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A B S T R A C T   

Data exchange and management methods are of paramount importance in areas as complex as the Architecture, 
Engineering and Construction industries and Facility Management. For example, Big Open BIM requires seamless 
information flow among an arbitrary number of applications. The backbone of such information flow is a robust 
integration, whose tasks include overcoming technological as well as semantic and pragmatic gaps and conflicts 
both within and between data models. In this work, we introduce a method for integrating the pragmatics at 
design-time and the semantics of independent applications at run-time into so-called “integration facades”. We 
utilize Model-driven Engineering for the automatic discovery of functionalities and data models, and for finding a 
user-guided consensus. We present a case study involving the domains of architecture, building physics and 
structural engineering for evaluating our approach in object-oriented as well as data-oriented programming 
environments. The results produce, for each scenario, a single integration facade that acts as a single source of 
truth in the data exchange process.   

1. Introduction 

Today, the integration of distributed, autonomous and heteroge-
neous data sources across application boundaries is gaining importance 
due to the increasing networking of organizations and companies in 
many application fields. This leads to the situation that the information 
flow goes hand in hand with the translation among different data models 
with different syntax and semantics. A current example for this evolu-
tion is the domain of Architecture, Engineering and Construction (AEC) 
as well as Facility Management (FM) industries. In these industries’ 
daily business, the volume of data to be exchanged among various 
stakeholders (e.g., building developers, energy suppliers, architects, 
structural engineers, building physicists, etc.) is rapidly increasing. Each 
of these stakeholders possesses specific domain knowledge and has a 
specific view of the project. These different perspectives may cause 

different forms of heterogeneity in the definition and handling of data, 
which hinders an interference-free communication within a building 
project. 

This heterogeneity can be syntactic, semantic, pragmatic or a dif-
ference in the level of detail, i.e., granularity. Syntactic heterogeneity is 
caused by working with different data models in different tools. One 
example of semantic heterogeneity is the concept of homogeneous unit in 
the description of the building ground in different norms and regula-
tions. The Austrian guideline5 defines it on the basis of homogeneous 
substrate, the Swiss norm6 - on the basis of similar structural behavior. 
Pragmatic heterogeneity occurs, for instance, when in the absence of a 
clear regulation, one architect considers slabs with inclination of more 
than 15% as walls and another with inclination of more than 25%. An 
example of heterogeneity based on diverging levels of detail can be found in 
the following scenario. The architecture domain relies on geometry not 
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only as a representation of a building project, but also as an information 
carrier, whereas the building physics domain is concerned with thermal 
and hygric flux through the construction of a building. For this reason, 
building physicists consider points of interest (e.g., the joints between 
walls) in much greater detail than architects do. 

In addition to data heterogeneities, the data exchange within or 
across different phases of a project is challenging, since there are 
different exchange standards used as well as various requirements that 
must be considered. 

To overcome these obstacles, Building Information Modeling (BIM) has 
become more and more established in recent years. The main motivation 
behind BIM is to accommodate the heterogeneous nature of the AEC 
industries and involved domains, and to provide seamless data flows 
within any building or infrastructure project. To put it in a nutshell, BIM 
aims to support the generation and management of digital representa-
tions of physical and functional characteristics of a built structure 
throughout all phases. The ultimate goal of this development is Big Open 
BIM, a method for loss- and distortion-free, possibly real-time, data ex-
change across technological spaces and domains [7]. 

Preliminaries to BIM: The realization of BIM is not limited to a single 
data exchange standard. In fact, there have been multiple attempts to 
develop a suitable standard for it. For example, the proprietary Drawing 
Exchange Format (DXF)7 standard was widely used in the 1980s and 
1990s, and is currently still in use. Furthermore, the open Standard for 
the Exchange of Product model data (STEP)8 was developed in the 1980s 
and, subsequently, became an ISO standard (ISO 10303).9 The Collab-
orative Design Activity (COLLADA)10 standard includes the exchange of 
geometric constraints and animations and is used not just in the AEC 
industries, but also in the automated production industry as part of the 
industry standard Automation ML.11 The Construction Operations 
Building Information Exchange (COBie) [11] was developed by the US 
military in 2007 and aims to store construction related data during all 
phases of a building’s life cycle. However, the currently most widely 
used BIM data exchange standard is the Industry Foundation Classes 
(IFC) standard [6]. The aim of IFC is to support Big Open BIM by 
providing a seamless communication among all stakeholders within the 
AEC domain. Therefore, it offers very abstract (e.g., IfcObjectDefinition) 
as well as very specific (e.g., IfcBoiler) concepts to describe a domain of 
interest. 

A deeper look at IFC: Currently, IFC provides semantic types for the 
following domain groups: Building Controls, Plumbing and Fire Pro-
tection, Structural Elements, Structural Analysis, Heating Ventilation 
Air-Conditioning (HVAC), Electrical, Architecture, and Construction 
Management [6]. Building physics, which we mentioned above, is not 
regarded as a domain, but as a resource. It is partially covered by module 
8.10 Material Resource. Other sub-domains of building physics, e.g., 
acoustics, have not been integrated yet. Attempts to extend the standard 
or to define appropriate property and quantity sets for energy simulation 
tools have already been made, for example, by Chen et al. in [8] and by 
Bracht et al. in [3]. Similarly, domains involving underground facilities, 
such as tunnels, are yet to be fully developed [2,29]. Even the domains 
with good coverage cannot be regarded as semantically complete, 
because new technologies and methods enter the industry at a pace the 
IFC development cycle cannot keep up with. For example, the HVAC 
semantic types do not contain elements for thermal mass activation as a 
method of heating, e.g., for floor heating. These examples outline only 
some of the major challenges even a widely adopted and rigorously 

developed BIM standard, such as IFC, has to face on the road to Big Open 
BIM. 

BIM Tools: There are software tools developed specifically for a 
particular domain (e.g., C.A.T.S.,12 DDS-CAD,13 Autodesk AutoCAD 
Mechanical14 and Electrical15 for the building services engineering field, 
Dlubal RFEM,16 Tekla Structures17 and AXISVM18 for the structural 
engineering field), or for multiple domains (e.g., Autodesk REVIT,19 

Neme-tschek AllPlan20 and ArchiCAD21). Each of these listed tools has 
its own, in most cases, closed data model. It is to be noted that these are 
only some of the most widely used software tools. In addition to them, 
there are many more, most of them dedicated to performing only a small 
subset of tasks within a single domain or project. However, in order to be 
“BIM-ready”, each and every software tool needs to implement some 
form of BIM. 

1.1. Problem statement 

Due to its very active development, wide usage and continuing ef-
forts to integrate more and more domains, IFC presents a particularly 
suitable example for exploring the still existing technical challenges and 
missing links towards a realization of Big Open BIM via data exchange 
standards that honor the multiple types of heterogeneity we mentioned 
above. In the following, we outline three technical challenges and some 
practical examples as an illustration of their practical implications (see 
also Table 1): 

Table 1 
Problem statement outline: types of heterogeneity that require integration.  

No Heterogeneity Features Issues Integration 
implications 

1 Semantic Semantic 
discrepancy 
between domains 
or regulations 

Can contain 
explicit and 
implicit, formal 
and informal 
specifications 

The implicit and 
informal parts 
can lead to 
errors 

2 Pragmatic Implicit 
assumptions 

Cannot be 
included in an 
integration 
specification 

Lead to errors 

3 Syntactic Heterogeneity 
between 
standards, seldom 
within the same 
standard 

Need for 
consistency 
checks 

Easiest to 
automate, least 
potential to 
produce errors 

4 Semantic 
modeling 

Interlocking of 
syntax and 
semantics due to 
deficits in the tools 
for semantic 
modeling 

The semantics 
becomes syntax- 
dependent 

A change of 
syntax during 
data exchange 
can lead to a 
hidden change 
in semantics  

7 https://www.autodesk.com/techpubs/autocad/acad2000/dxf/ (last 
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8 https://www.steptools.com/stds/step/ (last accessed 2020-11-13).  
9 https://www.iso.org/standard/55257.html (last accessed 2020-11-13).  

10 https://www.khronos.org/collada/ (last accessed 2020-11-13).  
11 https://www.automationml.org/o.red.c/home.html (last accessed 2020-11- 

13). 

12 http://www.cats-software.com (last accessed 2020-11-13).  
13 https://www.dds-cad.net/ (last accessed 2020-11-13).  
14 https://www.autodesk.com/products/autocad/included-toolsets/autocad 

-mechanical (last accessed 2020-11-13).  
15 https://www.autodesk.com/products/autocad/included-toolsets/autocad 

-electrical (last accessed 2020-11-13).  
16 https://www.dlubal.com/en/products/rfem-fea-software/what-is-rfem 

(last accessed 2020-11-13).  
17 https://www.tekla.com/products/tekla-structures (last accessed 2020-11- 

13).  
18 https://axisvm.eu/index.html (last accessed 2020-11-13).  
19 https://www.autodesk.com/products/revit/overview (last accessed 2020- 

11-13).  
20 https://www.allplan.com/en/ (last accessed 2020-11-13).  
21 https://www.graphisoft.com/ (last accessed 2020-11-13). 
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(1) Explicit heterogeneity: Standards serving multiple domains are 
complex and rich, both syntactically and semantically. Both the 
syntax and the semantics are formally specified and, therefore, 
explicit. Inconsistencies in the syntax within the same standard 
are easily detected by various programming and validating tools. 
However, the presence of more than one syntax, as in IFC (the 
EXPRESS modeling language and XSD) can produce syntactic 
heterogeneity as well. The semantic specification, on the other 
hand, can contain, in addition to the formal definitions, informal 
ones in a natural language. For example, the specification of 
IfcWallStandardCase in the IFC specification [6] contains both a 
formal definition in the EXPRESS modeling language and an 
informal definition of the requirements for its geometric repre-
sentation. Such definitions give room for interpretation, which 
can produce implicit heterogeneity between separate imple-
mentations of the same standard.  

(2) Implicit heterogeneity: Even when working with a consistently 
implemented data exchange standard, there are still communi-
cation difficulties among domain experts due to inconsistencies in 
the modeling styles, or to different interpretations of the same 
concept within the standard [16,20,25,27]. This is the pragmatic 
heterogeneity. It is, by definition, implicit, i.e., without formal 
specification as it occurs in the mind of the user, and cannot be 
addressed in a purely automated manner.  

