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ABSTRACT

While the use of semantic models has been explored in different areas of the Architecture, Engineering and
Construction (AEC) industry to map and formalize knowledge and support different tasks, building renovation
seems to be a neglected area in this field. Therefore, this paper presents the Renovation-Installation (Reno-Inst)
ontology, which maps knowledge from the renovation domain considering different requirements, constraints,
and other elements related to the installation of common renovation products such as windows, thermal insu-
lation panels, and heat radiators. The development of the Reno-Inst ontology relies on an approach combining
input from experts and knowledge from related engineering documents. The verification and validation process
includes a content evaluation workshop with experts, a verification design stage, and the analysis and imple-
mentation of a real case study. The paper provides another example of the power of ontologies as a method for
mapping and representing knowledge, gathering, and retrieving relevant information. Particularly, renovation
projects encounter diverse challenges that lead to cost and schedule overruns, making their performance typi-
cally low. Therefore, the proposed Reno-Inst ontology provides a basis from which new applications can be
developed, tested, and deployed to support improvements in the building renovation field, especially in the

planning and execution of renovation activities.

1. Introduction

The rate at which buildings are renovated across Europe is expected
to increase to achieve the sustainable goals set by the 2030 Agenda and
other international and local agreements in Europe [1]. Since buildings
account for 40% of the EU’s energy consumption, 36% of its CO,
emissions and 55% of its electricity consumption [2], the implementa-
tion of sustainability measures in this field is required. The current
renovation rate of existing buildings is low, even as renovation accounts
for 57% of all construction activity, only about 1-2% of the building
stock is renovated each year [2]. To facilitate the renovation progress,
information related to aspects such as planning, cost management, and
operation and maintenance needs to be systematically collected [3].
Increasing renovation rates calls for dedicated tools to support stake-
holders in renovation projects to enhance the performance of their
activities.

Diverse tools for design, planning, and project management are
usually developed for new construction and later adapted to support
renovation projects. Nevertheless, renovation projects have a low degree
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of anticipation and effectiveness at the working site, and other complex
characteristics that lead to cost and schedule overruns, making their
performance typically lower than that of new construction projects
[4,5]. Particularities from renovation projects such as uncertainty in the
existing conditions of the building and the presence of occupants can
impact certain construction activities and change their conventional
logical sequence. Integrating such particularities in the planning and
execution of renovation projects might be challenging due to the lack of
clear workflows and dedicated tools.

Lack of shared understanding can lead to difficulties in identifying
requirements for systems, procedures, and tasks from a certain domain.
An approach to solving this problem is to develop formalized knowledge
representations [6]. An ontology is concerned with the knowledge of
engineers about physical and abstract objects, their relations, and events
influencing them [7]. It includes a set of concepts/classes, relations/
properties, instances/individuals, and axioms. According to Lenat &
Feigenbaum [8], a great deal of real-world knowledge is a prerequisite
for an intelligent program to perform complex analytical tasks accu-
rately. A representation with machine-readable data for domains related

E-mail addresses: j.pinzonamorocho@tu-berlin.de (J.A.P. Amorocho), timo.hartmann@tu-berlin.de (T. Hartmann).

https://doi.org/10.1016/j.aei.2021.101415

Received 14 November 2020; Received in revised form 11 August 2021; Accepted 7 September 2021

Available online 15 September 2021

1474-0346/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:j.pinzonamorocho@tu-berlin.de
mailto:timo.hartmann@tu-berlin.de
www.sciencedirect.com/science/journal/14740346
https://www.elsevier.com/locate/aei
https://doi.org/10.1016/j.aei.2021.101415
https://doi.org/10.1016/j.aei.2021.101415
https://doi.org/10.1016/j.aei.2021.101415
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aei.2021.101415&domain=pdf
http://creativecommons.org/licenses/by/4.0/

J.A.P. Amorocho and T. Hartmann

to building renovation can contribute to developing tools to support
information collection, processing, reuse, and retrieval in the context of
renovation projects.

In general, the use of semantic web technologies in the Architecture,
Engineering and Construction (AEC) industry has focused on supporting:
a) interoperability, b) linking information across domains such as
Building Information Modelling (BIM) — Geographic Information System
(GIS), manufacturer building data, and building performance analysis;
and c) logical inference to check model consistency and completeness,
construction safety, and perform cost estimation and home automation
[9]. Ontologies can also contribute to addressing the challenges of
building renovation projects. However, most of the research efforts have
been developed around the construction process of new buildings or the
operational phase of existing buildings while renovation seems to be a
neglected area in the AEC ontology field.

To overcome this gap, this paper presents an ontology mapping
knowledge related to the installation of renovation products in existing
buildings. Structuring a representation of the installation and con-
straints for common renovation products such as windows, external
thermal insulation composite systems (ETICS), and Heating, ventilation,
and air conditioning (HVAC) components can support the activity
planning and execution processes in renovation projects. The knowledge
capturing process implemented to develop the Renovation-Installation
(Reno-Inst) ontology combines input from experts and knowledge
from related engineering documents. The verification and validation
process includes a content evaluation workshop with experts, a verifi-
cation design stage, and the analysis of a real case study. The paper
provides another example of the ability of ontologies to map and
represent knowledge and gather and retrieve relevant information.

