RTI
it is necessary to know the position of the light. The
initial approach to retrieve this information inclu-
ded the use of a physical structure, typically with
the shape of a ‘dome’, with fixed light sources of
known location. While effective, this method imposed
various limitations for its application to large surfa-
ces and its implementation in fieldwork. As an alter-
native, CHI and Tom Malzbender, from HP Labs, have
developed a new method for capturing PTMs called
Highlight Based RTI (Mudge et al., 2006; see also Earl
et al., 2010b). In this case, instead of using a physi-
cal structure with fixed light sources, this method
resorts on a glossy sphere (i.e. a blackball] that is
positioned within the field of view of the camera. The
direction of the light will be then estimated from its
highlight location on the sphere assuming a distant
camera. This method increases the flexibility of RTI
and lowers its costs considerably, as the equipment
needed to capture PTMs is reduced to the following:
an SLR camera, a light source (it can be a flash or
a continuous light, i.e. a conventional torch], remote
triggers for camera and flash, a blackball, a measu-
ring tape, string and tripod/s’.

After the images have been captured, ideally saved
both in RAW and JPEG formats, a graphics edi-
ting software (i.e. Adobe Photoshop) is employed to
prepare the images for RTI building, including the

correction of white balance. Once this stage is fulfi-
lled, there are two alternative RTI/PTM Builders offe-
red for free by CHI and HP Labs respectively®. RTI/
PTM processing is reasonably straightforward and
fast. Once complete, we will be able to view interacti-
vely and scrutinize the resulting PTM file through any
of the viewers provided for free by CHI or HP Labs’.
These viewers offer the possibility of employing
various methods to transform the reflectance pro-
perties of the surface and maximize its perception,
revealing, in this manner, subtle details that may not
be visible to the naked eye. Two of the transforma-
tion methods that afford more potential for the exa-
mination of Rock Art engravings are Diffuse Gain and
Specular Enhancement (Malzbender et al., 2000).
Both are based on the estimation and use of each
per-pixel surface normals. Diffuse gain increases the
reflectance properties of the surface by maintaining
the estimated normals fixed and increasing the cur-
vature of the reflectance function of each pixel. Spe-
cular enhancement estimates the lighting direction
that maximizes pixel brightness and then uses these
normals to relight the surface by adding synthetic
specular highlights (Plate 1).

3D laser scanning is a non-contact active technology
aimed at capturing data of the shape of real-world
objects for the creation of three dimensional models
of them. 3D laser scanners capture three-dimensio-
nal data through the emission of a laser beam. There
are various methods to calculate the location of a point
surface targeted by a laser beam. Most commonly

e i

Plate 1. Detail of the stela of Montoro (Cérdoba, Spain): (A) Default image, without mathematical enhancement; (B) Image with Diffuse Gain
enhancement; (C) Image with Specular enhancement. All images have identical light directions and intensities.

7 For more information on how to capture PTMs with this method:

http://culturalheritageimaging.org/What_We_Offer/Downloads/Capture/index.html

8 http://culturalheritageimaging.org/What_We_Offer/Downloads/Process/index.html
http://www.hpl.hp.com/research/ptm/HighlightBasedPtms/PTMBuilderSoftwareLicense.htm

9 http://culturalheritageimaging.org/What_We_Offer/Downloads/View/index.html

http://www.hpl.hp.com/research/ptm/downloads/agreement.html
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used for Rock Art and small objects in Cultural Heri-
tage are triangulation based scanners. In this case,
after the laser beam has reached the surface point
that is being targeted, it is reflected and acquired by
an integrated CCD camera. The scanner calculates
the coordinates of the measured point by triangula-
tion, using the readings of distance and angle provi-
ded by the path covered by the laser beam through its
emission and reflection between the laser emitter, the
point hit on the object surface and the sensor of the
CCD camera. In this manner, each scan produces a
series of point clouds that are used to create three-di-
mensional polygon models (also called unstructured
meshes), which are then managed and processed
through specific software (i.e. MeshLab).

There are varied software systems for processing and
editing unstructured 3D triangular meshes. Particu-
larly relevant for Cultural Heritage in general and for
Archaeology in particular is MeshLab, an open-source
software created at the University of Pisa (2005], and
maintained by the Institute of Information Science and
Technologies of the Italian National Research Coun-
cil (CNR) with the support of the 30-CoForm project®.
MeshLab provides tools for editing, cleaning and mer-
ging the individual scans, remeshing, rendering and
converting 3D models. Mesh models are very large
datasets. Their processing can take a lot of time and
requires powerful computers.