(3) Interlocking of concerns: A feature common to both large and 
small standards is the interlocking of the syntax and the seman-
tics. This involves the re-purposing of syntactic constructs to 
express semantics. For example, dynamic typing is often imple-
mented as an object-type pattern that employs a syntactic refer-
encing relationship to express semantic instantiating. This makes 
the semantics syntax-dependent and can be a hidden error source. 
We will take an in-depth look into this phenomenon in Section 
3.3. 

There are multiple practical implications arising from the three 
challenges listed above.  

(a) Implementation overhead: The manual translation to and from a 
standard as semantically complex as IFC is challenging. In prac-
tice, for small pieces of software, developed from scratch to 
perform a single dedicated task (e.g., a thermal flow simulation 
tool in the building physics domain), there are simply not suffi-
cient resources (e.g., finances, person hours) for such imple-
mentations. This leads to a large number of small tools offering 
very similar, often state-of-the-art, functionalities that are never 
used beyond the limits of one project. This results in the loss of 
domain expert knowledge for the AEC communities. 

(b) No real-time feedback: Communication via data exchange stan-
dards often involves serialization of large amounts of data, which 
does not allow real-time feedback. The delay between user action 
and observable results is not measured in milliseconds, but in 
minutes or hours. For instance, this makes the fine-tuning of a 
building simulation extremely tedious and time-consuming.  

(c) No single source of truth: The implicit heterogeneity we described 
above produces divergence in semantics between implementa-
tions and between models. Therefore, instead of a single “source 
of truth” there are multiple competing ones. This invariably re-
sults in translation errors when transferring information from one 
implementation or model to another [7,20], even within the same 
software family, e.g., exchanging walls with wall modifiers as 
tested by us. 

To sum up, the practical implications listed above illustrate that 
reaching semantic as well as pragmatic consensus is a challenge. For 
better understanding of the issues involved as well as their interdepen-
dency and for motivating our approach as well, we present a practical 

example of the modeling of a wall in the following section, which also 
accompanies us as a running example throughout the paper. In Section 
2.2.1 we will once again return to these issues and formulate three 
separate technical challenges, for which we will present our solution in 
the subsequent sections. 

1.2. Motivating example 

Let us consider the process of exchanging information about a wall 
between an architect and a structural engineer. Both model the same 
object, but consider different aspects of it. For the architect (and the 
building physicist) the wall is a layered construction with thermal, 
hygric, fire safety and other properties. For the structural engineer the 
wall is a structural member with a structural behavior within a system. 
In the IFC standard, there are elements that aid each of them in their 
modeling task, IfcWallStandardCase and IfcStructuralSurfaceMember, 
respectively. However, there is no formal mechanism for establishing 
that both concepts can describe different aspects of the same object, i.e., 
no possibility for effective integration. This is the semantic heteroge-
neity. In practice, each domain expert typically works in her own tool 
and the information exchange is relegated to a BIM Collaboration Format 
(BCF) file22 referencing their respective IFC models.This is a topic also 
addressed by a data-driven method in the work of [28], which concen-
trates exclusively on the domains of architecture and structural engi-
neering. The pragmatic heterogeneity occurs due to the assumptions of 
both stakeholders based on their respective point of view. For example, 
the structural engineer may view the two semantic concepts as com-
plementary categories of the same object, whereas the architect may 
regard the one concept as an additional representation of the other. 
Since these points of view are not formally expressed, the difference is 
hidden and may give the impression of consensus where there isn’t one. 

In summary, this example involves both semantic and pragmatic 
heterogeneity. We will examine different solutions to the integration 
challenge in Section 3.3. 

1.3. Contribution 

Interoperability in BIM requires integration along both the semantic 
and the pragmatic dimensions. In this work, we present and evaluate a 
modeling framework capable of working with multiple semantic type 
systems inhabiting the same syntax in the context of multiple applica-
tions. In addition, the framework provides tools for modeling the 
pragmatic aspects of a data exchange and converting them from an 
implicit assumption into an explicit formal specification. The combined 
model of the semantics and pragmatics of a data model provides an 
integration facade that enables transparency and traceability during 
interoperability. 

The paper is structured as follows. In Section 2, we review the related 
work and discuss open challenges we face. Section 3 presents our 
framework step by step by following the workflow for building an 
integration facade. In this section we describe relevant methods and 
techniques we employ for the realization of the framework as a proto-
typical implementation. Section 4 describes the design, evaluation, and 
results of our conducted case study on the basis of three practical cases. 
Section 5 concludes this work and outlines future work. 

2. Related work 

Much of the work on data exchange standards concentrates on 
bridging legacy, domain or technological gaps. There are several stra-
tegies for the implementation of such exchange that have been explored 
in the past, as shown in the following subsection. 

22 https://technical.buildingsmart.org/standards/bcf/ (last accessed 2021-02- 
26). 
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2.1. Data exchange strategies 

Here we differentiate between data exchange strategies based on the 
type of “bridge” offered to cross a certain communication gap. An 
overview of those strategies is given in Table 2. 

2.1.1. Data exchange via common syntax 
Data exchange can take place via syntactic containers. Widely used 

formats employing this strategy include the Co-mma-separated Values 
(CSV), Extensible Markup Language (XML), the XML Metadata Inter-
change XMI and the Java Script Object Notation (JSON)–see the entry 
common syntax in Table 2. These formats are often used as storage for 
arbitrary data, because they offer no semantics of their own. Therefore, 
there is no interference with the semantics of the stored data. This makes 
these formats applicable for all domains. Moreover, transformations be-
tween them requires establishing only syntactic correspondences, not se-
mantic ones. This transformation task can be automated easily. However, 
for processing the stored information correctly, each of the interacting 
applications must have implemented not only the same semantics but, in 
most cases, also the same serialization routine, e.g., a mandatory ordering 
of the information. 

An example for the strategy of data exchange via common syntax is 
demonstrated in the Epsilon project [31], in the context of integrating 
legacy models into new technologies. In the course of this project, Paige 
et al. [23] implement interoperability between a proprietary modeling 
tool and an open source model management suite by providing a layer of 
communication drivers between a Java-based execution engine and a 
Component Object Model (COM) interface. This layer contains a dedi-
cated driver for each persistence format (e.g., EMF,23 XML, spread-
sheets, etc.). In essence, it demonstrates a technique for loading and 
manipulating the same semantics by extracting its artifacts from 
different syntactic containers. Building upon this, the authors use a 
similar approach in another study, on the integration of Google 
Spreadsheets coupled with XML-based configuration models. In this 
study, they bridge the gap between the object-oriented and the table- 
row-column-oriented (or data-oriented) paradigms via a syntactic 
translation approach [13]. They do not need to consider the semantics of 
these formats (since there is none) in order to perform the translation. 

2.1.2. Data exchange via common semantics 
Implementing not only (i) the same semantics, but also (ii) the same 

serialization routine, becomes impractical for the extensive semantics 
typical for the AEC industries. In order to avoid (ii), the data exchange 
format has to incorporate semantic information in addition to the syn-
tax. An example for this approach is the transfer of geographic data in 
the domain of urban design. The GeoJSON format builds on the purely 
syntactical JSON format by adding semantics-carrying keywords to its 
syntactic structures, e.g., Feature, Point, Polygon, etc. The DXF format, 
which transfers only geometric information, encodes the geometric se-
mantics in context dependent numerical keys. For example, the key 
0 indicates the beginning of an object definition. The key 10 in the 
context of a line indicates the x-coordinate of its first point in the context 
of a circle. This means it indicates the x-coordinate of its center. The IFC 
format also belongs to this category (see entry common semantics in 
Table 2). We already discussed some of its features in Section 1. It has 
two major advantages over the standards operating on pure syntax: It 
contains expert knowledge and is maintained by domain experts. This 
results in a certain level of complexity, which has practical implications. 
Its textual serialization, specified in ISO 10303-21,24 contains a keyword 
for each entity, type, property or quantity set. Thus, for version IFC4 and 
above there exist over 1500 such keywords. An excerpt of this definition 
is shown below: 

simple_entity_instance = entity_instance_name ’=’ 
simple_record ’;’ 
simple_record = keyword ’(’ [ parameter_list ] ’)’ 
entity_instance_name = ’#’ digit { digit } 

A major challenge when exchanging data via common semantics is 
the translation between the common semantics and the internal data 
model of each application. Even when the data exchange standard is 
open, this translation remains hidden for the user and this may cause 
unintended results. For example, if the data exchange standard does not 
know a specific concept, it cannot transfer it. As an illustration of this 
drawback let us consider the following scenarios: First, the domain of 
urban design incorporates concepts for many plants. The IFC standard, 
however, does not. Therefore, each plant defined in an urban develop-
ment tool is translated to IfcProxy in IFC4, which acts as a placeholder 
for unknown entities [5]. This loss of information cannot be remedied, 
even if the data exchange takes place between tools whose internal se-
mantics incorporate the concept of plants. Second, a similar problem 
occurs when the data exchange standard’s level of detail in the 
description of a concept differs from that of the internal data model of 
one of the interacting applications. For example, IFC4 differentiates 
between the material layers in a wall construction. Tools for calculating 
thermal flux within a wall construction, however, also differentiate 
between layers within the same material layer. If the translation from 
the tool to the standard uses the maximum flux value over all layers 
within a material layer, it will produce different results from a trans-
lation that takes the average flux value over all layers within a material 
layer. 

There are even more complex translation problems, when no clear 
correspondence between data model elements can be established. For 
example, if the data exchange standard knows only the triangular mesh 
as the geometric representation of a surface, a Computer Aided Design 
(CAD) tool that works with Non-Uniform Rational B-Spline (NURBS) 
surfaces will have to perform triangulation before passing the surface 
information to the data exchange standard mesh object. Depending on 
the parameters and constraints of the triangulation, the resulting meshes 
of the same surface can differ so much between exports that they cannot 
be reliably identified as representing the same surface [10]. 

Ontologies: Operating on semantics brings us to the topic of the 
application of an ontology in the data exchange. IFC itself is based on an 
ontology, the buildingSmart Data Dictionary.25 This approach was 
chosen by Akanbi et al. to address the problem of proprietary data for-
mats resulting in errors and missing data during information exchange 
for automated cost estimation when employing different BIM software 
tools (compare to the second limiting factor under entry common se-
mantics in Table 2). In [1], the authors present a novel data-driven 
method for automated quantity takeoff (QTO), since current methods 
do not address QTO from BIM artifacts created by different tools. For this 
purpose, they employ a data-driven reverse engineering algorithm to 
generate QTO algorithms for any building component by covering the 
variety of BIM representations via a mapping to IFC. The authors state 
that their approach “is neither an algorithm nor a software but a method 
for developing interoperable QTO algorithms”. They argue that their 
approach is more robust than (traditional) approaches built on pro-
prietary data formats, and therefore, has a higher level of support for 
interoperability. 