The remainder of the paper is structured as follows: Section 2 pre-
sents the background and research motivation. Section 3 summarizes the
methodology implemented for the ontology development, including the
specification, knowledge capturing, and verification and validation
process. Section 4 introduces the Reno-Inst ontology. Section 5 presents
the verification and validation process. Finally, the discussion and
conclusions are synthesized in Sections 6 and 7, respectively.

2. Background and research motivation
2.1. Residential building renovation

According to the Global Building Performance Network — GBPN,
different terms are used to refer to improvements in existing buildings
[10]. Renovation tends to be associated mainly with the building en-
velope and the process of improving or modernizing a building to return
it to a good state. Retrofitting is closely related to providing something
with a component or feature not fitted during manufacture [11]. The
related literature considered in this research covers the different aspects
of renovation, retrofitting and the installation of renovation products.
Nevertheless, to facilitate the reading process, the term renovation is
used in this paper as a general term comprising building improvements
in the form of renovation, refurbishment or retrofitting since a single
project may gather multiple elements from one or more of them.

Renovation activities currently taking place across Europe include
mainly the replacement of windows, heating, cooling, lighting systems
or roof insulation [12]. While installation and commissioning proced-
ures in new buildings may be well established, renovation projects
address challenges that call for a better understanding of associated
processes. Renovation encounters barriers throughout the value chain —
from the initial decision to engage in renovation to the completion of the
project, making it costly, difficult to organize, and lengthy to carry out
[1]. A review of existing literature demonstrates that renovation projects
face different challenges, especially during the construction phase and
the installation of new elements when multiple limitations and con-
straints appear.

Renovation projects are usually affected by elements that modify
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conventional construction practices. Unforeseen and varying circum-
stances, incompleteness and inaccuracy of the information related to the
existing conditions of the building can impact construction activities in
renovation projects [4]. Such activities can be affected as well by
deteriorated existing conditions of materials and structural elements,
and additional decommissioning tasks of previous elements. The pres-
ence of occupants also affects conventional practices since it is usually
necessary to include occupants’ schedules in the activity planning,
change egress pathways and other routes in the construction site, as well
as adjust the material storage and waste management plans. Addition-
ally, special measures should be implemented to guarantee occupants’
safety and reduce pollution such as noise, dust, and debris production.
For instance, approaches for envelope renovation need scaffolding on
the outer facade, requiring occupants to introduce safety measures for
long periods [13].

Moreover, according to Singh et al. [4], critical activities that have
an impact on the final performance of renovation projects comprise
preparation of plans and specifications, site investigation, preparation of
site logistics plans, mobilization and demobilization, temporary con-
struction, selective demolition, material and equipment procurement,
demolition waste management, and mechanical, electrical, and
plumbing (MEP) rough-ins. Notice that many of these critical activities
are associated with the installation of renovation products. For instance,
the installation of a window includes performing a survey of the open-
ings in the building (site investigation by contractor), coordinating with
the occupants to install the new window (preparation of site logistics
plan), removing the previous window (selective demolition), disposing
it (demolition waste management), and the installation of the new
window (temporary construction). These and other activities can be
affected by the particularities already mentioned for renovation pro-
jects, related to the uncertainty in existing conditions of the building and
the presence of occupants. Moreover, constructors may often lack the
technical knowledge and necessary competences [14]. There is a serious
fragmentation of communication and knowledge share, creating
increased cost through a disjointed approach to renovate in practice
[15].

In general, planning for construction projects requires an intimate
knowledge of construction methods combined with the ability to visu-
alize discrete work elements and to establish their mutual in-
terdependencies [16]. Reaching this intimate knowledge of methods and
work elements can be challenging in renovation projects since they
encounter multiple particularities, as presented previously. Moreover,
since the planning and execution processes rely mostly on planners’
judgement and previous experiences, those particularities could be
overseen or not anticipated throughout the project. A wider view in
terms of data and activities is required to avoid potential impacts of not
considering the occupants, their needs and other particularities in the
context of renovation activities [15]. Since an ontology is a represen-
tation that provides an explicit specification of concepts, terminologies
and interdependencies that are known in a particular domain [17], an
ontology could support the formalization of the knowledge from prac-
titioners, planners, and previous experiences.

Engineering associations and international institutions have devel-
oped instruction material and guidelines [18-21] to support the plan-
ning process by standardizing concepts related to the installation of
common products such as windows and ETICS panels. These efforts
gathered technical rules and lessons learned from previous experiences
to support planners, authorities, general contractors, and installers.
However, many of these guidelines were developed from a general point
of view, without considering the particularities of renovation projects.
An ontology for the building renovation field can contribute to formal-
izing the knowledge related to existing conditions of the building, the
installation of products, impacts due to the presence of occupants, and
other elements. Since ontologies help humans and computers under-
stand and fully utilize domain knowledge [7], an ontology can be the
starting point to develop dedicated computational tools for renovation
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projects to support and enhance different processes. It can also trigger
the development of semantic and knowledge management applications
such as information retrieval, question answering, and knowledge reuse,
which have been already explored in other areas of the AEC industry as
presented in the following section.

