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T

he analysis of art objects to determine the materials and techniques used
to create them is crucial both for restoring them and understanding

nondestructive

their artistic value. In recent years, researchers have created numerous perva-

techniques with

sive methods that provide accurate results, but many objects are so historically

AI to document

valuable that researchers can’t acquire samples from them. Consequently, researchers
are exploring various nondestructive techniques (NDT), which aren’t as accurate but
can be used where sampling is prohibited.
Data from these analytical techniques, together with metadata from domain experts,
typically reside in carefully preserved relational databases in private networks. To allow
data exchange and interoperability among
various organizations, researchers must transform the private databases into open knowledge representation schemas that are easily extended and publicly available. For this
purpose, Semantic Web technologies offer
an excellent workbench. Moreover, such an
approach would make some analytical data,
along with the expert analysis, widely avail-

art objects.
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able to people with different backgrounds
and interests in cultural heritage.
The stimulus for developing the systems
we present here is that bibliographies contain
many uses of spectroscopy for cultural heritage. Nevertheless, it’s impossible to acquire
spectra from a wide area of the spectrum
(200 nm to 4500 nm) using a single device.
Moreover, researchers haven’t fully explored
the acoustic techniques in this field—applications are only available for very low frequencies (in the range of some kHz or 1 MHz).
Nor have they studied the advantages of combining acoustic and spectroscopy techniques.
On the knowledge representation level, the
Semantic Web has shown some interesting
results, but researchers are still a long way
from adopting all its technologies. Although
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Figure 1. General architecture of our artwork documentation approach. Arrows show the interaction and information flow
among the various modules.

the International Committee for Documentation’s Conceptual Reference
Model (CIDOC-CRM) formal ontology is now an ISO standard, only a
few complete case studies exploit the
CRM—and no application demonstrates the interrelations of analytical,
technical, and aesthetical information
in the cultural heritage field.

layers profile in depth as well as the
local distribution of the pigments in
each layer; and
• uses Semantic Web technologies and
maps the CIDOC-CRM to terms
pertinent to the analysis of paintings and Byzantine iconography to
enable inference, consistency checking, and interoperability.

General Architecture
We propose a bottom-up approach
for cultural-heritage diagnosis and
knowledge management. Our technique for documenting art objects

Figure 1 depicts our approach’s general architecture and information flow.
Starting from the raw data, we can
get information from various sources,
such as multispectral imaging (images
in the ultraviolet, visible, and infrared
areas of the spectrum), acoustic microscopy, spectroscopy, encyclopedias,
book scanners, and so on. This type of
multidisciplinary information is necessary because different data types pro-

• processes data from innovative nondestructive instruments using signal processing and neural network
techniques that can provide a good
estimation of the artworks’ paint
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vide different insights about the paintings and their structure. Multispectral
imaging allows for efficiently digitizing artworks; infrared and ultraviolet
images provide extensive information
on the icon’s inner and outer paint layers, which aren’t visible in the white
light. Acoustic microscopy offers insights about the number and thickness of paint layers, while spectroscopy helps identify painting materials.
Data from these NDTs include evident (obvious) or hidden (ambiguous)
information about the materials and
techniques used in creating or conserving the icon. For this reason, we
process data from these sources using
signal-processing techniques (for example, time frequency representations
such as Hilbert-Huang and wavelet
transformations) and AI tools such
IEEE INTELLIGENT SYSTEMS

Figure 2. The nondestructive techniques
system. We combine these techniques
for the efficient analysis of the art
object.