One of the most remarkable advantages of 3D laser
scanning is that it offers a very accurate 3D geo-
metry. The most common triangulation based laser
scanners provide sub-millimetric accuracy, an ope-
rating range between 0.1 m and 25 m, fast measu-
ring speed and capture. However, one of the most
obvious drawbacks of 3D laser scanning is its high
cost in terms of equipment (laser scanner, powerful
PCs] and also in terms of time investment given that,
while the process of scanning itself may be fast, the
post-processing is usually time-consuming.

10 http://meshlab.sourceforge.net/

3. THE APPLICATION OF RTI AND 3D
LASER SCANNING TO THE STUDY OF LATE
BRONZE AGE STELAE

3.1. BACKGROUND

We have applied RTl and 3D Laser Scanning within the
framework of two fieldwork projects aimed at provi-
ding enhanced contextual data and visual recording
of two decorated stelae found some years ago in the
Cortijo of Mirasiviene (Lora del Rio, Sevilla, Spain)
and the Cortijo of Torre de Villaverde (Montoro, Cér-
doba, Spain)'. These aims are derived from research
questions that we are exploring within broader lines of
enquiry. These include aspects such as the technolo-
gical and social dimensions of LBA stelae production,
the roles played by these monuments and the places
where they were set in prehistoric societies, and their
life-histories. In this context, the recording of the ste-
lae of Mirasiviene and Montoro was a good occasion for
testing the potential of new technologies to overcome
the limitations of traditional recording techniques and
to provide us with richer primary data to explore the
production and biographies of these monuments.

The experience accumulated by the ACRG in the appli-
cation of 3D laser scanning and RTI to a variety of cul-
tural heritage media and the results derived from it
(see above), led us to consider the application of both
methods in combination to test its applicability and
potential for the study of LBA stelae. Two of the main
reasons for combining them were, on the one hand,
the sub-millimetric accuracy of 3D laser scanning,
which until now has not been paralleled by any other
technique, and, on the other, the potential of RTI to
enhance the visualization and interpretation of subtle
details (i.e. engraved motifs) of the surface of stelae.

The stelae of Mirasiviene and Montoro were discove-
red by locals some years ago and are currently under
study within the already mentioned projects. We under-

11 These fieldwork projects are being codirected by the authors, jointly with Dr. Leonardo Garcia Sanjuan (University of Sevilla, Spain), in collabo-
ration with José Antonio Lozano Rodriguez, researcher of the “Instituto Andaluz de Ciencias de la Tierra” (CSIC-Universidad de Granada, Spain)
and Miguel Angel Rogerio Candelera, researcher of the “Instituto de Recursos Naturales y Agrobiologia de Sevilla” (CSIC, Spain). The projects
are titled “La estela ‘de guerrero’ de Mirasiviene y su contexto arqueoldgico (Lora del Rio, Sevilla): Documentacién gréfica, caracterizacion
petroldgicay prospeccién de superficie” and “La estela prehistérica de Montoro y su contexto arqueoldgico (Montoro, Cérdoba): Documentacién
gréfica, caracterizacion petrolégica y prospeccion de superficie”.

12 A preliminary study of the stela of Montoro was published some years ago by Esperanza Rosas (ROSAS ALCANTARA, E. (2004): “En torno

a la estela decorada hallada en Montoro”, Boletin de la Asociacidn Provincial de Museos Locales de Cérdoba, 5, pp. 1 24-34.), but it still lack a
comprehensive examination of its engravings and the site where it was found.
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took their recording during our fieldwork season in
September 2012. They were located, respectively, in
the buildings of the Cortijo of Mirasiviene and in the
Archaeological Museum of Montoro (Museo Arqueo-
légico Municipal de Montoro). The capture of PTMs
and the 3D laser scanning work best when under-
taken under controlled light conditions. In the case
of Montoro this was not a problem, for the stela is
part of the permanent exhibition of the Archaeologi-
cal Museum of Montoro. In the case of Mirasiviene,
on the other hand, the stela was initially located out-
doors and we decided to displace it to an indoor room
of the cortijo to avoid eventual problems with the
interference of natural light.