2.2. Ontologies and their application in the AEC industry

In the AEC industry, ontological models and ontology-based tools
have been widely studied. Some efforts have focused on the represen-
tation of general domains to map and formalize the shared under-
standing of their knowledge. For instance, the Industry Foundation
Classes (IFC) data format established by buildingSMART International
and the Building Topology Ontology (BOT) developed by Rasmussen
et al. [22] modelled building-related information, while the building
product ontology (BPO) [23] mapped concepts to describe building
products. Construction projects information has been also mapped,
enabling knowledge analysis and reuse. Torkanfar and Rezazadeh Azar
[24] presented a method for measuring the similarity of construction
projects based on semantic comparisons, identifying experiences gained
from completed projects to improve the planning of new ones. Sigalov
and Konig [25] applied indexing techniques to identify similar sub-
schedules in BIM-based construction schedules to pinpoint patterns
through a graph-based approach. An ontological representation of
renovation projects information considering the particularities and
specific constraints of such projects can prompt the development of
similar dedicated approaches for this field, which can improve the way
lessons are learned and reused from previous projects.

At the same time, research has focused on mapping knowledge from
building construction processes to develop tools to enhance and assist
management tasks. For instance, Jahr and Borrmann [26] proposed a
rule-based knowledge inference system to support site equipment
planners in a semi-automated fashion using data from BIM models and
construction schedules. Zhong et al. [27] proposed an ontological
approach to support the definition and verification of construction
plans, showing its application on a deep foundation pit excavation case.
Song and Fischer [28] introduced an ontology to support the analysis of
the plan-do-check-act cycle and generate information items such as the
actual date of work completed, products built, and quantities of mate-
rials installed. Bilal et al. [29] proposed a building materials ontology
database that captures semantically diverse data of materials to estab-
lish the core of a waste analysis tool. In the context of existing buildings
and renovation, Gouda Mohamed et al. [30] presented an ontological
system integrating the as-is information, BIM and semantic web tech-
nology to support as-is information formalization and management for
maintenance purposes. Kamari et al. [31] introduced a renovation
domain model to express and capture key concepts for renovation
scenarios.

2.3. Research motivation and contribution

Most of the research activities have centred on a general point of
view or new construction perspectives. Knowledge from the renovation
domain seems to be an unexplored area in the field of ontological rep-
resentations. Even though some of the existing approaches could be
extended for renovation projects, this field demands dedicated models
and tools. Clearer knowledge representations in this field can improve
the conventional processes, tools, and workflows to reduce re-work, cost
overruns, errors, and delays in delivery times. Therefore, the specific
objective underlying this study is to develop an ontology that maps
knowledge from the renovation domain considering different re-
quirements, constraints, and other elements related to the installation
procedure of common renovation products. The proposed Reno-Inst
ontology covers common renovation products such as windows, ETICS
panels, and radiators. Nevertheless, the structure of the ontology is
designed to facilitate the integration of additional renovation products.
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Since activity planning usually relies on planners’ judgement, pre-
vious experiences, and scattered information; restrictions and many
other aspects could be overseen during these phases. Moreover, this
information is usually stored throughout multiple sources, with different
formats, and sometimes in an unstructured way, which makes the
planning process prone to errors and loss of information. Therefore, a
potential use of the Reno-Inst ontology is to assist stakeholders during
the planning and execution phases of renovation projects to represent,
gather and manage this kind of relevant information. On the other hand,
the paper presents another example of the utility of developing ontol-
ogies to support engineering tasks within the AEC industry. In this, we
provide a reproduction of previous ontology purposes explored in this
area: mapping knowledge like in [22,23], gathering heterogeneous in-
formation from multiple sources like in [29], and querying and
retrieving relevant information like in [32]. The proposed Reno-Inst
ontology provides a basis from which previous approaches could be
implemented in the renovation field and new applications can be
developed, tested, and deployed to support improvements in the
building renovation industry.

3. Research approach

This section presents the methodology applied to develop the Reno-
Inst ontology that maps knowledge from the building renovation
domain. The development of the ontology was based on the guidelines
presented by Noy & Mcguinness [33] and the Methontology approach
[34], documenting the motivation for the development of the ontology,
its use, and purpose in natural language. The research approach pre-
sented in Fig. 1 comprises the ontology specification, knowledge
acquisition and conceptualization, as well as the verification and vali-
dation process.

3.1. Ontology specification

The goal of the specification phase is to produce a general description
of the ontology comprising minimum information regarding the pur-
pose, use, users and domain covered by the ontology [34]. This section
presents the specification of the Reno-Inst ontology using natural lan-
guage and a set of competency questions.

3.1.1. What is the purpose?

The Reno-Inst ontology is developed to represent concepts related to
requirements, constraints, and the installation of renovation products to
support planning and execution tasks in building renovation projects.

3.1.2. What is the scope?

The ontology covers concepts and relations regarding the installation
of windows, ETICS panels, and radiators, which are common renovation
products. The ontology includes information on physical features, gen-
eral installation procedures, constraints that should be considered, and
additional elements such as workforce, time, and tools requirements.

3.1.3. What are the intended end-users?

The final intended users are project managers, site-directors, and
other stakeholders which are involved in the planning and execution of
construction activities in building renovation projects.

3.1.4. What is the intended use?

The intended use of the ontology is to assist stakeholders during the
planning and execution phases of renovation projects, facilitating the
retrieval of installation information for different purposes. The set of
competency questions presented in Table 1 was developed to identify
relevant concepts.

As presented in Fig. 2, the proposed ontological model can leverage
information from different sources such as general documents,
communication plans, building operational schedules, etc. When as-
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Table 1

Fig. 1. Ontology development methodology.