In [25], the authors present an ontology-based approach to support 
change management as well as traceability of changes throughout all 
design stages. The authors argue that there are so many approaches pre-
senting standardization methods for different file formats and exchanges, 
but still the document centric approaches result in parsing, interpretation, 
and serialization problems. Therefore, their approach builds upon 

23 https://www.eclipse.org/modeling/emf/ (last accessed 2020-11-13).  
24 https://www.iso.org/standard/63141.html (last accessed 2020-11-13). 

25 https://www.buildingsmart.org/users/services/buildingsmart-data-dicti 
onary/ (last accessed 2020-11-13). 
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semantic web technologies and ontology engineering. Thereby, they shift 
the problem of exchanging artifacts to the management of knowledge 
graphs (ontologies). The authors are convinced that semantic web tech-
nologies, such as ontologies, reasoning, and SPARQL26 queries efficiently 
manage interrelated project information. Their approach parses building 
information from IFC files, ontologies from the IFC schema, and rule-sets 
describing implicit knowledge. In the evaluation they successfully show 
that calculations as well as inferences computed in different tools by 
different users can be explicitly described in an interoperable manner. For 
this purpose, the authors make use of the latest developments of ifcOWL.27 

When choosing an ontology-based approach for semantic integra-
tion, assuming that the domain of interest can be specified in sufficient 
detail, semantic heterogeneity could be overcome by logical inference. 
This requires a special class of logics, the so-called description logics. For 
this purpose a sufficiently detailed ontology has to be present, so that the 
elements of the export schemata of the involved data sources could be 

described by logical formulas. Additionally, it has to be possible to 
represent a global query as a formula covering the concepts that are 
formally well-defined in the ontology. The data sources relevant for the 
answer can then be determined by automatic inference. However, this 
means that such an ontology-based approach for semantic integration is 
essentially based on local-as-view inclusion relationships, since concepts 
of data sources are described by a global ontology [30]. In [21] the 
authors describe a filter implemented as multiple ontologies, one com-
mon ontology over all domains and multiple domain-specific ones. This 
setup allows for a flexible interoperability model. 

In [14] five criteria for ontology design can be found: clarity, 
coherence, extensibility, minimal encoding bias (i.e., clear separation 
between syntax and semantics), and minimal ontological commitment 
(i.e., finding the minimal set of terms essential for knowledge commu-
nication). This kind of approach is certainly promising and we plan to 
examine it and compare it to the one we present in our future work. 

2.1.3. Data exchange via a copy of reality 
The typical BIM model is a proper model according to Kühne’s 

definition introduced in [19]: it is based on an original that already 
exists or is going to exists (e.g., a building), it is an abstraction of the 

Table 2 
Comparison of data exchange approaches.  

No Method Examples Features Advantages Limiting factors 

1 Common 
syntax 

CSVa, XMLb, XMIc, 
JSONd 

Domain-independent, do not contain 
a specialized semantics. Instead, they 
offer a structure: a tree, a sequence of 
containers, etc. 

(1) Can store any data and do not 
interfere with the data semantics. 

(1) The correct interpretation of the data 
requires that each tool has a separate 
implementation of a common semantics or the 
exactly same serialization routine. 

(2) Applicable to all domains. 

(3) Translations btw. such standards 
can be easily automated. 

(2) This can become impractical for large 
domain-specific standards. 

2 Common 
semantics 

GeoJSONe, DXF, IFC, 
ontology and 
description logic 

Domain-specific, contain (parts of) 
the domain’s semantics, e.g., a wall, 
a structural element, etc. 

(1) Contain expert knowledge. (1) Depending on the level of detail included 
in the standard, it can become too large for 
efficient maintenance. 
(2) The implementation of the standard 
involves a translation between the standard 
and the software’s data model, which can be 
challenging. 

(2) Can be maintained and extended by 
domain experts according to the 
requirements 

(3) Missing semantic concepts require 
workarounds. 

3 Copy of 
reality 

digital shadow, digital 
twin 

Multiple domain-specific standards 
are involved, e.g., architecture, 
geology, building physics, building 
automation, etc. 

(1) Allows for completely automated 
information flow btw. real-time and its 
digital representation. 

(1) Does not allow for abstraction and the 
digital shadow or twin can become 
exceedingly large (Tera- or Petabytes in size). 

(2) Enables automated as well as 
continuously decision-making. 

(2) The communication between the different 
domain-specific standards requires a 
dedicated structure for both hardware and 
software middleware. 

(3) Provides cross-domain traceability. (3) Requires a dedicated communications 
standard. 

4 Common 
knowledge 

calculation and 
simulation methods 

Can be based on any of the standards 
listed above. 

(1) Contain operational expert 
knowledge. 

(1) Operate on their (often implicit) bespoke 
data models and are inaccessible for most 
applications. 

(2) Can be used for validation and 
compliance checking. 

(2) Implemented in different formal languages 
and on different platforms. 

5 Common 
data 

data base, any domain- 
independent or 
domain-specific 
standard 

Can contain any type of monitoring 
or simulation data, often time- 
stamped, can be used for automatic 
semantic classification 

(1) Supplies information about the 
actual state of the corresponding 
physical object, which can be used by a 
digital shadow or twin. 

1) Can become very large (Tera- or Petabytes 
in size). 

(2) Arbitrarily fine-grained (values per 
hour or per millisecond). 
(3) Data model is rarely complex. (2) Its structure can be completely arbitrary, 

and therefore, harder to integrate with any 
other data exchange standard or model. 

(4) Can be reverse-engineered to give 
insight into an unfamiliar system. 

(3) Can be one-sided and skew the 
performance of an algorithm based on it.  

a https://tools.ietf.org/html/rfc4180 (last accessed 2020-11-13). 
b https://www.w3.org/TR/xmlschema11-1/ (last accessed 2020-11-13). 
c https://www.omg.org/spec/XMI/ (used as a standard persistence format for the Universal Modeling Language (UML) since 2000 - see https://www.omg.org/spec/ 

UML/About-UML/) (last accessed 2020-11-13). 
d https://www.ecma-international.org/publications/standards/Ecma-404.htm (last accessed 2020-11-13). 
e https://tools.ietf.org/html/rfc7946 (last accessed 2020-11-13). 

26 https://www.w3.org/TR/rdf-sparql-query/ (last accessed 2020-11-13).  
27 https://technical.buildingsmart.org/standards/ifc/ifc-formats/ifcowl/ (last 

accessed 2020-11-13). 
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original (e.g., many details are omitted), and it can represent it under 
certain circumstances (e.g., during the planning process). However, 
there are developments in the AEC industries aiming at producing digital 
twins of buildings [17]. From a BIM perspective, a digital twin is a BIM 
model without any abstractions, i.e., a copy of reality and this implies 
that each software that handles the digital twin has to implement the 
“semantics of everything”. 

An example of this development are the numerous attempts to 
expand the IFC data model by adding more and more detail in various 
domains [2,9,29]. Many attempts disregard the International Frame-
work for Dictionaries (IFD) mechanism for defining taxonomies for IFC, 
and consequently, without knowledge of each other, run the risk of 
producing redundancies and conflicting concepts [7]. As presented in 
the works of ([2,29], there are not just multiple ways to define a tunnel 
and its infrastructure, but also multiple possible docking points for new 
elements in the existing IFC data model. The newest version of IFC, 
IFC4.3 [6], already contains the basis for infrastructure elements, e.g., 
IfcFacility, IfcBridge, in preparation for the definition of, e.g., tunnels. In 
addition, there is potential for conflict between domains. The data 
model presented in [2] defines a new subtype of IfcGeome-
tricRepresentationItem, the so-called ProceduralModel. This model is used 
to serve as representation of a TunnelElement. Another domain that relies 
heavily on procedural geometry is urban design. This would require a 
visible and traceable method for establishing a semantic relationship 
between the concepts of procedural geometry in underground facilities 
as well as in urban areas. 

The developments described above demonstrate the complexity 
resulting from overlapping semantic and pragmatic heterogeneity. 

2.1.4. Data exchange as knowledge communication 
The interest in interoperability in the AEC industries includes not just 

data but also methods for its manipulation. For example, the calculation 
of the energy efficiency of a building design involves thermal simulation 
algorithms. New algorithms are routinely developed in the course of 
research projects and have the potential to bring significant technolog-
ical advancement, if they could be applied in the industry. However, 
most of these algorithms operate on their own bespoken data models, 
and therefore, are inaccessible for other applications (see Section 1.1, 
practical implication (a)). 

Aside from creating a dedicated application, there are multiple ap-
proaches to algorithm development in the context of the AEC industries. 
One of them is the definition of prototypes in applications such as 
MatLab28 and Modelica.29 However, such prototypes are generally only 
accessible via an Application Programming Interface (API) that only few 
proprietary software integrate. An additional approach is the use of 
spreadsheets and small code snippets, e.g., in Microsoft Excel™ and 
Visual Basic for Applications (VBA), respectively. The drawback of this 
approach, as well as the previous one, is that both offer no semantic 
support. A cell in a spreadsheet is a container that holds arbitrary in-
formation, which can result in misinterpretation and, ultimately, mis-
applications of the algorithm. For example, a cell whose upper neighbor 
holds the text “adjacent zone” could contain either the name of a 
neighboring thermal zone in a building simulation, or its identifier. 
Moreover, it gives no indication how the neighbor relationship between 
zones is to be determined. This example demonstrates that a single cell 
can potentially lead to multiple interpretation errors due to both se-
mantic and pragmatic heterogeneity. In an additional example, the 
building automation domain uses the Building Automation Networks 

(BACnet) protocol30 to define interoperability between sensors and ac-
tuators as well as the control algorithms of components [18]. VDI 381331 

and VDI 381432 define the elements of the standard BACnet workflow. 
However, BACnet has yet to be adopted as part of BIM, and even if it 
were fully integrated, it would encounter the same problems we 
described in Section 1.1. 