as neural networks to identify the
structure and materials used in the
painting.
We incorporate all this information,
along with information from various
domain experts such as conservation
scientists, conservators, theologians,
art experts, and art historians, into
a well-organized knowledge repository in an Oracle relational database.
Afterward, data residing in the database are semantically expressed using an ontology schema based on
CIDOC-CRM. The semantic description of data allows for advanced reasoning, consistency checking, and the
ability to unambiguously interoperate
with heterogeneous data sources. The
data’s final destination is electronic
publications (such as Web sites or multimedia DVDs), where they become
available to users with many different
profiles and interests.
Acquiring Knowledge
The higher the quality of knowledge
the scientific community acquires, the
more possibilities we have to advance
cultural-heritage knowledge. Optimized and substantive documentation
procedures yield greater knowledge in
terms of quantity, quality, and consistency. Within this work, we used multispectral imaging and spectroscopy,
acoustic microscopy, optical micro
scopy, document digitization, and
even domain experts inserting relevant
data to develop our knowledge repository. We also used a novel system for
nondestructive acquisition of painting information at the surface and indepth.1 The system involves acoustic
microscopy2 and ultraviolet, visible,
near-infrared, and mid-infrared (UV/
VIS/nIR/mIR) diffuse reflectance spectroscopy and imaging.
Figure 2 depicts an overview of
the nondestructive system. Acoustic microscopy determines the numMay/June 2009
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ber of layers in the stratigraphy and
a good indication of their thickness,
while UV/VIS/nIR/mIR spectroscopy
in diffuse reflectance mode identifies materials in each paint layer. Because we explore a wide spectral area
for the spectra acquisition, we exploit
the information in each subspectral
area separately, leading to a composite continuous spectrum from 200 nm
to 4500 nm. UV/VIS provides information about the surface layer, while
nIR-mIR provides information about
the underlayers.
We use an acoustic microscope to
determine the stratigraphy’s depth profile. The most significant characteristics of the system’s acoustic microscope
module are
• the transducer’s operating frequency, which is on the order of 200
MHz; and
• the pulser-receiver’s bandwidth,
which is determined by the pulse
width of the pulser-receiver and the
piezoelectric material from which
the transducer is fabricated, as well
as its geometric characteristics.
We performed a sufficient number of
acoustic wave propagation simulations
in the reference panels’ stratigraphies
using the finite-difference method to
determine the characteristics of the
acoustic microscope module.
www.computer.org/intelligent

Optical
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The second modality, which is a UV/
VIS/nIR/mIR diffuse reflectance spectroscope, acquires spectra in diffusereflectance mode in a wide-range
wavelength area between 200 nm and
4500 nm in a region of interest (ROI).
Information Extraction
Using AI Tools
Figure 3 depicts the data processing
provided by different sensors, showing how the acoustic microscopy and
UV/VIS/nIR and mIR spectroscopy
are complementary.
For each point of the artwork residing inside a specific ROI, the remote
probe of the device can scan and acquire diffuse-reflectance spectra from
the UV up to the mIR range. It can
also capture A-scans—that is, echoes
captured by the transducer plotted as
a function of time. We accomplish the
scanning using an XYZU motorized
positioning stage, permitting a moving
step-resolution of 1 μm.
Applying the wavelet 3 and the Hilbert Huang transform4 on the A-scans
in a ROI, we estimate the number of
layers in this region. Then we identify the pigments and mixtures used in
each layer using the diffuse reflectance
spectra.
Consider a single spectrum taken
at a specific point. Each layer’s material identification occurs successively, beginning from the upper layer.
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Figure 3. Processing of data provided by different sensors. Information coming from different sensors provides an estimation of
the artwork’s layer profile.

The identification of the Nth layer is
achieved once the previous N – 1 layers
have been correctly recognized. The
appropriate spectrum region should be
considered for the current layer—for
example, the UV/VIS region is appropriate for the upper layer, while the information in the nIR/mIR region must
be exploited for the second layer. We
use an appropriately trained multilayer
feed-forward neural network for the
Nth layer. The input vector consists
of an index-string, indicating the upper identified layers concatenated with
a spectrum-string. For example, if we
search for the second layer, the indexstring contains the indexes of the first
layer’s pigments, along with their mixing ratio. The spectrum-string is the
spectrum-region vector linearly transformed with the optimum transform
matrix using a priori principal component analysis on a large database of
measured and simulated spectra. The
output vector is of length M, where
M is the number of the candidate pigments for the current layer. The element T[m] of the vector represents the
mixing-ratio of the pigment with index
m in the mixture.
We trained each layer’s neural network offline using a large training set
of measured spectra of known strati
graphies and simulated spectra with
system 5 or Kubelka Munk6 theory.
We obtained a complete training set
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by simulating the spectra of all possible mixtures, with various ratios
and thicknesses. The most appropriate training method was resilient back
propagation.7
The pigments with the four greatest values of T[m] passed through the
next stage of the identification process:
Using system theory, we simulated the
spectra for all candidate two-pigment
mixtures of the current layer (together
with the known upper layers) with
various ratios. Then, we compared the
measured spectrum in the appropriate
spectrum-region with the candidate
spectra using the similarity-objective
function:
SM =

