
 
 

Studies in Digital Heritage, Vol. 1, No. 2, Publication date: December 2017 

Digital 3D reconstructed models: Using semantic 
technologies for recommendations in visualization 
applications  
STEFFANIE WEFERS, ASHISH KARMACHARYA and FRANK BOOCHS, Mainz 
University of Applied Sciences, Germany 
MIEKE PFARR-HARFST, Technische Universität Darmstadt 
 
 
 

It is common for cultural heritage applications to use spatial and/or spectral data for documentation, 
analysis and visualization. Knowledge of data requirements coming from the cultural heritage application 
and technical alternatives to generate the required data, based on object characteristics and other 
influential factors, pave the way for the optimal selection of a recording technology. It is a collaborative 
process, requiring the knowledge of experts both from cultural heritage domains and from technical 
domains. Currently, this knowledge is structured and stored in an ontology (so-called COSCHKR). Its purpose 
is to support CH experts who are not familiar with technologies by prescribing an optimal spatial or spectral 
recording strategy adapted to the physical characteristics of the cultural heritage object and the data 
requirements of the targeted CH application. The creation of digital 3D reconstructed models for analysis 
and visualization purposes is becoming more and more common in humanities disciplines. Therefore, an 
implementation of the mechanisms involved in visualization applications into this ontology would have 
huge benefits in creating a powerful recommendation solution. Illustrating the overall structure of COSCHKR, 
this paper addresses and discusses challenges in structuring the processes of cultural heritage 
visualization and implementing these into the ontology. 
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1. INTRODUCTION 
Visualization and 3D reconstructed models have become more and more an established feature of 
research in the field of cultural heritage (CH). Since the 1980s, 3D handmade models have developed 
a strong tradition as a medium of communication in knowledge transfer. The most popular 
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application is displaying these digital 3D reconstructed models in a video, especially in the context 
of an exhibition. One of the reasons for this application is that the 3D models transfer a message 
through images that are understood as a universal language requiring no further encoding [Pfarr-
Harfst 2016]. Three-dimensionality within these models makes it possible for a broad public to get an 
idea of complex spatial interrelation and to contextualize CH objects within a 3D setting. Therefore, 
digital 3D reconstructed models are understood (in addition to written text and spoken words) as a 
further medium for storing and transferring knowledge [Pfarr-Harfst 2016].  

Creating scholarly digital 3D reconstructed models of CH objects is a multidisciplinary task [Pfarr-
Harfst and Wefers 2016]. The knowledge about the details of the object that is to be reconstructed 
comes from CH experts such as archaeologists, art historians, or historians. In a first step, the basis 
for the modeling has to be set through (1) a compilation of relevant available publications, 3D data, 
spectral data, images, descriptions, drawings, paintings etc. and, if necessary, (2) a digitization of  
non-digital information. Relevant information is compiled by CH experts; however, the data 
acquisition is done by technical experts capable of properly applying technologies such as 3D 
recording or spectral recording. Afterwards, modelers begin  to create the digital 3D reconstruction, 
working with the compiled information and data. They regularly discuss interim reconstruction 
results with the CH experts, allowing for adjustments and clarification of (so far) neglected details, 
until the digital 3D representation reflects the vision of the CH expert. How detailed this information 
needs to be is very often underestimated by CH experts who, both as information recipients and 
providers, are used to two-dimensional visualizations within their domain. In contrast to 3D 
reconstructed models, such 2D visualizations easily allow  missing information to be hidden. For 
digital 3D reconstructed models, however, detailed three-dimensional descriptions of the CH object 
and its constructive parts are needed; if it has been visualized in its context,  its spatial position and 
context are also required. Many decisions have to be made by the CH expert: for some of these, no 
scholarly evidence might exist; for other decisions further reconstruction options, which are still 
under scholarly discussion and might not be concluded at all, have to be neglected.  

Supporting such visualization applications could be achieved by implementation of application 
requirements in a machine-readable ontology-based knowledge representation. Through semantic 
web technologies, knowledge can be inferred from ontology-based knowledge representations. The 
overall idea is to create a recommendation platform for CH experts that highlights emerging 
challenges during 3D reconstruction projects while taking individual input interactively into 
account.  