2.1.5. Data-driven data exchange 
This method makes use of the vast amounts of data in the AEC do-

mains as basis for analysis, pattern detection and, ultimately, develop-
ment of algorithms for automated semantic similarity detection. 

In [28] the authors present a data-driven IFC based approach for 
identifying the same object when transferring information between the 
architecture and structural engineering domains. The identification pro-
cess concentrates on features common to both domains, the geometry and 
the material of the object. In essence, the authors present a method for 
automated detection and integration of pragmatic heterogeneity. 

Petrova et al. couple an ontology persisted as a graph database with 
numerical data, e.g., geometric, from simulations or monitoring, into a 
framework that links the graph to the data [24], but does not integrate it 
into the ontology. In this way, different ontologies can operate on the 
same data and effectively use it as a communication medium. The 
drawback of this method is the potential for significant unaddressed 
pragmatic heterogeneity as the link between an ontological node and the 
data can be interpreted in a number of different ways. 

2.2. Road map: towards full semantic and pragmatic integration 

So far, we have listed technological challenges and solutions stem-
ming from different types of heterogeneity. In this subsection we will 
consolidate our findings and formulate the challenges that need to be 
addressed to achieve full semantic and pragmatic integration into a 
facade that contains all prerequisites for interoperability not only in BIM 
but also in any other data exchange context. 

2.2.1. Challenges 
Full interoperability requires uninterrupted multi-directional infor-

mation flow through an arbitrary number of applications. The full 
integration of the underlying data models, or standards, functions as the 
backbone of this process. In Section 2.1 we examined various data ex-
change strategies relying on different types of integration. Thereby we 
established that one vital prerequisite for exchanging not just data, but 
information, is the semantic and pragmatic consensus. 

In an environment as diverse and complex as that of the AEC in-
dustries, there is a large volume of explicit domain knowledge distrib-
uted over multiple data models. After all, each software tool employed 
in the AEC industries considers at least one part of the semantics of one 
or multiple domains. 

Considering the issues of both explicit and implicit heterogeneity as 
well as the interlocking of concerns we discussed in Section 1.1, we can 
formulate the following challenges on the road to “robust” integration, 
which we address in this work: 

Challenge 1: Exposing the semantics. The semantics of a software 
typically resides within its type system, or data model. In order to 
interact with a software via another software, we need to discover its 
semantics, not manually but automatically. Furthermore, we need to 
make that semantics available in real-time. This requires the ability 

28 https://www.mathworks.com/products/matlab.html (last accessed 2020- 
11-13).  
29 https://www.modelica.org/ (last accessed 2020-11-13). 

30 http://www.bacnet.org/ (last accessed 2020-11-13).  
31 https://www.vdi.de/richtlinien/details/vdi-3812-blatt-1-automationsfun 

ktionen-fuer-wohngebaeude (last accessed 2020-11-13).  
32 https://www.vdi.de/richtlinien/unsere-richtlinien-highlights/vdi-3814 

(last accessed 2020-11-13). 
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to produce artifacts conforming to it, e.g., valid instances of the se-
mantic types, containing user input on demand. 
Challenge 2: Exposing the functionality. In addition to discover the 
semantics of a software, we need access to its functionality, e.g., the 
methods that trigger all relevant algorithms. This requires the ability 
to call said functionality with all necessary data with as little addi-
tional effort as possible. 
Challenge 3: Staying up-to-date. Most standards and software in use 
undergo updates for various reasons, often including their semantics. 
For example, a change in an algorithm may require a change in the 
data model. We need to be able to react to such updates as soon as 
possible. Update cycles of several years, e.g., typical of the IFC 
standard, place a massive burden on the validity as well as mainte-
nance of already established information flows. 
Challenge 4: Making the pragmatics explicit. The pragmatics of a 
standard, concept or software resides in an implicit from in the mind 
of each user. We need to provide a mechanism for exposing and 
discussing the pragmatics, in order to reach consensus. 

The challenges listed above address a seamless interaction consid-
ering the semantics and pragmatics of a single application. Nevertheless, 
full interoperability requires an unbroken communication network 
involving multiple applications. This, in turn, requires effective inter-
action among semantics, which may have partial or full overlap, and 
between pragmatics that may be contradictory. This brings us to addi-
tional challenges concerning (i) translation between semantics, (ii) trans-
lation operations in cases where there is no one-to-one correspondence 
between semantic concepts, and (iii) automation of the translation process. 
These challenges we will address in our future work. 

3. Approach 

Our approach hinges on the ability to model and manipulate se-
mantic information in a manner that in no way interferes with it. This 
means that the syntactic container holding such information does not 
include any additional semantics, but instead, allows depicting structure 
in an abstract way, similar to XML or JSON. In addition, unlike XML or 
JSON, the container is modifiable in real time. This makes model-driven 
engineering a fitting technique for realising our approach. 

3.1. Model-driven engineering: preliminaries 

Based on Martin Fowler’s classification33 models are used as: [(1)].  

(1) sketches for communication purposes, where only partial views of 
an artifact are specified;  

(2) blueprints to provide a complete and detailed specification of an 
artifact;  

(3) programs instead of code for the development of an artifact. 

This means that during development, a team uses models in several 
different ways as abstraction of reality, which makes the design of an 
artifact (e.g., software) a model-driven process. Therefore, models are 
crucial for understanding and sharing knowledge about a domain of 
interest. Model-driven Engineering (MDE) transforms models into so- 
called “first-class citizens” in the field of software engineering [4]. The 
purpose of MDE in the software engineering domain ranges from 
communication between different stakeholders to the executability of 
the developed software. 

According to [4] there are two main concepts in MDE: models and 
transformations. The latter is used for employing manipulation operations 
upon models. The notation for expressing both concepts is known as 
modeling language. There are different layers of abstraction in MDE. From 

a bottom-up perspective there are: (i) M0, which contains run-time in-
stances of the defined model elements of the next higher layer M1; (ii) M1, 
which describes the domain of interest by a domain model and defines the 
language describing the semantics of that domain; (iii) M2, which defines 
a modeling language (e.g., UML,34 SysML,35 or a domain specific lan-
guage) for specifying domain models in M1; and the layer (iv) M3, which 
defines a so called meta-language for specifying a metamodel such as 
MOF.36 It is essential to note, that the concept of the metamodel in the 
MDE domain differs considerably from the homonymous concept in the 
AEC domains, where it is sometimes used to describe correspondences or 
mappings (see [3]). In the MDE domain, a model is an instance of some 
more abstract model, or metamodel. This is the reason why we could 
define an infinite number of model levels. However, a model has to 
conform to its metamodel, which means that all its elements can be 
expressed as instances of the corresponding elements of the metamodel, as 
shown in Fig. 1 and implemented in our framework presented in Section 
3.2. In a nutshell, a modeling language is a tool that supports engineers in 
specifying models, be it in graphical or textual representation. 

Transformations are used for mapping between models specified at 
any level. For example, in model-driven software engineering, trans-
formations are used for the automatic transformation of model elements 
(M1) to corresponding code statements (also M1), which could be 
executed at a platform and produce run-time instances corresponding to 
the model run-time instances (M0). Generally, transformations are 
defined at a model level higher than the level they are applied on [4]. 
Transformation rules could be defined manually from scratch, or by 
defining specific mapping rules by means of a model transformation 
language such as the Atlas Transformation Language37 (ATL), which is 
the most widely used rule-based transformation language, both in 
academia and in industry. ATL contains a mixture of declarative as well 
as imperative constructs, is uni-directional (i.e., transformation from 
language A to language B), and transforms read-only input or source 
models into write-only output or target models [4]. 

In the context of this work, we employ the described MDE techniques 
for extracting a representation of the semantics of any of the involved 
applications, and for producing valid instances of the types necessary for 
executing a function call within it. Thereby, MDE enables us to make the 
sources of semantic conflicts between applications explicit, and to provide 
a reproducible path towards their resolution. In addition, it provides tools 
for expressing and negotiating pragmatics. In our case study presented in 
Section 4, we examine the feasibility of a direct information exchange 
between applications via our MDE-based framework. We forego of 

Fig. 1. Relationship between Metamodel (M2) and Model (M1) [4].  

33 https://martinfowler.com/bliki/UmlMode.html (last accessed 2020-11-13). 

34 https://www.uml.org/ (last accessed 2020-11-13).  
35 https://sysml.org/ (last accessed 2020-11-13).  
36 https://www.omg.org/mof/ (last accessed 2020-11-13).  
37 https://www.eclipse.org/atl/ (last accessed 2020-11-13). 
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employing serialization or using shared memory. Instead, we compile a 
minimal set of preconditions, coupled with an estimation of the required 
effort, that need to be met by the involved software to ensure that all 
input- and output-relevant data structures are exposed as public types, and 
that there is a suitable entry point. Finally, we evaluate the implications of 
the presented framework for the data exchange between multiple do-
mains, such as building physics and structural engineering. 

3.2. The modeling framework for integration facades 

Our approach can be demonstrated by a workflow incorporating our 
central modeling framework that allows us to overcome the challenges 
we formulated in Section 2. In this section, we give a broad overview of 
the workflow as well as the framework and take a deeper look at the 
framework’s modeling language. We will elaborate on other aspects of 
our approach step by step in the course of evaluating our case study 
results in Section 4. 

3.2.1. The workflow 
Fig. 2(b) shows the structure of our modeling framework on the 

left, and the type structure of an application written in an object- 
oriented programming language on the right, as an example. The 
two structures are similar. Both require a language for describing the 
structure. In the target application, the instances of the language build 
a type system. In most cases this is the semantics of the application. 
The language provides the syntactic containers to hold the semantics. 
For example, the C# programming language allows us to create clas-
ses. The class as a syntactic container resides in the C# language (see 
the box Language in the top right corner of Fig. 2(b)). Class Person, on 
the other hand, is a syntactic instance of class and carries semantics 
representing the concept person in the real world. Class Person would 
occupy box Types in Fig. 2(b). The same relationship between syntactic 
containers and semantics holds true in the modeling framework. 
However, in it, the instances of the language build a model. The 
Component as a syntactic container resides in the language of the 
modeling framework (see the box Language in the top left corner of 
Fig. 2(b) and the top element in Fig. 2(a)). Metamodel Person, in 
analogy to class Person, is a syntactic instance of Component and also 
carries semantics representing the concept person in the real world. 
Metamodel Person would occupy the box Metamodel in Fig. 2(b). 