After processing the PTMs of the stelae of Mirasiviene
and Montoro it became clear that RTI offered a great
potential to examine and interpret the engravings of
LBA stelae. RTI provided such a detailed reading of
their surfaces that, if applied to other cases, it could
potentially clarify unclear or debated aspects of alre-
ady known stelae, and provide data about previously
unexplored aspects, such as the engraving techniques
employed in their manufacture or their life-histories.
With these aims in mind, we decided to apply Highli-
ght Based RTI to the stelae of Setefilla and Almadén
de la Plata 2, which are part of the permanent exhibi-
tion of the Archaeological Museum of Sevilla (Museo
Arqueoldgico Provincial de Sevilla).

The stela of Setefilla (Lora del Rio, Sevilla, Spain) was
initially detected by George Edward Bonsor and Ray-
mond Thouvenot during their archaeological excava-
tions in the necropolis of the eponymous site (Bonsor
and Thouvenot, 1928: 35-7), which is located only
3 km towards the West of the site where the stela of
Mirasiviene was found. Bonsor and Thouvenot briefly
inform about its discovery and location, and provide
a preliminary interpretation of its decoration (Bon-
sor and Thouvenot, 1928: Fig. 25). Some years later,
Martin Almagro Basch undertakes a more detailed
study and reproduction of the stela that only differs
in some details from the sketch published by Bon-
sor and Thouvenot (Almagro Basch, 1974: 11-5 and
fig. 5). Finally, in 2001 Sebastian Celestino publishes
a new interpretation of the stela, based on a new
recording, which differs from the previously publi-
shed reproductions in some substantial aspects
(Celestino Pérez, 2001: 417-8). Apart from exploring
the engravings of this stela in order to clarify their
interpretation, it was relevant for us to examine the

engraving techniques involved in their manufacture,
for the proximity of this stela to Mirasiviene and the
similarity of their iconographic structures could be
relevant when considering their social context of
production (Plate 2).

The stela of Almadén de la Plata 2 (Sevilla, Spain)
was discovered in the mid-2000s during the explo-
ration of the find-spot of another LBA stela (Alma-
dén de la Plata 1) (Garcia Sanjuan et al., 2006). Its
graphic study was carried out through a series of
high-quality studio photographs which already
showed many of the relevant details that were not
visible to the naked eye (see the image included in
the half-title page for one example]). Still, there were
areas of its surface whose interpretation remained
unclear and, therefore, were not drawn in the final
interpretative reproduction. The application of RTI
would, eventually, aid us in the clarification of its
interpretation (Plates 3 and 4).

3.2. IMPLEMENTATION

3.2.1. Highlight Based Reflectance Transformation
Imaging (RTI)

We have applied Highlight Based RTI to four deco-
rated stelae, namely the stelae of Mirasiviene, Mon-
toro, Setefilla and Almadén de la Plata 2 (Table 1,
Plates 1-4, 6-7). Given that this was the first time
that this technique has been applied to decorated
stelae, we have undertaken more than one RTI for
each stela. Each finished RTI file entails a capture
session of around 20-30 minutes long in which, in
our case, between 90-150 images were taken. These
are more captures than the regular number of pho-
tographs taken to build an RTI, but we decided to
increase their number, with light from more direc-
tions, as suggested in MacDonald (2011: 162), to
compensate the space restrictions we had to face.
The recommended practice for performing the cap-
ture of PTMs is to have a regular distance between
the photographed subject, on the one hand, and the
camera and flash on the other. The distance of the
latter (camera and light source) should be between
3 and 4 times the maximal length of the surface that
is being captured. In this manner it is guaranteed
that the reflection qualities of the entire surface are
recorded under equal conditions. In our cases we
had to conduct the capture sessions in rooms that
either restricted the possibility of photographing the
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Setefilla
(Lora del Rio, Sevilla)

Plate 2. Stela of Setefilla (Lora del Rio, Sevilla, Spain): (A] Preliminary reproduction
published by G. E. Bonsor and P. Thouvenot in 1928; (B) Reproduction published
by M. Almagro Basch in 1974; (C) Reproduction published by S. Celestino in 2001;
(D) Detail of the engravings of the upper part of the stela with applied Diffuse Gain
enhancement.

Plate 3. Image of the stela of Almadén de la Plata 2 (Almadén de la Plata, Sevilla,
Spain) with Diffuse Gain enhancement.