Competency questions and answer examples.

Competency questions

Example answers

What are the tools required to install an
ETICS panel?

What regulation should be considered
when installing ETICS panels?

What activity should be finished before
driving rain-proof connection of a
window?

What kind of pollution should be
controlled when anchoring an ETICS
panel?

What is the material of the wall where the
ref 123 radiator will be installed?

Which activities require a high level of
safety to avoid potential impacts on the
occupants?

Drill, cutting tool, mixing and delivery
machine, scaffolding
ETAG 004, EN 13162, EN 13163

Installation of air-thigh joint closure

Noise, dust, and vibration

Clay brick

Lifting of a window from indoor,
materials transportation through the
staircase

built and the renovation design information are in the form of BIM
models, related data can be extracted easily to instantiate the corre-

sponding classes from the ontology.

Operational schedules, relation
between products, space
limitations, uncertainties in existing
conditions, constraints due to the
presence of occupants, etc.

Data acquisition/
existing conditions

While planning and executing renovation activities, stakeholders can
retrieve relevant information in a structured way. For instance, a user
can list the tools and materials required to install a window. This in-
formation can be used to schedule the procurement of specific supplies.
A user can also verify whether a specific construction task can be per-
formed in the presence of occupants. Such information can help the
stakeholders to identify which installation activities require special
measures to coordinate them accordingly. Other information includes
constraints related to the operational schedule of the building, space
limitations, and the state of existing building elements. This information
is relevant to establish process outputs such as the schedule of renova-
tion activities, safety, mobility, waste disposal, other plans, and addi-
tional documents.

3.2. Knowledge capture and conceptualization

The knowledge acquisition aims at identifying relevant concepts for
the ontology, defining requirements, constraints, and information
essential for the installation of each renovation product and how these
diverse concepts can be gathered in a knowledge network including
different classes, relationships, and properties. Capturing and

Reno-Inst ontology

Design

As-built
models

Renovation
solution
models

existing conditions,

relation between
products, tools and
other requirements,

Renovation Installation Production
products specifications drawings
specifications
Constraints,
procedures,

Product-building
element relation,
constraints,
relation between

products ...

x

v

Execution

Planning

Safety,
mobility, waste Schedule Plan-to- Other on-site
disposal, and do-check  documentation

other plans

Fig. 2. Potential use of the proposed Reno-Inst ontology.
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representing engineering knowledge is one of the main tasks in the
Advanced Engineering Informatics field. Common engineering knowl-
edge elicitation approaches are based on social science methods or the
analysis of engineering documents and models [7]. Social science-based
methods rely on interviews, workshops, and additional empirical ap-
proaches. While other methods include the structured analysis of doc-
uments and advance text mining techniques.

The capturing of knowledge implemented for the Reno-Inst ontology
combined input from experts in the field and knowledge from sources
such as related literature, manufactures’ catalogues, and guidelines from
regional engineering associations as summarized in Table 2. The speci-
fication and competency questions presented in the previous section
were used to guide the identification of relevant terms. The input from
experts was collected through a workshop and semi-structured in-
terviews. Experts from four companies in Europe were involved,
comprising an architect with experience in windows design and instal-
lation, a second architect and a BIM coordinator with experience in
management and execution of renovation projects, and an R&D director
with experience in the design and installation of multiple types of fa-
cades and heating systems. During the workshop, the experts described
the installation procedure of a particular renovation product at a time (e.
g. a window). Questions such as Could you describe how to install a win-
dow? Which are common challenges during the installation? were used
throughout the discussion to encourage the experts to provide more
details. Experts were also asked to provide information required to
install the renovation product being analysed. Special attention was
given to information related to physical features of the renovation
product and the building interface where it will be installed, and con-
straints imposed by the presence of occupants, space limitations, and
other aspects.

A class hierarchy was created with the main concepts identified
during the knowledge capturing activities. Class properties between the
concepts were established to represent their relationships. The nomen-
clature and terms that represent the concepts correspond to the terms
used by the experts and related literature. When different terms were
used to refer to the same concept, the terms were contrasted with clas-
sification systems for the construction industry to model the information
according to standard vocabulary, facilitating semantic interpretation
and unambiguous communication among users in the renovation field.

3.3. Verification and validation

The Reno-Inst ontology was implemented using Web Ontology Lan-
guage (OWL) and the Resource Description Framework (RDF) in the
Protégé environment [36]. This language enables a machine-readable
representation to support and make information collection, process-
ing, reuse, and retrieval easier. Evaluating whether a certain knowledge
formulation is appropriate and useful is one of the main tasks in the field
of Advanced Engineering Informatics. It requires that the proposed
knowledge representation is systematically verified and validated [7].
Verification is the process of ensuring that the axioms of the ontology
reflect the intentions of the author [37]. Validation is the process of
evaluating whether the knowledge representation is fit to the engi-
neering purpose at hand [7]. To verify the Reno-Inst ontology the

Table 2
Sources for ontology knowledge.