As we elaborated in Challenge 1: Exposing the semantics, in order to 
be able to work with the semantics of any application, it needs to be 
discovered first. Steps 1, 2 and 3 of the workflow depict the discovery 
process. Fig. 2(b) also shows the required interfaces. In order to access 
the target application’s type system without the help of the source code, 
we need a reflection mechanism or a dedicated API. This is what the first 
step accomplishes - retrieving information about types, e.g., T1 (see 
steps 1 and 3 in Fig. 2(b)). In the next step, using a syntax mapping 
interface integrated into the modeling framework, or its API, we choose 
the appropriate language elements and build a model of the discovered 
type system, e.g., the metamodel MM1. Finally, in step 3, we establish a 
link between each type and its corresponding metamodel. However, this 
is not yet sufficient to overcome Challenge 1. 

The run-time data resides not in the type system of the target 
application, but in its instances. For this reason, the modeling frame-
work enables the construction of a model of each instance, which can 
receive user input. This is made possible by the syntactic relationship 
instance-of implemented by the language of the modeling framework 
(see relationship OfType between Typed Component and Component in 
Fig. 2(a)). The models of the instances of the target application are 
constructed as syntactic instances of the metamodel corresponding to 
its type system (see the box Model in Fig. 2(b)). This enables step 4, in 
which the user edits the model of each instance. Step 5 uses the 
established association between each type of the target application and 
a metamodel to produce models of the run-time instances of the target 
application’s type system. Those models can inject their information 

into the target application (step 6), interact with instances produced 
only in the target application (step 7) and supply data for function calls 
on the target application (step 8), which result in valid output (step 9). 
This allows us to overcome Challenge 1. 

At this point, let us take a deeper look into the language of the 
modeling framework. The relevant excerpt is depicted in Fig. 2(a). Its 
core consists of two classes, Component and Parameter. A component can 
contain an arbitrary number of parameters and other components. It can 
also reference other components, be an instance of or the representation 
of another one. In particular, the syntactic relationships our modeling 
framework can accommodate are the following:  

(1) Association (unidirectional or bidirectional). This relationship 
allows coupling, or referencing, between model elements without 
restrictions. See ref. Components and ReferencedBy in Fig. 2(a).  

(2) Containment. This relationship ensures that one element is 
completely contained in exactly one other element or not con-
tained in any element at all. See Subcomponents and Con-
tainedParameters in Fig. 2(a).  

(3) Instance-of. This relationship allows one element to be declared 
as the type of another. See relationship OfType between the 
classes Component and Typed Component in Fig. 2(a).  

(4) Representation-of. This relationship allows one element to be 
declared as the representation of another. See relationship Rep-
resenting between the classes Component and Typed Component in 
Fig. 2(a). 

This language allows us to build a model corresponding to any se-
mantic type. Component can model reference-type elements (e.g., a class, 
which is addressed by reference or pointer), Parameter can model value- 
type elements (e.g., an attribute of type integer, which is addressed by 
value). Both Component and Parameter as well as each of the above listed 
syntactic relationships can act as a carrier for arbitrary semantics. In 
fact, the differentiation between those four kinds of relationships is 
motivated mainly by convenience. What we truly need is simply the 
concept of two syntactic elements having a relationship. The specifica-
tion of its type can be left entirely to the semantics of its content. For 
example, in this case, composition relationships between classes are 
expressed as one component being a sub-component of the other, i.e., a 
true part of it. Association and aggregation relationships, on the other 
hand, are expressed as one component referencing another. Bidirec-
tional associations require each component to reference the other. The 
relationship modeling the one between a class and its instances is con-
tained in the OfType relationship container. Finally, the relationship 
modeling the one between a real-world concept and its representation in 
a model is contained in the Representing relationship container. An 
example of the application of the language of our framework to model 
class Person can be found on our project website.38 

We will examine the modeling of classes and their instances in more 
detail in Section 4. Now we turn to the methods of a class and the 
functionality they implement. Overcoming Challenge 2: Exposing the 
functionality depends entirely on the target application and the 
methods of its types. Unless we misappropriate the reflection mecha-
nism to call private methods, we are dependent on its public ones. 
Moreover, we need to be able to call them with objects, or instances, as 
input parameters, to enable real-time interaction. This is step 8 of 
Workflow 1. We will demonstrate two approaches to overcoming this 
challenge in Section 4, when we discuss specific use cases and pro-
gramming styles. 

Challenge 3: Staying up-to-date, on the other hand, is met by steps 1 
to 3 already. As the discovery process is fully automated, any change in 
the semantics of the target application on the right translates into an 

38 https://cdl-mint.se.jku.at/artefacts-for-semantic-integra 
tion-for-big-open-bim/##class-Person. 
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adapted metamodel on the left. This, in turn, enables the subsequent 
steps to proceed with updated instances. Only step 4 may require more 
attention from the users, as they would have to comprehend the update 
and adapt to it. 

The modeling framework offers all tools to meet Challenge 4: Make 
the pragmatics explicit since we can enrich the model of the type system of 
the target application by additional model elements and relationships to 
add the pragmatics to the semantic model and produce a true integration 
facade for the target application. 

Addressing challenges 1 to 4 will allow us to perform a loss- and 
distortion-free translation considering both semantics and pragmatics, 
even in cases where there is no one-to-one correspondence between 
concepts. We will examine the workflows involved in translation be-
tween multiple source and target applications and present their evalu-
ation in our future work. 

3.3. Integration facades 

Our approach, as described in the previous sections, provides inte-
gration facades for data models that include semantics and pragmatics. It 
is, therefore, necessary to differentiate between semantics, syntax and 
representation. These three dimensions are generally handled within the 
same data model, as exemplified by IFC (see Section 1). A separation can 
significantly simplify the integration process. The pragmatics, on the 
other hand, consists of implicit assumptions without a formal expres-
sion. We will take a closer look after separating the three explicit di-
mensions. In Fig. 3 (a) we do just that: semantics are depicted along the 
ontological axis, syntax - along the linguistic axis, as it is the formal lan-
guage of the data model, and the representation of an object of the real 
world is depicted along the conceptual axis. The latter one is where we 
cross over from abstract modeling into the real world. In Fig. 3 (b) we 
show the typical case when we model a real-world concept, e.g., that of a 
wall construction. This concepts is represented by a model element, e.g., 
Ontological Type Wall Construction. This type can be instantiated as an 
object in the model, in this case Object wc01 to represent one specific 
object in the real world, e.g., one specific wall construction that we can 
interact with in the real world. 

However, real world objects are often part of the extension of more 
than one concept [19]. In our case, the same physical object can be 

regarded simultaneously as a wall construction and as a vertical slab, as 
shown in Fig. 3(c). In other words, it has multiple aspects, or it can be 
viewed from different points of view as discussed in our motivating 
example (see Section 1.2). On the other hand, the typical object-oriented 
modeling language does not allow the instantiating of multiple concept 
representations into the same modeling object. Fig. 3 (d) demonstrates 
that the instance-of relationship is defined only between one class and 
one object. Therefore, the typical modeling scenario involves modeling 
each concept by a separate ontological type, instantiating of each type 
into a separate ontological instance and modeling a connection between 
them by applying various software patterns. In this case, objects wc01 
and vs01 can be used as dynamic types in an object-type pattern, either 
to assume the role of a dynamic type for the other or to provide multiple 
dynamic typing for a third object. 

In either case, such workaround misuses syntactic tools (the syntactic 
association relationship) to model semantics (the semantic instance-of 
relationship). Therefore, a change in the syntax in the process of data 
exchange can inadvertently cause a hidden change in semantics that can 
be very difficult to trace and needs handling on a case-to-case basis, 
depending on the syntax used by the data models of interacting tools. 
For example, if, during data exchange, we transition from a syntax that 
allows dynamic associations to a syntax that allows only association 
queries on demand, the semantic information stored in that association 
will not always be present to restrict the instance behavior as a true 
static type would. This would completely remove type safety from the 
translated data model. 

The modeling language we use in our approach offers several addi-
tional modeling constructs that avoid this type of intermixing of syntax 
and semantics. Fig. 4(a) shows an attempt to add a semantic connection 
to object wc01 and vs01 by adding an additional semantic abstraction 
level along the ontological axis. We declare that Ontological Type Wall 
Construction is an instance of Ontological Type Layered Design, Ontological 
Type Vertical Slab - an instance of Ontological Type Structural Design, and 
that both are specialisations (or sub-types) of the Ontological Type Design 
(see Fig. 4(b)). This would allow to establish that wc01 and vs01 have a 
common type and, in that type’s definition, that they represent aspects 
of the same real-world physical object. Since the traditional object- 
oriented paradigm allows only one level of ontological instantiating, 
between a class and an object, we need a different construct to allow 

Fig. 2. (a) The language of the modeling framework and (b) Workflow 1, which answers Challenges 1 and 3.  
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multiple levels of instantiating. Fig. 4(b) shows that we cannot actually 
instantiate all ontological types we need by employing the object- 
oriented approach alone. Fig. 4(c) demonstrates the model-driven en-
gineering approach. The Typed Component element allows an arbitrary 
number of instantiating steps via the relationship Of Type. Thus, Layered 
Design, Structural Design and Design can all be syntactically constructed as 
syntactic instances of Typed Component and semantically connected 
along the ontological axis. 

The declaration of additional types we described above is an example 
of handling the pragmatic dimension of a data model by making one 
possible implicit assumption explicit, e.g., that Wall Construction and 
Vertical Slab are aspects of the same concept (see the motivating example 
in Section 1.2), and integrating it in the model of the semantics, even if it 
is not expressed in the type system of the target application. 

The pragmatics can be expressed along the conceptual axis as well, 
since our approach allows representational relationships along the 
conceptual axis. Fig. 4(d) shows a different type of relationship between 
the ontological types Wall Construction and Vertical Slab, via the Repre-
senting relationship declared between different syntactic instances of 
element Typed Component. Here, the pragmatics of another user can be 
made explicit by stating that the vertical slab is regarded as a repre-
sentation of the wall construction (in a particular context). The 

situations depicted in Fig. 4(c) and (d) can be regarded as conflicting 
pragmatics made explicit. This, in turn, makes it possible to resolve the 
conflict as part of the model and to produce a coherent integration 
facade of the target application. 

Finally, our approach allows us to confine the data model syntax 
purely to its role as a linguistic tool and to model ontology and repre-
sentation separately from it. This removes the syntax of the data model 
from the list of potential semantic error sources during translation be-
tween data models. 