 Knowledge representation 
With the overall intention of prescribing the optimal selection of spatial and spectral recording 
technologies and the technical strategy or strategies for fulfilling the data-specific demands of CH 
applications, an ontology-based knowledge representation is currently under development. It is 
called COSCHKR, and acronym for Color and Space in Cultural Heritage Knowledge Representation 
[Karmacharya et al. 2016; Wefers et al. 2016]. COSCH is the acronym of the European COST Action 
TD1201: Color and Space in Cultural Heritage (COSCH), during which the foundation of the knowledge 
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representation was developed.1 Cultural application defines the requirements and demands that are 
necessary for successful completion of the application. These requirements and demands are related 
to  the nature and quality of data, while the technologies and the underlying components are able to 
generate required quality data. Therefore, COSCHKR is driven through the primary axis of CH 
Applications → Data ← Technologies. This axis is represented through the top-level classes, CH 
Applications, Data and Technologies, and is defined through their interrelationships. The classes are 
further defined through rules, which describe their semantic constructs. In addition to these three 
classes defining the primary axis of the ontology, the ontology includes classes representing the 
physical (CH) objects through the top-level class Physical Thing,  as well as other external impacts 
through the top-level class External Influences. Both classes represent restraining/supporting 
constraints to the technologies. These constraints are semantically constructed through rules inside 
these two classes. Physical objects represented in Physical Thing provide restraining/supporting 
constraints on technologies, e.g., through their size and/or shape. Likewise, specifications of the 
project, such as available budget, which are encoded inside External Influences, may have an impact 
on the recommendation of an optimal recording device, e.g., due to higher costs than are available in 
the project budget. The structure, relationships, and rules are logic-based constructs encoded into 
the ontology through machine interpretable language (OWL). This enables machines to participate 
and assist in interpreting and concluding, through reasoning, the logic-based facts. The top-level 
classes and relations of COSCHKR are illustrated in Fig. 1 [for details see Karmacharya et al. 2016; 
Wefers et al. 2016]. 
 

 
Figure 1. Top-level classes and relationships of the ontology COSCHKR. 

                                                        
1 http://www.cosch.info 
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The rules binding CH Applications and Technologies through Data initiate navigation through the 
ontology that requires knowledge assertions from the user. In many cases, these assertions reflect 
the actual discussion between a humanities expert, who would like to record a physical CH asset, and 
a technical expert, who is actually recording the asset. This assertive mechanism feeds the facts into 
the ontology, and  these facts provide the basis for the rules to be inferred inside the ontology.  

2. STATE-OF-THE-ART 
The word “semantic” implies “meaning” or “understanding”. The technologies implementing 
semantics aim at explicitly describing the meaning of content; they do not aim at the content itself. 
The evolution  of the Semantic Web framework in the late 20th century has given a boost to 
technologies such as artificial intelligence, which exploit the semantics of content to reason onto 
the conclusions [Berners-Lee 2006]. In this context, ontologies play a major role: They are 
traditionally used to structure knowledge by defining terms and relationships describing a specific 
knowledge domain [Heflin 2004] and were first used in philosophy dealing with the theory of 
existence [Hofweber 2011]. They define the descriptive semantics of the various entities related to a 
specific knowledge domain. The Semantic Web considers ontologies as the main medium to express 
and represent structured knowledge. It uses a standardized Web Ontology Language (OWL)2 bringing 
expressive and reasoning power to the semantic web.  

So far, ontologies have been rarely used for implementing and representing 3D visualization because: 

- few studies have been carried out to evaluate and classify 3D visualization techniques; they 
mainly focus on the interaction techniques [V-MusT 2013] and/or software/hardware 
configurations [Potter and Wright 2006] used in specific applications; and 

- different classifications, terminologies, and taxonomies have been defined, each for specific 
aims and applications [Shu et al. 2008]; due to the huge variety they cannot be considered for 
a heuristic view, which is needed to develop an ontology with the above described purpose.  

Even when such kinds of ontologies are developed, they are used to define problems in designing 
visualization techniques and/or their preferred application areas, without giving details on the 
specifications of these techniques and where and how they are intended to be used. For example, the 
Top Level Visualization Ontology (TLVO) provides a common vocabulary to describe visualization 
data, processes, and products [Brodie et al. 2004]. More recent research analyzes visualization 
taxonomies and proposes modifications of TLVO [Pérez et al. 2010]. Other examples are:  

- a visualization ontology that adds semantics for the discovery of visualization services [Shu 
et al. 2008];  

- a “unifying ontology” for visualization systems that allows reasoning on the optimal use/re-
use/synthesis of graphical representation for a special situation [Voigt and Polowinski 2011]. 
For our purpose, the ontology lacks many basic concepts, e.g., there is no representation of 
3D visualizations or the targeted applications, and last but not least, the ontology is no longer 
accessible; and  

                                                        
2 https://www.w3.org/OWL/ 
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- a query based selection of relevant visualization techniques [Metral et al. 2012]. 