Main Concepts Terms Examples Source
Renovation products Functional component, interface [18,20,21]
component, material

Installation procedure Main installation activity, tools, [19,20], and

construction material, activity
description

Building interface, opening,
pollution constraint, activities
coordination

experts’ input

[4,35], and
experts’ input

Existing conditions,
Occupants, and
Constraints
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authors performed a workshop with experts to evaluate the content of
the model and a design verification stage to search for potential mistakes
in the development of the ontology. Once the ontology was instantiated
with the information from a case study, a reasoner was used to verify the
internal consistency of the model. The validation stage included the
analysis and implementation of a case study, illustrating how the
ontology can support the planning in renovation projects.

3.3.1. Content evaluation

For the content evaluation of the model, the ontology implemented
in Protégé was presented to experts in a workshop to evaluate whether
the model and its content were coherent with the studied domain. The
experts’ group comprised two architects and an R&D director from three
different companies. The questions leading the workshop were:

e Does the model cover all the concepts and attributes required to fulfil
its intended use?

e Does the taxonomy and hierarchy of concepts represent the terms
and structure of the elements in the real world?

e Are the relations between concepts according to real-world
interactions?

During the workshop, we presented the ontology specification to the
experts, in conjunction with the general model and details of each
concept. After the experts discussed each of the concepts and their re-
lationships, we modified the model according to the issues and recom-
mendations pointed out by them. We also presented a fictional case to
the experts, including the replacement of 12 main windows and 4 gen-
eral windows of a four-story residential building, with eight apartment
units. The experts discussed the activities and information required to
plan and implement the task while we verified whether the information
required by the experts was represented in the ontology.

3.3.2. Design verification

Structuring ontologies is an error-prone activity. To verify the design
of the Reno-Inst ontology, the final model implemented in Protégé was
examined to check the concepts description, their hierarchy, object and
data properties, and the relations between them. The ontology was
reviewed extensively, the hierarchy was revisited and the relations of
each class and sub-class were checked. The following list of common
errors from the ontological development process was used as a guideline
to check and restructured the ontology [38]:

e A class defined as a sub-class and super-class at the same time
e An excessive use of the isA property

Incomplete existing classes

Non-disjoint classes

Concepts are not modelled exhaustively

Concepts or terms represented multiple times

Lack of specification and limitation of the properties

Moreover, once the ontology was instantiated with the information
of a real case study, the Pellet reasoner [39] was used to evaluate the
internal consistency of the ontology and search for contradictory facts in
the model. The reasoner supports analysis on individuals, restrictions,
datatypes, sub-property axioms, symmetric properties, and disjoint
properties.

3.3.3. Validation

At the validation stage, the ontology, already instantiated with the
information from the case study, was used to demonstrate the practical
application of the proposed Reno-Inst model. The plan of a previous
renovation project (in the form of a Gantt diagram) and complementary
documentation were the main data sources. The collected data were
contrasted with the information requirements included in the ontology,
evaluating to which extend the proposed model covered the information
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contained in a real practical case. Using Protocol and RDF Query Lan-
guage (SPARQL), a set of queries was executed on the ontology in
response to typical questions that can be relevant during the planning of
renovation activities. The task-based evaluation demonstrated the use of
the ontology in satisfying its purpose and objectives. In the next section,
we describe the proposed Reno-Inst ontology. Then, in Section 5, we
summarize the results of the verification and validation process.

4. Ontology for renovation products installation

Even though the starting point for the development of the Reno-Inst
ontology focuses on windows, ETICS panels, and radiators, the main
classes of the ontology aim at representing a general view of diverse
aspects related to the domain of renovation projects, requirements,
constraints, and the installation of renovation products. As presented in
Fig. 3, each RenovationProduct has Component and InstallationActivity,
and it is linked to a BuildingInterface. The installation activities for each
renovation product require specific MaterialsAndResources, Workforce,
and ToolsAndEquipment. Moreover, activities are subjected to a set of
constraints related to aspects such as existing conditions, coordination,
and safety, which are gathered in the class Constraint. On the other hand,
the BuildingInterface where a RenovationProduct will be installed is
located at a BuildingElement such as a wall, ceiling, or other. Different
concepts such as RenovationProduct, BuildingInterface, and BuildingEle-
ment can be described by the concept Attribute. These attributes corre-
spond to features such as dimensions (e.g. height, width), materials,
colour and weight. Notice that existing ontological resources such as the
datatype property schema:value of schema.org, and unit definitions of
the Quantities, Units, Dimensions and Data Types Ontologies (QUDT)
catalogue can be used to complement the representation of the concept

Attribute.

4.1. Building interface and renovation products

In a deeper level of abstraction, as presented in Fig. 4, each Reno-
vationProduct will be linked to a BuildingInterface, which can be a Con-
structivelnterface or a SystemlInterface. Architectural elements where a
RenovationProduct will be installed such as a specific point in a wall, an
opening, or an area on a floor correspond to Constructivelnterface. In
contrast, the class SystemInterface gathers building elements that link
one of the building systems to a RenovationProduct, e.g. an existing hot

water pipeline that will be connected to a new radiator.

As mentioned previously, the existing conditions of the building can
impact the way the construction activities are performed in renovation
projects. Hence, the class InterfaceState is included to represent the

Constraint
isinstalledin

hasDocumentation

ConjunctionWith
ThasConstramt
isTime-relatedTo
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current state of the Buildinglnterface. The explicit classification of the
building interfaces and the representation of their state allow modelling
the linking points between the new renovation products and the existing
building, as well as the identification of potential requirements that
should be fulfilled to guarantee the proper integration of them.