In the next section, we present an embedded case study consisting of 
three cases, or units of analysis, on the basis of the guidelines of [26]. The 
case study enables us to evaluate the approach we presented in this section 
in a real-world environment, and to examine the separated workflow steps 
in detail. 

4. Case study 

The prototype of the modeling framework, we introduced in Section 3 
is implemented as a Windows Presentation Foundation (WPF) application 
in C#. Therefore, we focus our attention on software written in C#, or on 
applications that offer a C# API for direct access (e.g., Microsoft Excel™). 

Fig. 3. The three axes of integration. (a) ontology, linguistics and conceptual thinking (b) a typical relationship between a concept and its model (c) the same object 
classified as different concepts (d) a typical relationship between a model and its formal language. 
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Fig. 4. The three axes of integration continued. (a) adding ontological types (b) connecting the ontological types via a common super-type is not possible with the 
typical class-object syntax (c) realising the additional types via the syntax of our modeling language (d) realising a representational relationship between ontological 
types along the conceptual axis. 
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4.1. Design 

We chose small non-web based simulation software, which is typical 
for simulation tools in the AEC domains. Usually, such tools are proto-
typically implemented as part of a research project, but seldom advance 
from this stage into a product one. Furthermore, as we outlined in 
Section 1.1, maintaining them in the context of very complex and 
constantly evolving data exchange standards is not cost-effective. Ac-
cording to our own online search, such tools are effectively not available 
beyond the duration of the project they accompany. 

For this reason, we have chosen two simulation applications available 
on the website Code Project39 that closely mimic the typical features of 
simulation software in the field of building physics. The first one is a 
gravity simulator, and the second a sound wave propagation simulator 
(from the acoustics sub-domain of buildng physics). Both handle input and 
output via a Graphical User Interface (GUI). The third application is a 
Microsoft Excel™ tool for calculating the temperature, humidity and CO2 
concentration in a single space developed by domain experts at TU Wien 
[22]. 

4.1.1. Case 1: a windows forms application simulating particle motion 
under gravity 

This software simulates the motion of a swarm of particles, each with 
an initial mass and velocity, under the influence of gravity. The result is 
represented by an animation on a two-dimensional canvas and as a table 
containing mass, positions and velocities. Both in its functionality and in 
the presentation of the simulation results, it resembles existing tools in 
the AEC industries, e.g., a tool for the calculation of light distribution. 
The main difference lies in the input handling. This tool allows the user 
to set the initial position of each particle per mouse-click, which makes 
the result dependent on the user’s hand movements. However, simula-
tion tools in the AEC industries aim to deliver reproducible results. For 
this reason, they require predictable input, most commonly in the form 
of a human-readable text file. Therefore, a first step in adapting a tool 
with an interactive user interface would be to replace the imprecise 
interaction by precise textual instructions in an input file. This requires 
the tool to implement custom serialization, which is a non-trivial task 
depending on multiple factors, e.g., the tool’s data model complexity. In 
any case, a direct communication with the application’s data model is 
not possible. 

4.1.2. Case 2: a windows presentation foundation application simulating 
the propagation of sound waves 

This software simulates the propagation of sound waves generated 
by user-defined sound emitting point or line sources. The resulting 
interference pattern is calculated numerically over a discrete grid and is 
displayed as an animation on a canvas in one, two, or three dimensions. 
Its functionality is very similar to existing tools in the AEC industries. 
There is an entire sub-domain in building physics dedicated to sound 
protection, which employs similar methods for the calculation of the 
sound-proofing properties of materials and constructions. As in the 
previous case, the main difference, from the viewpoint of the user, is the 
input handling. Sound emitters and sound blockers are defined by 
mouse-click. An exact numerical definition in a text file is not possible, 
as the tool is not equipped with a custom serializer. 

Cases 1 and 2 will demonstrate each step of Workflow 1 in detail. In 
particular, we will focus on the part of the implementation that ad-
dresses Challenge 1: Exposing the semantics and Challenge 2: Exposing 
the functionality. 

4.1.3. Case 3: a Microsoft Excel™ application simulating the thermal 
behavior of a single space 

This case takes a deeper look at a Microsoft Excel™ appli-cation 

developed as part of a research project in the domain of building 
physics [22]. It determines the temperature, humidity and CO2 con-
centration in a single enclosed space over the course of a week during a 
heat wave. In addition, it takes climate, wall construction, orientation, 
user behavior, and building services into account. 

Since this configuration is far too complex to depict here, we have 
used a small example of one possible configuration of the input and 
output as a representation of the results we obtained in this study. The 
bottom part of Fig. 5 shows an Excel sheet prepared for the calculation of 
the U-Value40 of a wall construction consisting of two layers. The input 
cells are green, with each row corresponding to a material layer in the 
wall construction. The output cell is orange. The green and orange ar-
rows indicate the input and output information flow, respectively. Both 
the source and the target of the information flow is a wall construction 
object. In the full case configuration, the input is distributed over mul-
tiple sheets and multiple cell ranges within each sheet. The simulation 
routine is written in a global module in VBA and is called by clicking a 
button. The output is a time series saved in a dedicated output sheet. The 
application supplying the input BIM model is object-oriented and de-
fines buildings, spaces, walls etc. as objects. 

This case demonstrates the steps involved in addressing Challenge 4: 
Making the pragmatics explicit. In particular, it focuses on the expression 
of the pragmatics as a representational relationship. This means it shows 
the mechanisms involved in declaring one semantic concept as repre-
sentative of another. 

4.2. Evaluation focus 

In all three cases, we will make adaptations in the source code and 
evaluate both the adaptation itself and the implementation of the 
workflow described in Section 3. During the evaluation, we will un-
derline the aspects that directly address the challenges we listed in 
Section 2.2.1. Since Challenge 2: Exposing the functionality is entirely 
dependent on the target application, we will answer the following 
additional questions: 

CQ 1. What amount of effort, measured in change in program length as 
defined in [15], is necessary to expose an alternative entry point in an 
existing software that accepts an object of arbitrary complexity as input? 

Fig. 5. Case 3. A sample calculation of the U-Value of a wall construction 
consisting of two layers in an Excel sheet. 

39 https://www.codeproject.com/ (last accessed 2020-11-13). 

40 EN ISO 6946:2017 https://www.iso.org/standard/65708.html (last 
accessed 2020-11-13). 
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CQ 2. What amount of effort, measured in change in program length 
(see above), is necessary to adapt an existing software, not conforming 
to object-oriented programming conventions, e.g., using arrays of 
primitive types instead of objects, to an object-oriented entry point 
requirement? 

4.3. Case study procedures 

4.3.1. Data collection procedures 
The subjects of this study are pieces of software. Our selection 

criteria included (i) full access to the source code, (ii) the software not 
being familiar to us or, if it is familiar to us, also having a real-world 
application, (iii) the software either being of the AEC domains or very 
similar in function and (iv) the software simulating a physical process 
based on a one-time input and returning a one-time output. We searched 
for prototypes of simulation tools from the building physics domain 
online. For the first two cases we chose applications published on the 
Code Project Website. For the third, TU Wien provided us with access to 
a simulation tool for the purpose of this study (the Microsoft Excel™ 
tool, [22]). In all cases, we were able to examine the code fully and test 
various adaptations. The purpose of the examination was not to review 
the quality of the code, but to work with unfamiliar and/or real-world 
examples and be confronted with real-world challenges. 

4.3.2. Analysis procedures 
For the analysis of the cases we gathered quantitative data: the 

change in program length, the change in lines of code, and the number of 
new types created in the target software (see questions CQ 1 and CQ 2). 
We further evaluated qualitative data. We tested various approaches to 
creating an alternative entry point in the target application. We also 
documented the programming changes required for exposing enough of 
the underlying semantics through the entry point to enable passing all 
necessary input data and receiving output. 

4.3.3. Validity procedures 
The validity of the obtained results can be compromised by several 

factors. Firstly, the programming expertise of the researchers has an 
influence on the data collection. For this reason we do not measure the 
time spent in unsuccessful adaptation attempts, but analyze only the 
most efficient adaptations achieved. Secondly, the applied technologies 
can impact both the qualitative and the quantitative evaluation. Quan-
titative evaluation measured in lines of code can vary greatly based on 
the programming language and the developer’s programming style. 
Therefore we have added a more robust measure, the program length, 
which is defined by [15] as the sum of the total number of operators and 
the total number of operands in the program. 

The creation of the entry point depends strongly on technology as 
well–therefore we only answer the question, if it is possible, not how 
expensive it is. The difficulty in exposing the underlying semantics via 
an entry point, on the other hand, depends on the programming style. 
We have selected cases with very different programming styles to 
demonstrate the wide range of challenges an adaptation could face. 

4.4. Evaluation 

In this section we apply the workflow steps we presented in Section 3 
and evaluate the results. We start with Workflow 1 (see Fig. 2) and Case 
1 (see Section 4.1.1). 

4.4.1. Evaluation of case 1: a windows forms application simulating 
particle motion under gravity 

Workflow 1 starts with the discovery of the semantics of the target 
application. Step 1 is shown in Fig. 6. The involved parts of the modeling 
framework and of the target application are highlighted in blue and 
green, respectively, in the overview image in the top right corner of the 
figure. Each of the highlighted modules is expanded to show the relevant 
portion of its content. For example, the semantics of the target appli-
cation (the green block in the overview image labeled Types) can be seen 

Fig. 6. Case 1. Realization of step 1 of Workflow 1.  
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in detail on the right in the main portion of the figure, in the box with a 
dashed greed border. This semantic data model consists of three types. 
There is a Simulation, which refers to Gravity Conditions and contains 
some Particles. The language of the modeling framework we presented in 
Section 3 is the in the top left corner of the overview image. The relevant 
details are depicted on the left in the main portion of the figure. 

In addition to the data models, Fig. 6 shows the interfaces involved in 
step 1 of Workflow 1. On the side of the target application, we use the. 
net Reflection API to gather information about the target application’s 
type system via type Type. The modeling framework realizes the transfer 
to its own language by employing the types TypeNode, MappingObject 
and its subtypes MappingContainer and MappingParameter. The applica-
tion of step 1 of Workflow 1 is depicted as the path highlighted in or-
ange that originates at Type and ends in Component, thereby completing 
the information transfer from the target application to the modeling 
framework. 