Plate 4. Detail of the stela of Almadén de la Plata 2 (Almadén de la Plata, Sevilla):
(A) Default image, without mathematical enhancement; (B) Image with Diffuse Gain
enhancement; (C) Image with Specular enhancement. All images have identical li-
ght directions and intensities.
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stela from some angles or limited the maximal dis-
tance of the camera and the flash from the subject.
We have undertaken some partial RTls, but most of
the RTIs are intended to capture the whole stela.
The results in the cases of Montoro, Mirasiviene and
Almadén are very good, for it was possible to capture
the information required from most of their surfa-
ces. In the case of Setefilla there were spatial res-
trictions in various angles (areas around 0°/360° and
180°) and, as a result, the RTlIs are not so informative
regarding some parts of its surface, especially the
upper part of the stela.

To undertake the capture of PTMs we have used the
following equipment:

e Camera: Canon EOS 5D with sensor resolution
3744 x 5616 (21.1 megapixels) and EF 24-70mm
f/2.8L USM zoom lens (Mirasiviene and Montoro)
and Nikon D300 with sensor resolution 2848 x 4288
(12.3 megapixels) and Nikon 18-70 mm f/3.5-4.5
lens (Almadén de la Plata 2 and Setefilla).

e Tripod.

e Light source: Flash connected to the camera
through radio remote triggers.

e Blackball.

e Measuring tape and/or string.

Given the weight of the image capture files, which
ranged between 25 MB and 5 MB, for raw and jpeg
files respectively, we could process the PTMs in our
fieldwork laptop, which has a 2.66GHz processor,
4GB of RAM and a 250GB hard drive. As it can be
seen in Table 2, the sum of the images required to
build one PTM may weigh up to 2.2 GB (.jpg & .cr2],
as in the case of Mirasiviene, while its finished PTM
weights 0.09 GB™.

3.2.2. 3D Laser Scanning

We have laser scanned the stelae of Mirasiviene and
Montoro (Table 1). To undertake this task we have
used a Konica Minolta VIVID 910 3D, a triangulation
based laser scanner. This scanner may be accurate
to X=+0.22mm, Y=+0.16mm and Z=+0.10mm to the Z
reference plane when using the “tele” light-recei-
ving lens (focal distance f=25mm] in “fine” mode.
We wanted to test the level of accuracy provided by
laser scanners to record subtle details of stelae sur-
faces, such as traces left by the preparation of the
surface of the stone and its engraving or very slight
engravings, for instance. Therefore, in both cases
we undertook a complete middle resolution scan of
them (using the “middle” light-receiving lens, with
focal distance f=14 mm), which, in the case of Mira-
siviene, came up to a total of 94 scans of an average
of 200.000 vertices, and a high resolution scan of the
engraved face, which in the case of Mirasiviene entai-
led 57 more scans with an average of 300.000 verti-
ces each (Table 2 and Plate 5).

The processing of laser scanning products is very
time-consuming and requires adequate hardware.
The initial processing entails importing the raw data
from the laser scanner as point clouds (.cdm] and
their conversion into unstructured meshes (.obj) that
are edited and cleaned. The next step includes the
alignment or merging of the individual scans in order
to obtain a complete mesh that is them remeshed into
more simplified meshes that complete the 3D model.
As indicated above, this task can be undertaken with
MeshLab, an open-source, comprehensive and user
friendly software. Table 2 specifies the summed size
of every scan taken to build a middle resolution 3D
model of the stela of Mirasiviene, whose final size

STELA OF NUMBER OF RESOLUTION SIZE OF CAPTURE FILES RESULTING FILE
MIRASIVIENE CAPTURES TOTAL SUM TOTAL SIZE
RTI . .

(1 PTM) 90 21 Megapixels 2.2 GB (,jpg & .cr2) 0.09 GB

3D LS 9% Medium Lens 2.9 6B [.cdm & .obj) 1.8-26B
Fine mode

3D LS 57439 Tele + Medium Lenses 4.4 GB [.cdm & .obj) 2.8-3GB
Fine mode

Table 2. Table that summarizes information about the files (i.e. number, size) involved in the operations of image and scan capture and PTM

and scan processing.

13 The resulting RTI files will be incorporated into an RTI digital infrastructure funded by JISC and the AHRC (see note 2).
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Plate 5. Stela of Mirasiviene (Lora del Rio, Sevilla): (A) Partial view of the 3D high resolution model of the stela (Poisson mesh]; (B) Sample

area corresponding to the square indicated in (A) that displays the point cloud in which the Poisson mesh is based.

before simplification reaches 2GB. When merging
the high resolution scans from the front face of the
stela with the middle resolution scans form the other
three faces, the total sum surpasses 4GB, while the
resulting 3D model, before simplification into a Pois-
son mesh, for instance, weights almost 3GB.