∑ (w
i

⋅ SMi ) ,
2

i

with SMi separate similarity measures
and wi appropriate weights, such that

∑

i

wi2 = 1.

As similarity measures, we used the
correlation coefficient and the complement to unity of the mean square error
(namely 1-MSE). Using this methodology, we obtained practically perfect
identification for the first layer and
a performance ratio of 60 percent
for the second layer of our M = 16
pigment-candidates experiments. We
expect improved performance when
we incorporate stylistic knowledge.
www.computer.org/intelligent

The Semantic Flavor,
CIDOC-CRM, and Reasoning
A relational database stores all system information along with the experts’ knowledge. This approach is reliable and scalable, but doesn’t allow
us to exchange, integrate, mediate,
or interchange our data with heterogeneous sources from other departments or institutions. Moreover the
experts’ knowledge can’t be captured
sufficiently as reasoning services aren’t
available. For these reasons, we chose
Semantic Web technologies that allow
interoperability, advanced reasoning
capabilities, consistency checking, and
semantic querying.
The first step to semantically express the information is to conceptually map the relational concepts
to an ontology schema. We used the
CIDOC-CRM formal ontology, 8 not
only because it constitutes an ISO
standard, but also because it’s wellknown in the cultural heritage field.
It also provides a general conceptual
schema that can apply to many cases
because it provides an unlimited domain of discourse that’s easily specialized for any field.
To express all the concepts used in
painting analysis and Byzantine iconography, we created new classes and
subclasses to remain compatible with
the CRM. We extended the CRM instead of integrating it into other ontolIEEE INTELLIGENT SYSTEMS
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Figure 4. The basic concepts of the International Committee for Documentation’s Conceptual Reference Model (CIDOC-CRM)based ontology. The blue subclasses of E55 Type refine the CRM classes.

ogies or developing our own ontology
schema for three reasons:
• we weren’t aware of any other ontology that specialized in Byzantine
iconography, painting analysis, or
even cultural heritage that’s as widespread as CIDOC-CRM;
• we didn’t want to create a new ontology schema with limited use because this would nullify our intentions for data interchange and
interoperability; and
• by its very structure and formalism,
the CRM is extensible and encourages users to create extensions for
more specialized communities and
applications.
After we developed a conceptual
mapping of the necessary terms to
May/June 2009

CIDOC-CRM, we had to transform
the data in the relational database to
semantic information. We used an extension of the Eikonomia tool9 rather
than an existing transformation engine
because although the available tools
provide many capabilities and expressivity, they require a lot of effort to set
the mappings. On the other hand, although Eikonomia isn’t as expressive
or powerful as other tools, it provides
all the necessary functionalities for our
uses, together with a graphical interface that lets nonexperts quickly and
easily formulate the mappings from
the relational database to the ontology
schema.
An Ontology Based
on CIDOC-CRM
The CIDOC-CRM facilitates the intewww.computer.org/intelligent