As presented in Fig. 5, specific knowledge related to different reno-
vation products can be added to the model as blocks of concepts. A
window, a radiator and other products can be represented as subclasses
of the concept RenovationProduct. Since certain pairs of renovation
products such as window/solar protection system and radiator/pipe
require close coordination between their installation activities, the
symmetric property InstalledinConjunctionWith was created to represent
this relationship. The Reno-Inst ontology classifies the components of a
certain RenovationProduct in two classes FunctionalComponent and
InterfaceComponent. The concept FunctionalComponent represents the
main components of a renovation product, which perform the main
function of it, e.g. the core of a radiator. In contrast, InterfaceComponent
represents the components that are directly linked to the building in-
terfaces, e.g. a radiator has a fixing mechanism that will be linked to a
point in a wall. Individual blocks with the components for each reno-
vation product can be added to the model.

The existing BPO ontology [23] was a potential candidate to model
the renovation products, nevertheless, it does not categorize their
components. The alternative modelling approach implemented in the
Reno-Inst ontology enables representing explicitly the components that
will be directly linked to the BuildingInterface, facilitating the retrieval of
specific details of these components to analyse the compatibility of
materials and technologies between the RenovationProduct and the
Buildinglnterface. For instance, information regarding the fixing mech-
anism of a window can be easily retrieved to check compatibility be-
tween its material and the material and state of the opening where the
window will be installed.

4.2. Installation activities and constraints

Each renovation product has a particular installation procedure, a
window requires different steps than an ETICS panel to be integrated
into the existing building. Developing an ontology to represent each of
these procedures separately could derive in a complex, large, and
probably unpractical approach. To deal with this complexity, the main
class InstallationActivity in Fig. 6 includes general tasks such as Remov-
alActivity, WorkAreaPreparationActivity, InsituTransportActivity —and
InstallationVerificationActivity which are shared by different renovation
products. A block with a concept WindowMainlInstallationActivity and the
associated activities FixingActivity, AirtightClosureActivity,

Documentation <€
hasDocumentation

Installation ¢ Renovation isLinkedTo Building - Interface
Activity haslnstallation Product Interface hasState State
Activity
Requires 354,
hasComponent Py, isLocatedAt
Gl
b ,
. hasAttribute hasAttribute i
Materials | . Building
> | J——
AndResources Workforce Component i Attribute Element
Y
ToolsAnd
Equipment

Fig. 3. Reno-Inst ontology overview.
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Fig. 5. Renovation product representation.

RainProofConnectionActivity, and ThermallnsulationActivity can be added
to represent specific tasks for the installation of windows. Equivalent
blocks can be used for ETICS panels and other elements. This proposed
ontology structure facilitates the integration of new renovation prod-
ucts, contributing to extend Reno-Inst for future applications. The
property isTime-relatedTo and its sub-properties allow considering the

sequence of the activities during the installation procedure. For
instance, for the installation of a window, the ThermallnsulationActivity
hasPreviousActivity FixingActivity, and hasFollowingActivity Air-
thightClosureActivity. Each activity has associated data properties to
specify its description, ratio, and duration.

Multiple particularities can cause certain differences when installing
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isTime-relatedTo
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Fig. 6. Installation activities for renovation products.

a product in a renovation project in comparison to the conventional
procedure. The Constraint class depicted in Fig. 7 represents potential
constraints associated with the execution of the installation activities in
the context of renovation projects. These constraints can be produced by
Physical, Uncertainty, Coordination, Pollution, and Safety aspects. The sub-
classes PhysicalConstraint and UncertaintyConstraint represent re-
strictions due to physical limitations and lack of information from the
existing building. The sub-class CoordinationConstraint includes limita-
tions imposed by the building operational schedule and coordination
required with the occupants. For instance, OwnerOperationalConstraint
can include constraints imposed by the owner/manager of the building
regarding the working period to execute noisy installation activities, e.g.
only between 9:00-12:00 and 15:00-18:00 and other regular activities
between 8:00-18:00. OccupantsCoordinationConstraint describes con-
straints such as the coordination required with occupants to execute
construction activities inside the dwelling units.

On the other hand, PollutionConstraint is related to situations such as

large dust production, handling of building materials containing con-
taminants, or high noise production during long periods, which can
affect occupants. These constraints require the constructor to implement
strategies to mitigate the pollution produced during the activity and/or
to prevent the occupants to be exposed to it. The last sub-class Safe-
tyConstraint represents the level of impact of each activity on occupants’
safety. A high SafetyConstraint means that the activity cannot be per-
formed in the presence of occupants and special measures should be
taken into consideration to execute this task. For instance, an activity
such as lifting and transporting large elements (e.g. windows) through
the building staircase can have a high or medium SafetyConstraint. The
occupants’ transit through the staircase should be completely or
partially restricted while performing this task to avoid potential acci-
dents. Modelling these constraints contributes to getting a better un-
derstanding of the particularities of construction processes in renovation
projects, enabling stakeholders to have a more comprehensive view of
the aspects that should be considered while planning the renovation

hasDescription
Instal'la.tlon > Constraint  f--------—-- d  string I
Activity hasConstraint —_—l
A
isA
Physical Uncertainty Coordination Pollution Safety
Constraint Constraint Constraint Constraint Constraint
. . 5 isA i
A T"SpaceLimitation isA : isA  lownerOperational m 55 L
] 1 As_built z ow
Construction Constraint

A emedpona | |4 s o ] e

asieli3posa : isA | OccupantCoordination Medium

Materials ; o
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) Conditions isA
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Material SA
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Fig. 7. Constraints associated with the installation activities of renovation products.
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activities.