3.3. PRELIMINARY RESULTS

RTI has provided us with outstanding results that
will be soon detailed in forthcoming publications.
Nonetheless, we can already mention some prelimi-
nary results that give us an idea of the potential of
this technology for the study of decorated stelae and,
more generally, for the recording and interpretation
of engraved rock art.

By using PTM, RTI affords robust primary data that
are empirically based on the reflectance properties
of object surfaces. This establishes a neat difference
between RTI products and the use of photographs
with conventional texture maps that are applied con-
trast enhancement filters provided by common gra-
phics editing programs (i.e. Adobe Photoshop). Fur-
thermore, RTIl enables the interactive visualization of
surface details and the application of various trans-
formations or ‘rendering modes’ that provide enhan-
ced visualizations of the micro-topography of engra-
ved rocks. By producing this versatile and rich matrix
of information, RTI greatly facilitates our interpreta-
tion of the cues offered by the rock’s surface, for its

current relief may be the product of natural proces-
ses, in which weathering should be considered, and/
or the result of various human interventions, inten-
tional or unintentional, that may have been involved
in the shaping of its present form.

The application of RTI to our case studies has provi-
ded us with relevant information on two main ques-
tions. On the one hand, it has aided us in the clarifi-
cation of aspects that remained unclear or debated
in the stelae of Setefilla and Almadén de la Plata 2.
On the other hand, it has produced relevant infor-
mation about the technological dimension of stelae
production. In the case of Setefilla (Plate 2) the appli-
cation of enhancement filters has rendered images
that facilitate the interpretation of, among others,
the anthropomorphic figure represented in its upper
part and the elements associated to it. As it has been
previously noted, the stela of Setefilla has been stu-
died in detail at least twice, and the interpretations of
its engraved motifs have diverged greatly (Almagro
Basch, 1974; Celestino Pérez, 2001). The RTI image
that we include here only provides a small fraction
of the information delivered by its RTI file. Still, it
offers some valuable visual cues that demonstrate
the potential of RTI to assess previous renderings
and advance the interpretation of these engravings.
Among others, this particular RTI capture of Setefi-
lla suggests that the reproduction of Almagro Basch
(Plate 2: B) seems to be the most faithful. It also
indicates the existence of two aspects that had gone
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previously unnoticed and which seem to be confir-
med through the further visualization of its RTI file.
On the one hand, there is a connection between the
engraved line that delineates the interior of what has
been interpreted as a ‘helmet’ and the horizontal line
that crosses the neck of the anthropomorphic figure,
completing the depiction of a triangular figure, pos-
sible ‘helmet’, that encloses the head. On the other
hand, there is a small round cupule under the right
arm of the human figure, a motif that acquires rele-
vance when considered in relation to comparable
cupules documented in other stelae of the Guadal-
quivir valley such as Ecija 1, Ategua and Mirasiviene
(Plate 6, Almagro Basch, 1974; Diaz-Guardamino,
2010: Figure 200).

Regarding Almadén de la Plata 2 (Garcia Sanjuan
et al., 2006), one of the areas whose interpretation
remained unclear in its initial study is located in the
centre, underneath the arms of both anthropomor-
phic figures. RTI provides a clearer and more detai-
led graphic rendering than previous regular pho-
tographs (Plates 3 and 4). Additionally, it seems to
become clear that the existing ‘cupmark’ on the right
arm of the ‘warrior’ could be the result of intentional
engraving, possibly the representation of a bracelet
bearing resemblance to the one figured on the stela
of Ategua (Almagro Basch, 1974). Qverall, if we com-
pare the result provided by existing high-quality stu-
dio photographs (see half-title page) with the results
offered by RTI as seen in Plates 3 and 4, the added
information provided by RTI becomes noticeable.

RTI has also provided us with relevant information
about the practices involved in the production of
decorated stelae. In the case of Mirasiviene, for ins-
tance, different rendering modes with equal (Plate 6)
or variable light directions (Plate 7) afford detailed
reproductions of the micro-topography that enable
the identification of differentiated traces that, most
probably, were the product of varied engraving tech-
niques. This level of detail can also be grasped in
the stela of Montoro (Plate 1). The RTI files of Alma-
dén and Setefilla deliver less detail but still enough
information to offer a general characterization of the
engraving techniques employed in their manufacture.
As Plates 2 and 4 show, the motifs of Setefilla are
composed of wide lines made through shallow pec-
king, while the engravings of Almadén de la Plata 2
seem to have been made with a combination of pec-
king, incision and abrading. The information provided

by the multiple renderings produced through the RTI
viewer can be used to create interpretative reproduc-
tions (line drawings) through their use as layers within
vector graphics software (i.e. Corel Draw) (Figure 1).
This process is time consuming and entails a degree
of subjectivity, aspects that may be overcome in the
near future by a new open source tool that is currently
being developed by CHI named CARE, which will ena-
ble the production of scientific illustrations through
algorithmic rendering (Mudge et al., 2012).