gration, mediation, and interchange of
heterogeneous cultural heritage information. The CRM culminates more
than a decade’s worth of CIDOC standards development.
To allow the description of all the
data residing in the existing knowledge
repository, we extended the conceptual model with new classes. Figure 4
depicts the ontology’s basic concepts;
the Exx code names denote classes
(entities), as defined in the CRM; likewise, Pxx denote object properties.
Arrows represent subsumption relations, and lighter arrows represent
object properties. The list includes
some of the CRM’s original classes
along with new classes that we added
(the new classes are denoted as Exx.y,
where xx denotes the codename of the
CIDOC-CRM superclass).
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To clarify the underlying semantics
depicted in Figure 4, we must start
from the concept E22 man-made object, which subsumes the terms E22.1
icon and E22.2 part of icon. The term
icon can refer to any type of iconographic artwork, such as portable
paintings, wall paintings, mosaics,
miniatures, or other types of artwork
that iconographers created on any
type of support. Every icon is considered a man-made object composed
of various parts of the icon (support,
paint stratigraphies, pigments, and so
forth). All man-made objects—thus,
every icon and part of the icon (due to
subclass-superclass relation)—consist
of E57 materials (pigments, support
materials, and binding mediums).
Moreover, every icon carries conceptual content identified by a specific theme or iconographic cycle. We
consider this information an information object, which is refi ned with the
appropriate subclass of the class E55
Type—a class we’ve heavily extended
to refi ne other concepts.
Several events can occur to a manmade object, starting from its creation
(an E63 beginning-of-existence event)
and moving on to E13 attribute assignment events, such as E14 condition assessments and E16 measurements. We refi ne each event with the
appropriate subclass of E55 type, so
an E16 measurement event can be of
type μFTIR (mu-Fourier transform
infrared spectroscopy), μRaman, or
UV/VIS/nIR/mIR spectrum, and an
E13 attribute assignment can refer to
drawing style or an aesthetic manner
assignment. Moreover, the E14 condition assessment identifies an E3 condition state, which can include different
types of condition state, such as damage, loss, alteration, or deposition.
An E39 actor participates in all
these events. So, a conservator can
participate in an E14 condition assessment, a creator in an E63 beginning
of existence event, and a scientist in
an E16 measurement event.
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Finally, we can represent all concepts of the ontology and most frequently man-made objects and information objects with different kinds of
E38 images (such as visible, x-ray, or
infrared images). In this way, the information we derive from each image
type is obvious through inverse object
properties. For example, IR images
provide information about the drawing, while x-ray images provide information about the support material’s
creation.

every icon carries
conceptual content
identified by
a specific
theme or
iconographic cycle.
adding Semantic
Meaning to Relational Data
Because the initial repository of our
data was a relational database, we
needed a mechanism for transforming
relational data to semantic information. In recent years, researchers have
created many systems for treating relational databases as RDF graphs,
some of which are D2RQ, Virtuoso,
METAmorphoses, and SquirrelRDF.10
Although these systems are well-tested
and scalable, they all require advanced
skills because the user must employ a
declarative language to set the appropriate mappings. For this reason, we
decided to develop a custom transformation tool that will provide a userfriendly graphical interface so anyone
with an understanding of the database
and ontology schemata can set the
mappings between them.
www.computer.org/intelligent

The tool, Eikonomia v2.0 (an extension of the Eikonomia tool), provides
a direct transformation mechanism
for converting any relational database
to the respective ontology using Jena
or Sesame frameworks, two of the
most widely accepted semantic APIs
for Java. The generated RDF triples
contain both the ontology schema as
well as the tuples that populate the database tables. We designed the mapping mechanism to provide a simple
yet powerful graphical way to map a
database schema to any ontology.
Because we considered ease of use
when we built Eikonomia v2.0, it supports the association of a database’s
particular column to a class of the ontology via easy-to-use drag-and-drop
operations. It also provides the appropriate graphical interfaces to connect data in various tables of the original database with object or datatype
properties, creating a lattice of semantic concepts.
Reasoning
Using semantic technologies allows
for advanced reasoning operations.
With the help of Byzantine art experts, historians, and iconographers,
we can add rules and restrictions in
the knowledge repository that will
infer knowledge and ensure data
consistency. For example, experts
have concluded that if an icon has a
stratigraphy of type fl esh tone that’s
composed of three layers, where the
fi rst layer has orpiment, the second
layer has lead white, and the third
layer has carbon black, then this
icon belongs to the Coptic style. We
can add this rule in the ontology as
a necessary, suffi cient condition of a
new class that will infer knowledge.
We write the corresponding restriction in description logics as shown in
Figure 5.
Likewise, we can add restrictions
that will ensure the ontology’s consistency and the data’s integrity; these restrictions will be necessary conditions
Ieee InTeLLIGenT SySTeMS