4.3. Practical overview

Fig. 8 depicts a simplified example of how the information can be
mapped into the proposed ontological model. For the window win-
dow pvc_123 the mapped information includes attributes, installation
activities and their constraints. For the sake of clarity, not all the re-
lations and instances are shown in the figure. An occupants’ coordina-
tion constraint is associated with the activity
work_area preparation window. During the planning, the fact that in-
habitants should be informed one day in advance about the installation
of the window should be included, so they can re-allocate any furniture
or elements around the opening to facilitate the work.

The information associated with the building interface opening 678
on the right of the diagram is relevant to characterize its existing con-
ditions. Additional attributes regarding material and other aspects can
be included. Mapping this knowledge from different concepts in the
context of renovation projects allows anticipating any requirement from
the existing conditions of the building interface, constraints and par-
ticularities that can impact the renovation activities, and other relevant
information.

5. Verification and validation
5.1. Verification

5.1.1. Content evaluation

During the content evaluation workshop experts reviewed the con-
cepts included in the Reno-Inst ontology as described in Section 3.3.1.
They checked the different terms and relationships in the model, dis-
cussed alternative knowledge structures, and identified missing infor-
mation. The ontological model was adjusted according to experts’
recommendations as summarized in Table 3. Experts suggested repre-
senting the resource requirements of installation activities. The initial
ontology included a single class for tools, materials, and workforce re-
quirements. Therefore, dedicated classes were created to model each of
those requirements individually, combining materials and resources in a
single class MaterialsAndResources. Experts indicated that waste man-
agement requires a high level of attention during renovation activities
due to the lack of space and the presence of occupants. This concern
motivated the representation of waste management constraints
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Table 3
Ontology adjustments according to experts’ feedback.

Recommendation or issue to be
addressed

Adjustment

To include resources requirements
for InstallationActivities.

The class Workforce, ToolsAndMaterials was
split into three main classes Workforce,
ToolAndEquipment and
MaterialsAndResources. The latter includes
materials, but also resources such as water,
electricity, and compressed air.

The subclass WasteDisposalConstraint was
created as part of the class PhysicalConstraint.
Additional subclasses were created as part of
the class Attributes.

To include a concept to represent the
waste disposal constraints.

To include other attributes of the
Buildinglnterface and
RenovationProducts such as shape,
position, load capacity.

Some activities should be
coordinated with the inhabitants.

To represent this requirement an additional
subclass OccupantCoordinationConstraint was
created as part of the class
CoordinationConstraint.

A subclass was created as part of the class
InterfaceState to indicate if the building
interface requires demolition work.

It is often required to perform some
demolition activities on the
Buildinglnterface where a
RenovationProduct will be installed
(e.g. enlargement of window
openings).

Certain RenovationProducts require
close coordination such as a
window and solar protection
system, and radiators and
pipelines.

The symmetric property
InstalledInConjunctionWith was created to
represent this relation between renovation
products.

explicitly in the ontology. Moreover, experts indicated that certain ac-
tivities need to be coordinated frequently with the occupants. For
instance, occupants should often adapt the space around the work area
in advance, re-allocating furniture and other elements when construc-
tion activities will be performed inside the dwelling units. Hence, ex-
perts suggested including a constraint to represent these situations.

5.1.2. Design verification

At the second stage of the verification process, the Reno-Inst
ontology was reviewed according to the list of common errors pre-
sented in Section 3.3.2. The properties and axioms associated with each
class in the hierarchy were checked to identify mistakes made during the
development of the ontology. Most of the pitfalls identified through this
process were related to the lack of specification and limitation of

hasInstallation \
ration window 2 mummal_
- S hasState L~ adjustments
hasConstraint hasComponent opening_
678
k—.
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adaptation ef89 width_ope .._._hasvalue
i ning 678 ™
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Fig. 8. Example for describing the overview of the proposed model.
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properties. Object properties such as requiresMaterial Resource were
not specific enough. Sub-properties requiresMaterial and requir-
esResource were created to clarify this relationship and facilitate
inference over the model. Additionally, for specific classes such as
FunctionalComponent and InterfaceComponent it was necessary to add a
disjoint axiom to guarantee that an instance of one class cannot belong
to the other one. A few axioms related to object and data properties were
missing, e.g. BuildingInterface hasState some InterfaceState and Reno-
vationProduct hasType some string.

5.2. Validation

To validate, the Reno-Inst ontology was implemented using OWL/
RDF language in Protégé. A previous renovation project was selected as
a case study to analyse the application of the ontology. The renovation
project included the installation of thermal insulation panels in the
facade, new thermal insulation of the roof, replacement of a set of
windows and complementary activities in a five-floor residential
building with eight dwelling units. The renovation activities were per-
formed while the building was occupied. The Gantt diagram of the
renovation activities and complementary documentation were used as
the main source of data.