RTI produces very rich information about very
subtle details of the surface, added to texture and
colour, but it does not provide us with 3D geome-
try. Here is where 3D laser scanning is incom-
parable, especially when our recording needs to
reach sub-millimetric accuracy. We have applied
both, high and middle resolution 3D laser scan-
ning, to test the capabilities of this technology in
the recording of LBA stelae. If we compare the
resulting 3D models of the stela of Mirasiviene, it
becomes clear that we need higher resolutions to
be able to record rock engravings properly (Plate
8). High resolution scanning (Plate 8: (A)) produ-
ces very accurate models that fulfil very well our
needs for the recording of 3D geometry accurately.
Furthermore, 3D models can be manipulated in
many different ways for different purposes beyond
providing accurate renderings. They enable taking
measurements and drawing sections, which may
be necessary to assess the engraving techniques
employed in the manufacture of stelae. Neverthe-
less, one of the main drawbacks of 3D models is
that the textures and colours they may be given are
not as versatile and empirically robust in terms of
the reflectance properties of the surface as the
renderings offered by RTI. This is one of the rea-
sons why, at times, the interpretation of engraved
rock art through 3D models is severely limited.

4. RTIAND 3D LASER SCANNING: POTEN-
TIAL AND LIMITATIONS FOR THE STUDY
OF ROCK ART

3D laser scanning is, in terms of accuracy, the ideal
method to record the 3D geometry of engraved rock
art. Nonetheless, as it has been put forward pre-
viously, its applicability is severely restricted due to
the high economic cost it entails and also to the time
needed for post-processing. 3D models also pose
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Plate 6

siviene [Lora del Rio, Sevilla, Spain), in which varied aspects involved in its
production and subsequent life-history are differentiated.

Plate 6. Detail of the stela of Mirasiviene (Lora del Rio, Sevilla, Spain):
(A) Default image, without mathematical enhancement; (B) Image with Di-
ffuse Gain enhancement; (C) Image with Specular enhancement. All images
have identical light directions and intensities.

Plate 7. Detail of the stela of Mirasiviene (Lora del Rio, Sevilla, Spain):
(A and B] Images with Specular enhancement and different light direc-
tions; (C and D) Images with Diffuse Gain enhancement and different light
directions.

Plate 8. Detail of the high-resolution (left) and medium-resolution (right) 3D
models of the stela of Mirasiviene (Lora del Rio, Sevilla, Spain). 1 99
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important limitations for the interpretation of engra-
ved rock art as well as for the transferability of the
resulting renderings.

RTI provides an affordable opportunity to overcome
some of the limitations posed by 3D models, for it
affords an inexpensive, flexible and robust com-
plement for exploring and interpreting the surfa-
ces of decorated stelae or rock art panels. Its main
drawback is, nevertheless, its inability to provide
3D geometry.

These two methods should not be viewed as alterna-
tives, for they provide different products that com-
plement each other perfectly (Earl et al, 2010b).
Researchers are already exploring varied alterna-
tives for combining RTI with 3D technologies'. The
ideal would be to get at 3D models with sub-milli-
metric accuracy that can be ‘textured” with PTMs
and manipulated in the same way as 3D models and
PTMs are (Mudge et al., 2006, 2012). Recent research
by Lindsay MacDonald has demonstrated how high
quality 3D data can be derived from the same sets of
images used for RTI using, in this case, photometric
stereo methods (MacDonald, 2011).

In the meantime, the application of RTI would bring
several advantages to stelae and, more generally,
to rock art research. It is a cheap and easy-to-im-
plement technique. It provides better documentation
than standard recording methods and it facilitates
its dissemination among researchers and the gene-
ral public, as it is based on freeware. Ultimately, RTI
affords robust primary data and the tools to enhance
its interpretation, promoting the exploration of inno-
vative questions, such as the technology of engraved
rock art, which may have far-reaching effects on the
theory and practice of future rock art research.
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