The work on visualization ontologies primarily focuses on either classifying hardware/software and 
their configurations or selecting specific representations. They primarily work on querying asserted 
knowledge for the answers. However, the selection of visualization techniques and workflows, based 
on the demand(s) of the required data for a specific purpose, requires the following essential 
components to be listed in an ontology: (1) visualization techniques/workflows, (2) technologies 
dictating the data generation, (3) the content and quality required for the visualization, and (4) the 
accessibilities of information/data that will generate the required content. Moreover, such a kind of 
an ontology would need to bind these components together through proper relationships and rules. 
If these preconditions were met, the ontology could be used to develop optimal visualization 
techniques and workflows adapted to the needs of the targeted application. 

3. ESSENTIALS OF COSCHKR 
Currently, COSCHKR relies on facts, which are either given by the existential physical facts of the CH 
asset or through proven technical capabilities of technologies, which are needed for the entire 
process of an optimal data acquisition and processing adapted to the requirements of the targeted 
application. In both cases, the ontology infers from the facts, which are logically encoded as rules, in 
various related classes. The ontology requires asserted knowledge of these facts before inferring 
them. 

An illustration of such an assertive process is presented through the example of an already 
implemented typical CH application, which focuses on the “Analysis of Geometric Alteration”. An 
example for such an application is a project focusing on archaeological waterlogged wooden 
samples, which were 3D documented before and after conservation treatment in order to be able to 
evaluate geometric alterations caused by the conservation treatment through comparison of the data 
sets [e.g., Mazzola 2009].3  

As an example,  we present the first basic semantic rules for this CH application Geometric Alteration 
(which is a subclass of the top-level class CH Applications; for more details, see Karmacharya, Wefers, 
Boochs 2016; Wefers, Karmacharya, Boochs 2016). It requires high quality 3D data representing the 
object for at least two instances. The class is semantically constructed through the rule that states 
this requirement. The rules are defined through Description Logic Statements (DL) [Baader 2003], but 
for simple explanations, we use equivalent lexical statements.  Equation 1 states that the class 
Geometric Alteration requires at least two 3D data of the object, and equation 2 states that these data 
need to be of high quality. 

 
Geometric Alteration has Requirement on Data minimum 3D 
Data has Representation of one Physical Thing 

(Eq. 1) 

 

                                                        
3 http://www.rgzm.de/kur/index.cfm?Layout=holz&Content=start 
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Geometric Alteration has Requirement on Data 3D Data has 
Quality High Quality 

(Eq. 2) 

 

The equations 3 to 5 illustrate the rules inside the ontology, which semantically define different 
components of the technology, while equation 6 displays the inference result of those rules. 

 
Structured Light 3D Scanning has Main Operating Instrument 
Structured Light 3D Scanners 

(Eq. 3) 

 
Structured Light 3D Scanners has Measurement Principles 
Triangulations 

(Eq. 4) 

 
Triangulations has Generation Of Data 3D Data has Quality High 
Quality OR Medium Quality OR Low Quality 

(Eq. 5) 

 

This permits the inference:  

 
Structured Light 3D Scanning has Generation Of Data 3D Data 
has Quality High Quality OR Medium Quality OR Low Quality 

(Eq. 6) 

 

The above-described first selection of technologies is afterwards iteratively inferred for their optimal 
suitability against the restraining/supporting constraints of the characteristics of physical objects 
(inside Physical Thing) or other external impacting factors (inside External Influences). For example,  
the size of the object, in this case the archaeological waterlogged wooden samples, plays a major role 
in filtering out technologies. The size of these wooden samples is on average 10 x 6 x 6 cubic cm and 
is asserted as “small”. Through this classification, instruments and their subsequent technical 
processes suitable for recording only large physical objects such as Laser Scanners and Laser 
Scanning are filtered out.  

These assertions are the facts that the ontology requires and they are put forward to the user (in most 
cases CH experts). They are formulated through predefined knowledge inside the ontology 
describing its individual components. The system asks for further assertions about the knowledge 
of the object and other environmental or project-oriented issues in order to give a recommendation 
as to which technology should be considered due to its optimal suitability. Fig. 2 displays a User 
Interface simulation that recommends structured light 3D scanning for recording waterlogged 
wooden samples with the purpose of evaluating possible geometric alterations. 

As mentioned above, however, CH applications encompass not only analysis of spectral or spatial 
data but also very often focus on visualization of data. A wide variety of visualization types 
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(interactive, animation, graphical etc.) exist for 3D and/or spectral data representing existing 
physical CH objects, reconstructions of only partly preserved CH objects, and 3D reconstructed 
models. Whether COSCHKR should also address these manifold visualization types, especially the 
implementation of visualization applications for digital 3D reconstructed models [Pfarr-Harfst and 
Wefers 2016], is a challenge (see below).  

 
Figure 2. Simulated User Interface for knowledge assertion of waterlogged wooden samples. 