Table 1. Evaluating the pigment estimation module.
Total no. of
stratigraphies

Layer

Correctly identified

Not identified

Total no. of
pigments

Pigments found

62

1st

58 (93.55%)

4 (6.45%)

177

128 (72.3%)

2nd

28 (45.2%)

of already existing classes. For example, only an E21 person can be said to
have given birth; also, in a birth event,
only one mother can participate. A
simple rule that ensures the consistency of the class E63 birth in terms of
concepts and cardinality is
P96.by_mother some E21.Person
and
P96.by_mother max 1

Description logics and formal semantics allow for more complicated
reasoning procedures. Following this
type of reasoning, we can create more
complex rules (or a combination of
simple rules) and restrictions to refine
the classification and ensure the data’s
consistency. In this way, description
logics can provide an intelligent way
to infer knowledge that hasn’t been
explicitly stated. Unfortunately, OWL
and DL don’t offer all the necessary
expressivity for capturing all experts’
knowledge. For example, reasoning is
effective for subsumption procedures
but can’t create new concepts or data
types. In this case, we might need to
add hard-coded queries.
Bear in mind that we must be extremely careful when dealing with
reasoning rules—for example, in an
open-world assumption, we can never
be sure that only Coptic style used
the specific mixture of materials mentioned earlier. There are likely icons of
different styles composed of this rare
mixture of pigments that we’re unaware of yet. For this reason, we must
be able to handle uncertainty and define thresholds and confidence levels.
OWL and DL aren’t capable of these
operations, so one possible solution is
to integrate fuzzy rules in the semantic
level (we plan to explore this solution
in the near future).
May/June 2009

34 (54.8%)

Artwork and
(P46.is_composed_of some
(E22.2.Parts_of_the_Icon and
(has_type has Flesh_Tone) and
(P43.has_dimension has Three) and
(P43.has_dimension some
(E54.Dimension and
(P91.has_unit has Layer)
)
) and
(P46.is_composed_of some
(E22.2.Parts_of_the_Icon and
(has_type has Layer_1) and
(consists_of has Orpiment)
)
) and
(P46.is_composed_of some
(E22.2.Parts_of_the_Icon and
(has_type has Layer_2) and
(consists_of has Lead_White)
)
) and
(P46.is_composed_of some
(E22.2.Parts_of_the_Icon and
(has_type has Layer_3) and
(consists_of has Carbon_Black)
)
)
)
)
Figure 5. Adding a rule to the ontology. Using description logics, we define an icon
as belonging to coptic style based on its stratigraphy.

Knowledge Dissemination to
Users with Different Profiles
No matter how important, scientifically advanced, or innovative the AI
applications in cultural heritage, what
really matters is disseminating information to the end user. For this reason, we felt obliged to disseminate our
experiences to the widest possible audience. Thus, developers have created
systems and procedures for preparing
electronic publications (in this case, a
Web site) that can address many users,
including conservators, historians, art
lovers, and theologians.
Each user views an icon’s informawww.computer.org/intelligent