The result from this transfer is shown in Fig. 7. In step 2 of Workflow 
1, the instances of TypeNode extract the information necessary both for 
the construction of the corresponding metamodel of each target type and 
for its instantiation. Once the type structure has been discovered, the 
modeling framework uses a subtype of Component, Typed Component, to 
set a direct relationship between a type and its metamodel element (see 
the highlighted association OfType between Typed Component and Type 
in Fig. 7). This is a generic procedure, completely independent of the 
specific types of the target application. The only requirement is that the 
application has types exposable by some mechanism, e.g., the meta- 
information extracted by the Reflection API. 

Fig. 8 depicts step 3 of Workflow 1. We put particular emphasis on 
the completed metamodel corresponding to the type system of the target 
application and represented by the blue block labeled Metamodel in the 
overview image. It consists of elements M1, M2 and M3. M1 models 
type Simulation, with attribute Name set to ‘M1’ and attribute OfType-
Name set to’Simulation’. Effectively, M1 has two types, Typed Compo-
nent and Simulation. Those types, however, play different roles. The 
linguistic type is indicated by the dashed orange line connecting M1 and 
the language element Typed Component. It provides structure, or syntax. 
The ontological type is indicated by the association OfType between M1 

and Simulation highlighted in orange. It determines the meaning, or 
semantics. Therefore, M1 corresponds to, or is a model of, type 
Simulation. 

Type Simulation includes the attributes Name and Size. Those are 
modeled by the Parameter instances pM1 and pM2, respectively, con-
tained in M1 via the relationship ContainedParameters. Also included in 
the structure of M1 is the reference to type Gravity Conditions. It is 
modeled by M2 of linguistic type Typed Component and ontological type 
Gravity Conditions. It is associated with M1 via the ref. Components rela-
tionship. Fig. 8 shows the model M3 of type Particle as well. 

In effect, the metamodel is the model of the target application’s type 
system. It is shown both in Fig. 8 and in Fig. 9. It enables the creation of 
run-time instances via reflection. The process begins with the instanti-
ation of this metamodel, or type model, into instance models (see the 
expanded module Model in blue in Fig. 9). 

Let us take a closer look at the instance models in Fig. 9 and compare 
them to the automatically generated target application run-time in-
stances on the right, in module Instances. Model instance s1 Model is of 
syntactic type M1, which is itself of semantic type Simulation. The syn-
tactic instance-of relationship between s1 Model and M1 relies on the 
association OfType between Typed Component and Component in the 
language utility of the modeling framework (see Fig. 2). The instance-of 
relationship between an object and its type in the the target application, 
on the other hand, is enforced by the type system of its programming 
language. All such relationships are depicted as dashed orange lines 
annotated « instance-of» in Fig. 9. 

The structure of the run-time instance of Simulation, s1, includes the 
slots Name and Size. Those are modeled by the Parameter instances pM 
Name and pM Size, respectively, contained in s1 Model via the rela-
tionship ContainedParameters. Also included in the structure of s1 is the 
reference to instance gc of type Gravity Conditions. It is modeled by gc 
Model of syntactic type M2, associated with M1 via the ref. Components 
relationship. In addition, Fig. 9 shows the models pa Model and pb 
Model of the instances pa and pb of type Particle, respectively. Each slot 
Mass in a run-time instance is modeled by a Parameter instance with the 
Name ‘Mass’ and the corresponding value. 

Just as the target application permits editing of its run-time data 

Fig. 7. Case 1. Realization of step 2 of Workflow 1.  
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structure, so does the modeling framework. The size of the simulation, 
the number and mass of the particles as well as the gravitational con-
ditions can all be adjusted by the user. In steps 4 and 5 of Workflow 1, 
the model instances receive the user’s input (see the orange highlight 
annotated 4 in the bottom left corner of Fig. 9) and convert it to model 
instances. In step 6, the corresponding run-time instances of the target 
application are updated via reflection. In effect, the user input is injected 
into the target application. 

An alternative, simplified solution, which dispenses with the sepa-
rate modeling of the types and run-time instances of the target appli-
cation, is shown in Fig. 12 in Appendix A. 

The correspondence in structure between the target application data 
structure and its model in Fig. 9 is syntactic, or linguistic. The semantic 
correspondence is guaranteed by the association to the same types - 
Simulation, Gravity Conditions and Particle. Both the target application’s 
data structure and the modeling framework model carry the same 
meaning - a particle simulation named ‘Earth’ with size 10.5 containing 
two particles with mass 0.25 and 0.5 and referencing some gravitational 
conditions. 

This concludes the demonstration of steps 1 to 6 of Workflow 1. 
Those steps fulfill the requirements of Challenge 1: Exposing the se-
mantics. The modeling framework makes the semantics of the target 
application available in real-time. This is achieved by producing arti-
facts conforming to it, e.g., valid run-time instances of its semantic types, 
containing user input, on demand. 

Challenge 2: Exposing the functionality requires actual adaptations of 
the target application and involves steps 7 to 9 of Workflow 1. So far, 
we have gained full access to the run-time instances without imple-
menting any semantics by hand. However, calling an application’s 

functionality depends on the public methods it exposes. In this case, the 
application uses Windows Forms for the GUI design. This means that 
there is a standard entry point without input parameters, which calls the 
standard constructor of the form: 

1 [ STAThread ] 

2 static void Main () { 

3 Application .Run ( new Form1 ()); 

4 } 

An alternative entry point, which takes an object, possibly repre-
senting the entire simulation, as an input parameter, and calls an 
adapted form constructor could look like this: 

1 public static void Go( Type_1 input ) { 

2 Application . Run( new Form1 ( input )); 

3 } 

The programming style of this tool is object-oriented and there is, in 
fact, a type representing the entire particle simulation. Therefore, the 
introduction of the alternative entry point is straightforward. The type 
representing a particle simulation, Simulation, simply replaces Type_1 in 
the code above. An additional method for triggering the simulation 
programmatically completes the list of necessary changes in the source 
code. After those, in steps 6 to 9 of Workflow 1, the tool can be passed 
input and executed from the modeling framework. The quantitative 
evaluation of the code adaptation is shown in Table 3. The additional 
type serves to organize input and output and implements the above 
mentioned method. 

Fig. 8. Case 1. Realization of step 3 of Workflow 1.  
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In conclusion, we present the adapted workflow.  

(1) Initially, the modeling framework establishes the connection to 
the particle simulation tool.  

(2) It creates a default model of a particle simulation containing only 
one particle with a default mass zero. This can be viewed as a 
model of the types of the particle simulation.  

(3) The user edits the instance model to change the properties of the 
single particle as well as to add more particles and modify the 
gravitational conditions. Since the modeling framework enables 
copying, it means that the user can produce an arbitrary number 
of simulation instances from that one initial model.  

(4) The user triggers the simulation with any one of those instances 
via the alternative entry point Go, which accepts a particle 
simulation instance as input.  

(5) The particle simulation tool creates both an animation and a table 
containing the results. 

4.4.2. Evaluation of case 2: a windows presentation foundation application 
simulating the propagation of sound waves 

The programming style of this application is data-oriented. It utilizes 
numerical methods for the calculation of the interference pattern of 
sound waves and, therefore, uses a grid, implemented as a two- 
dimensional array, as its main data structure and input source. There 
are different approaches to handling two-dimensional arrays, or 
matrices. If the matrix is sparse, the non-zero entries can be represented 
as objects. In this case, those would be points in two or more dimensions. 
In this manner, the entire matrix can be represented by a collection of 
objects. This scenario is very similar to the one in Case 1. However, 
instead of using already existing types in the target application, such as 
Simulation, Gravity Conditions and Particle, we can adapt the source code 
and add a new type Point2D to represent a two-dimensional emitting 
point source, and a new type Simulation that wraps a list of Point2D 
instances. 

Fig. 9. Case 1. Realization of steps 4, 5 and 6 of Workflow 1.  

Table 3 
Case 1. Quantitative evaluation of the code adaptation.  

Metric Original Adapted Diff. Increase     

in % 

Program length 7791 8125 334 4.29 
Lines of code 714 755 41 5.74 
Number of types 8 9 1 –  
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However, we want to address Challenge 1: Exposing the semantics 
without modifying the target application. In addition, the scenario 
described above is less suitable for large dense matrices. Such matrices 
are produced, for example, by simulation or monitoring software in the 
building physics domain. A matrix of monitoring measurements taken 
every 15 s over the course of a year has more than 2 million rows and 
may have many hundreds or even thousands of columns. 

The language utility of the modeling framework we presented in 
Section 3 has classes for handling data-oriented approaches. Those are 
the sub-types of MultiValue, an abstract container for multiple numeric 
values, shown in Fig. 10. The values can be organized in scalar fields 
(MultiValueField), graph fields (MultiValueFunction) or tables (Multi-
ValueTable). An instance of MultiValue can be referenced by an instance 
of Parameter by means of the ValueField relationship. In this way, it al-
lows the parameter access to all the data via a pointer (see Multi-
ValuePointer). Since a parameter can exist only when contained in a 
component, the data is automatically associated with one or more 
components, which can take on multiple roles (see Section 2.1.5). On the 
one hand, the component can act as a simple container, or wrapper, of 
the data. On the other hand, if the component has a type, i.e., if it is an 
instance of Typed Component, it can act as a typing mechanism. 

Using a component as a wrapper of the two-dimensional array pro-
duces a model comparable to Case 1. Since the data-oriented program-
ming style still uses the C# typing utility, the Reflection API allows the 
discovery of all relevant types. As we will see below, we need to add at 
least one new type to the application to act as input parameter of the 
alternative entry point. We can utilize this additional type, Simulation, as 
a wrapper for the two-dimensional binary array that carries the input 
information. 

Just as in the previous case, meeting Challenge 2: Exposing the 
functionality requires code adaptations. The application uses WPF for the 
implementation of the GUI. This means that the standard entry point is 
located in an automatically generated file: 

1 [ System.STAThreadAttribute ()] 

2 [ System.Diagnostics.DebuggerNonUserCodeAttribute 

()] 

3 [ System.CodeDom.Compiler. 

GeneratedCodeAttribute ("PresentationBuildTasks ", 

" 4.0.0.0 ")] 

4 public static void Main () { 

5 WpfTransmissionLineMatrixCS.App app =

6 new WpfTransmissionLineMatrixCS.App (); 

7 app.InitializeComponent(); 

8 app.Run (); 

9 } 

An alternative entry point definition may involve generating a new 
application domain with its own domain manager for the WPF appli-
cation to run in. The type of the object we use for passing the input to the 
application has to be declared as serializable; however, no custom 
serialization needs to be implemented. 