4. DISCUSSION AND CONCLUSIONS 
As regards CH applications which focus on visualization, the big difference from other CH 
applications so far implemented in COSCHKR (see geometric alteration case study described above) 
is that non-existing or only partly existing physical things are digitally visualized in their complete 
and/or former condition. An example is a project focused on the scholarly digital 3D reconstruction 
of the Byzantine city of Ephesos [Grellert et al. 2010]. This visualization is characterized by the fact 
that the entire city, including its location in the landscape, its city-walls, streets, squares, buildings 
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and monuments, is reconstructed based on the outcomes of archaeological excavations (foundations 
of buildings and monuments with associated but isolated building blocks and other construction 
parts, small finds found within the buildings, etc.) and their scholarly interpretation [e.g., Mangartz 
2010; Pülz 2010; Wefers 2015]. All physically existing finds and features of the excavations are real 
evidence; their spatial and spectral information can be used for modeling without contradiction. 
However, the interpretation of these finds and features, which means putting them into a context, 
such as a room or object and ascribing them to a specific spatial position within a room or object, is 
a hypothesis. The validity of such hypotheses differs depending on the preservation condition and/or 
completeness of the physical object and the level of information provided by other sources. Based on 
this, hypotheses can be classified by a number of levels and implemented into COSCHKR. However, 
the granularity of these levels still needs to be determined and cross-checked with other approaches. 
For instance, Kuroczyński et al. [2015] set-up nine Levels of Hypotheses to be able to classify the 
scholarly content of a digital 3D reconstructed model. For this purpose, they define a hypothesis as 
a combination of the Level of Information provided by the source and the Level of Detail displayed in 
the digital model. Due to the purpose of COSCHKR and as described above, the level of hypothesis has 
to be defined differently. However, to allow a linkage of both concepts it might be of benefit to either 
have the same granularity or at least reflect the granularity of Kuroczyński et al. [2015] in a possibly 
higher or lower granularity of COSCHKR.  

Implementing such kinds of Levels of Hypotheses into COSCHKR would allow us to give 
recommendations for the required involvement of a CH expert during the 3D modeling process. The 
level of hypothesis has impact on the 3D modeling workflow: that is, a higher level of hypothesis 
requires more and frequent involvement of the CH expert during the 3D modeling process. For 
example, in the project focusing on the scholarly digital 3D reconstruction of the Byzantine city of 
Ephesos, a water-powered stone sawing machine was included. Evidence for the stone-sawing 
machine was found within one room of terrace house 2, but actually not a single construction part of 
the machine itself is preserved. Only supports, postholes, chutes, the waterwheel raceway, and 
stones with cut-marks are preserved. This evidence, together with the expert’s knowledge about 
stone-sawing machines and further contextual information, such as time of application, gave reason 
to set up the hypothesis that a water-powered stone-sawing machine was constructed in this room 
of terrace house 2 [Mangartz 2010]. Together with ground plots and sections of the preserved tangible 
CH 2D reconstruction, drawings were prepared as a basis for the digital 3D reconstruction. Especially 
during the digital 3D reconstruction of the machine, more detailed descriptions were requested by 
the 3D modelers (e.g., concerning the construction of the push rod suspension, extender wheel, frame 
saws, suspension of the frame saws, water wheel, mounting of the water wheel, etc.). It would have 
been advantageous for the whole reconstruction project if this verification process could have been 
planned at the very beginning.  

Besides the above-described implementation of the level of hypotheses, further information about 
the object to be modeled and the targeted application would be required from the user as input, in 
order to be able to give more detailed support.  

However, the biggest challenge related to CH applications of visualization is that they are very 
different from each other and rarely share similarities. Each case needs to be planned, implemented 
and applied independently. This is because CH visualizations depend on hypotheses provided by CH 
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experts’ interpretations. These hypotheses affect data processing steps in varying degrees. Every 
hypothetical interpretation needs to be independently and carefully handled during the data 
processing, which is in this case the digital 3D reconstruction or modeling. This is not the same as 
in the case described above (geometric alteration), which deals with facts and evidence.  

Data processing activities form a workflow and are used to create a digital 3D reconstruction, which 
is used for a visualization application. These activities are listed as relevant subclasses of the top-
level class Data Processing. They are related through rules that link them together and determine 
their workflow. These rules are created on facts and thus can fail to comply when asserted through 
hypothetical interpretations, especially when there are individual hypotheses for individual 
visualization cases. Such lapses can/will alter/break the sequence in the workflow. One of the 
greatest challenges within COSCHKR is including hypotheses and linking them to data processing 
tasks without interfering with the inference mechanism. We have suggested the classification of 
hypotheses based on their correspondence with the proven evidence. This, however, requires 
humanities experts’ involvement in data processing steps. The balance between such involvement 
and their influence on adjusting parameters of the defined semantic rules within data processing 
activities (defined through subclasses of the top-level class Technologies) is a challenge that requires 
further clarification through future discussion and activities.  
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