tion differently. For example, a historian would like to see how an iconographic style evolved through the
centuries or how the iconographic elements of the composition depicted in
icons of the same (iconographic) theme
differ according to their region of origin. A conservator, on the other hand,
is interested in the materials the icon is
composed of, as well as the techniques
and tools used during previous conservation treatments. Likewise, a theologian may find the interpretation of the
iconographic entities and the reference
to the respective evangel useful, while
an art lover would like to know about
79
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aesthetic features such as the brushwork or perspective.
For this reason, we tried to organize our data to fit multiple users’
needs, which resulted in organizing
the data in six documentation areas
or approaches—namely, identification,
description, interpretation, aesthetic,
technical, and condition—which obviously overlap. After that, we presented
these thematic areas in a Web site so
that every user could access all the information, but only the appropriate information for the path the user chose
would be highlighted.
Evaluation
During each system’s development,
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we carried out several evaluation procedures to ensure the results’ validity
and the system’s predictability.
To test the NDT system’s pigment
estimation module, we created a set
of known stratigraphy samples, each
consisting of two layers of known pigments. We scanned each stratigraphy
and fed the AI algorithms for pigment
estimation with the acquired spectra.
Out of 62 stratigraphies, the NDT
module correctly estimated the pigments for 58 in the first layer and 28
in the second layer. Therefore, the system provides a reliability of more than
90 percent regarding the estimation of
the first layer and about 45 percent regarding the second layer.
www.computer.org/intelligent

For evaluating the acoustic module,
we scanned a set of known metallic
fillers and calculated their thickness,
ranging from 0.25 mm to 1 mm. We
mailed the fillers to an independent,
ISO-certified lab to measure them. The
comparison of the two measurements
showed differences in the area of 0.9 to
1.6 percent. Furthermore, using Matlab, we visualized 3D reconstructions
of artificial defects that we created on
the sample stratigraphies. We created
the 3D reconstructions by visualizing
the echoes coming from the scanning
of small regions (0.5 mm × 0.5 mm).
After that, we compared the reconstructions to images obtained using
optical microscopy. The comparison
showed that the 3D reconstructions
were highly accurate. Unfortunately,
we haven’t found a way to quantitatively compare the 3D reconstructions
to the real artifacts.
On the semantic level, we’ve also
conducted various evaluation tests.
First, on the conceptual level, we
checked the mappings’ integrity for
analytical diagnosis and compared the
Byzantine iconography concepts to the
CIDOC-CRM. To achieve this, we
created a set of initial mappings and
contacted several experts on ontology formulation and CIDOC-CRM to
evaluate them. After long discussions,
we included several corrections and
additions. We also plan to contact the
CIDOC-CRM working group in the
near future for guidance.
Regarding the transformation of the
relational data to semantic data with
Eikonomia, we conducted many experiments for checking the system’s integrity. We used Eikonomia to transform several data sets (such as DBLP
and Byzantine iconography data) to
semantic data. We tested both Sesame
and Jena APIs on memory and persistent storage. The system successfully
created about 20 million triples in
three hours on an average PC system
(Intel Core 2 @ 2.4 GHz, 4 GB Ram)
with persistent storage and around 1.8
IEEE INTELLIGENT SYSTEMS

million triples in 192 seconds with
memory storage using 512 MBytes of
Java Heap space. Further evaluation is
pending in comparing Eikonomia with
other transformation engines.

I

n the future, we intend to improve
the overall system by upgrading data
fusion from different instruments and
experts—for example, incorporating
stylistic information in the pigment estimation module could improve the estimation rates. Moreover, we plan to
improve the underlying connections of
concepts between CIDOC-CRM and
Byzantine iconography and add heterogeneous data from various sources in
the existing semantic data. Along with
these improvements, we’ve planned
changes to make the Eikonomia system
more expressive and functional. Formal
results from comparing Eikonomia to
relevant systems are also pending. Finally, the mechanisms we’ve described
here contain much uncertainty, and
OWL doesn’t deal with uncertainty,
so we’re examining other techniques.
A first thought is to incorporate fuzzy
logic rules in the ontology.
The systems we’ve described here
can be used in other research fields as
well. For example, acoustic microscopy can provide valuable information in dermatology diagnosis or in
the discovery of die cracks, underfill
voids, and delaminations of integrated
circuits, while the Eikonomia system
can provide a friendly environment for
transforming any relational database
to semantic data.
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