1 public static void Go( Simulation input ) 

2 { 

3 var dm_type = typeof ( DomainManager ); 

4 string codeBase = Assembly.GetExecutingAssembly(). 

CodeBase ; 

5 UriBuilder uri = new UriBuilder( codeBase ); 

6 string path = Uri.UnescapeDataString( uri. Path ); 

7 string ab_path = Path.GetDirectoryName( path ); 

8 

9 var setup = new AppDomainSetup 

10 { 

11 ApplicationBase = ab_path, 

Fig. 10. Handling large numeric data in the modeling framework.  

Table 4 
Case 2. Quantitative evaluation of the code adaptation.  

Metric Original Adapted Diff. Increase     

in % 

Program length 8422 8783 361 4.29 
Lines of code 1085 1133 48 4.44 
Number of types 6 10 4 –  
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12 AppDomainManagerAssembly = dm_type.Assembly. 

FullName, 

13 AppDomainManagerType = dm_type.FullName 

14 }; 

15 AppDomain domain =

AppDomain.CreateDomain( "TempDomain", null , setup ); 

16 CallBackContext ctx = new CallBackContext(); 

17 ctx.SourceContainer = input; 

18 CrossAppDomainDelegate action = ctx.AppEntry; 

19 domain.DoCallBack( action ); 

20 } 

As mentioned above, the class Simulation (see the input parameter 
type in the alternative entry point Go above) plays the role of a wrapper 
for the information we need to pass. These adaptations result in the 
addition of 4 classes to the tool (see Table 4): two for the entry point, one 
as a wrapper for the input and one for translation from the data to the 
object-oriented paradigm. Both in terms of lines of code and program 
length increase, this case is very similar to the previous one. 

This completes the adaptation of Workflow 1 to this case. As in the 
previous case, Challenges 1 and 2 were overcome. Challenge 3: Staying 
up-to-date is met as a direct consequence of the dynamic connection be-
tween the modeling framework and the target application. Any changes in 
the type structure of the target application results in an automatic update 
of the dynamically created models in the modeling framework. 

In conclusion, we present the adapted workflow.  

(1) Initially, the modeling framework establishes the connection to 
the sound wave propagation simulation tool.  

(2) The modeling framework creates an empty table referenced by a 
parameter in a component instance of type Simulation. This 
configuration can be viewed as a model of the default instance of 
the sound simulation.  

(3) The user populates the table by marking the sound emitting 
sources as ones and leaving all other entries zero.  

(4) As in case 1, the user triggers the simulation by injecting a model 
of a Simulation instance into the alternative entry point, Go.  

(5) The tool creates the resulting sound interference pattern. 

4.4.3. Evaluation of case 3: a Microsoft Excel™ application simulating the 
thermal behavior of a single space 

In this case, we evaluate the ability of the modeling framework to 
overcome Challenge 4: Making the pragmatics explicit. As we laid out in 

Section 4.1.3, the setup in Case 3 is complex. The source application has 
an object-oriented type system for representing an entire building. The 
target application, which simulates the thermal behavior of the building, 
consists of multiple Excel sheets and VBA macros. As an illustration of 
the task, we chose one small excerpt, which translates a wall construc-
tion to an Excel sheet, as shown in Fig. 5 and, in more detail, in Fig. 11. 

On the right in Fig. 11 is the model of the wall construction, con-
sisting of two material layers, of which only one (ml1) is shown. On the 
left is the Excel sheet that calculates the U-value of wall constructions. 
The translation pairs are connected by colored lines. Green stands for 
translation to the spreadsheet, orange for translation from the spread-
sheet. For example, the wall construction wc itself maps to the cell under 
the label wall constr., by supplying only its ID. Parameter mlP1, con-
tained in the material layer ml1, maps to the cell under the label depth, 
by supplying only its current numeric value, 0.015. Parameter wcP1, 
contained in the wall construction wc, on the other hand, is mapped to 
from the cell where the U-value is located in the spreadsheet. 

This case example presents us with the task of dealing with a collection 
of cells in a table, whose meaning is known only to the designer of the 
simulation the table realizes. In essence, we need to extract the pragmatics 
and make them explicit in the corresponding model of the modeling 
framework. As mentioned in Section 2.1.1, Francis et al. were confronted 
with a similar challenge in the case study presented in [13]. Their 
approach involved the creation of a metamodel–a Spreadsheet containing 
multiple Worksheets, which contain Columns, which can reference each 
other by means of Reference. This metamodel allows the automatic 
detection of dependencies between cells and tables. However, the se-
mantics of those connections still needs to be supplied by the user. 

Addressing Challenge 4: Making the pragmatics explicit involves 
making the an explicit connection between cells or ranges of cells within 
a spreadsheet and a semantic type (see Fig. 4(c)) or concept (see Fig. 4 
(d)). For example, the user can create a model element in the modeling 
framework that corresponds to the concept of an U-Value. Subsequently, 
the user can define a semantic instance-of relationship between this 
element and the models of cells in a particular range that store U-Values. 
This would make the implicit assumptions of the simulation designer 
explicit and greatly aid any user by removing a significant potential 
error source, the misinterpretation of the simulation’s data model. 

This concludes the evaluation of our approach. In the following 
subsection we will discuss some threats to validity with respect to the 
four challenges (see their definitions in Section 2.2.1) we aim to 
overcome. 

Fig. 11. Case 3. Translating between type Wall Construction and an Excel sheet.  
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4.5. Evaluation of validity 
It is of note that in all three cases we work with applications with 

clearly defined functionality and a data model consisting of less than 
15 types. 

4.5.1. Construct validity 
As we stated in Section 2.2.1, the goal of our approach is to provide 

full integration or integration facade for any data model, i.e., a semantic 
and pragmatic consensus, as this is the backbone of interoperability in 
any data exchange environment, including Big Open BIM. In order to 
account for the arbitrary component in our evaluation, in Case 1 and 
Case 2 we chose applications that were not developed by us or known to 
us prior to the study. In Case 3 we chose an Excel simulation (see [22]) 
well known to us. The reason for this is threefold. First, the algorithm 
and its input and output are far more complex than those in Case 1 or 
Case 2–this is the complexity of a real-world applications. Second, the 
Excel environment is typically used as a prototyping tool in multiple 
AEC domains. And third, the programming paradigm of this tool is data- 
oriented instead of object-oriented and gives us the opportunity to ac-
count for information flow between semantic-carrying and semantic- 
agnostic applications. 

4.5.2. Hidden factors 
In spite of being confronted with a data-oriented programming para-

digm in Case 2, we still had the ability, due to the chosen programming 
language, C#, to utilize object-oriented methods. Our results do not apply 
to software written in languages that do not allow object-oriented access 
of any kind. 

We have not considered any security aspects in this study. 

4.5.3. Generalization 
A data exchange standard cannot rely on our approach unless it is 

generalizable to include much more complex applications. 

Challenge 1: Exposing the semantics. Our approach employs auto-
mated methods for extracting the data model of any application. 
Even a data model as extensive as IFC4.3 can be automatically 
loaded. 
Challenge 2: Exposing the functionality. The three cases we examined 
allow us to formulate the following requirements that need to be 
fulfilled by a software with no API, no implementations of memory 
sharing or of data exchange standards, in order to be fully accessible 
from other applications:  

R2.1. The type structure should contain one type with a pre-defined 
name, e.g., MainObject, providing controlled access to all objects man-
aging input and output. 

R2.2. The application should have an entry point that accepts an 
instance of type MainObject as input. 

R2.3. The application should trigger its main functionality automati-
cally on receiving input over the entry point described above. 

Challenge 3: Staying up-to-date. Since both Challenge 1 and Chal-
lenge 2 are generalizable, staying up-to-date, in terms of data model 
and functionality, is generalizable as well. 
Challenge 4: Making the pragmatics explicit. The modeling framework 
allows the definition of additional semantic types as well as re-
lationships along the ontological and conceptual axes. These tools 

allow the extraction of the pragmatics and making it explicit for all 
users, thus contributing to the consensus of the integration facade. 

4.5.4. Reliability 
The researchers involved in this case study have expertise in the 

following fields: architecture, building physics, model driven engineer-
ing, multi-level modeling and ontology engineering. 

5. Conclusion and future work 
In Section 2.2.1 we formulated four challenges that need to be over-

come in any data exchange process in order to achieve uninterrupted 
multi-directional information flow. This also applies to Big Open BIM in 
the AEC industries. The modeling framework we presented in Section 3 
addresses those challenges to varying degrees, as summarized in Section 
4.5. It enables the integration of semantics at run-time and of pragmatics 
at design-time. The result is that implicit assumptions are made explicit. 
Consequently, they can be discussed and a consensus both in semantic and 
pragmatic terms can be reached, since, as stated by Fetzer [12], “meaning 
is at the heart of both semantics and pragmatics”. In our approach we regard 
syntax, semantics and representation as the three independent axes of the 
space in which data exchange operates. This independence, or separation 
of concerns, allows the semantics to be modeled independently of the 
notation or representation of information in any available tool, which 
makes our approach universally applicable to data exchange processes. In 
addition, we can model pragmatics both along the semantic and the 
representational dimensions, and produce a full integration of both se-
mantics and pragmatics into an integration facade, which is a prerequisite 
for producing a single source of truth. 

Our future work will focus on utilizing the integration facades in the 
translation between the data models of various tools and standards, even 
in cases where no one-to-one correspondence between concepts exists. 
In addition, we will develop algorithms for the detection of semantic 
patterns as basis for automated translation procedures and of translation 
rules between semantic models involving calculations. Furthermore, we 
will examine alternative approaches to defining a semantic model. In 
this work we demonstrated the power of Model-Driven Engineering 
(MDE). We intend to perform a comparison between MDE and ontology 
design in our future work. 
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Appendix A. Workflow 1: non-level-respecting modeling style 

An alternative, simplified solution to the one in Fig. 9 in Section 
4.4.1, which dispenses with the separate modeling of the types and run- 
time instances of the target application, is shown in Fig. 12. The model 
presented in the bottom left corner contains both the type and instance 
information and is ready for user input injection. This is a more efficient, 
however, not level-respecting, model according to [19].   
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