At the initial stage, the available information was contrasted with the
data model proposed by the Reno-Inst ontology. Even though during the
content evaluation workshop most of the experts stated that waste
management encounters multiple restrictions and difficulties in reno-
vation projects, neither the plan of the activities nor the waste man-
agement report of the case study included explicit information regarding
the on-site space limitations or the special measures that should be
applied to deal with aspects such as the presence of occupants (if any is
required). The explicit representation of this information can create a
more comprehensive understanding of the management of construction
activities on-site. Another element missing in the planning information
material from the case study was related to the coordination with the
occupants. In the communication protocol of the project, it is mentioned
that occupants must be notified 48 h in advance about any activity
affecting them directly. For instance, as part of the installation of the
thermal insulation panels, the existing pipelines installed on the facade
had to be removed. Since this task led to the interruption of the gas
supply, the constructor had to inform the occupants 48 h in advance
before starting the activity. Nevertheless, this information was not
explicitly included in the Gantt diagram from the case study. Missing
this relevant constraint during the execution of the construction activ-
ities can lead to effects on the occupants and legal claims against the
constructor. The representation of this constraint in the Reno-Inst
ontology showed to be relevant. The ontology facilitates the consider-
ation of this and other constraints throughout the planning process,
preventing the loss of information in the chain of decisions.

Moreover, according to the project records, multiple incidences
appeared during the execution of the construction activities due to un-
foreseen elements from the existing conditions of the building. These
situations were related to defects of columns and beams, and adherence
problems of the thermal insulation panels to the existing mortar that
required the contractor to execute additional activities, including the
partial removal of the existing facade and application of a new layer of
mortar. During this activity, structural elements got exposed and addi-
tional activities were necessary to repair them. Capturing these in-
cidences in the constraint concept of the Reno-Inst ontology can enable
the reuse of knowledge in future renovation projects. Stakeholders can
exploit these previous experiences to foresee potential constraints
related to the existing conditions of the building to plan the project
accordingly and avoid schedule delays.

At the second stage of the validation, the plan for the renovation
activities of the case study was used to instantiate the ontology and
create a knowledge base. A set of construction activities from the case
study was included in the knowledge base to illustrate the application of
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the ontology. This evaluation aimed at assessing how the ontology can
support the stakeholders involved in the planning process. In the case
study, three scenarios were demonstrated using SPARQL queries as
presented in Fig. 9. These scenarios included a query for the installation
activities of a certain renovation product (Fig. 9a), additional renovation
products that require close coordination with the studied product
(Fig. 9b), and constraints associated with its installation (Fig. 9¢). The
first query allowed retrieving information related to the installation
activities of a thermal insulation panel, including the workforce and
productivity ratio. This information is required during the planning
phase to structure the extent of work and its requirements. The second
query allowed identifying which of the additional renovation products
require close coordination with the installation of the thermal insulation
panel being analysed. In this case, the ventilation dampers and external
clothes hangers will be replaced as well. While planning the installation
of the thermal insulation panels, the installation activities of those two
products should be reviewed to identify coordination requirements be-
tween the different tasks to be performed. Finally, the third query
allowed identifying a constraint associated with one of the activities.
The removal of the existing gas pipes on the facade requires the
constructor to interrupt the gas supply to the dwelling units. This should
be notified to the occupants 48 h in advance. Having access to infor-
mation regarding this and other constraints during the early stages of the
activity planning can help the stakeholders to structure the extent of
work better, preventing impacts on the construction activities and the
occupants.

6. Discussion

As its main contribution, this paper introduced an ontology that
maps knowledge from the renovation domain considering different re-
quirements, constraints, and other elements related to the installation of
common renovation products. The proposed Reno-Inst ontology com-
prises the description of renovation products and the building interface
where they will be installed. It also covers the installation activities and
their constraints. Mapping these concepts can support stakeholders to
check critical aspects of the existing building, constraints or limitations
that can affect the construction activities in the context of renovation
projects. Disregarding some of these aspects can impact the performance
of the renovation project and lead to cost and schedule overruns. On the
other hand, since the information in renovation projects is usually stored
in diverse sources and formats such as spreadsheets, writing reports, and
drawings, it is difficult to link information. The stakeholders should
usually deal with this diversity, which makes the planning process prone
to errors and loss of information. Gathering renovation projects data in a
knowledge base relying on the Reno-Inst ontology can help users to
manage information consistently and increase the reuse of knowledge in
future projects.

One of the limitations of the proposed ontology is related to the
renovation products covered during the knowledge acquisition. The
structure of the Reno-Inst ontology was based on the information
captured for three common renovation products. However, there are
multiple components, activities and constraints that can be considered
during a renovation project. Some of them may not fit into the proposed
representation. Another limitation is associated with the fact that two of
the experts that took part in the content evaluation workshop during the
verification stage participated in the knowledge capturing process as
well. However, it is important to notice that the knowledge acquisition
stage relied also on other sources such as related literature, manufac-
tures’ catalogues, and guidelines from regional engineering associa-
tions. Therefore, during the content evaluation workshop, experts
analysed and discussed a larger set of knowledge than the one they had
provided at the first stage of the ontology development.

An important aspect in the development of ontological models is the
re-use of existing ontologies. However, the renovation domain seems to
be an unexplored area in the field of ontological representations, making
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SPARQL query:

PREFIX rdf: <http://www.w3.0rg/1999/02/22df-syntax-ns#>
PREFIX owl: <http://www.w3.0rg/2002/07/owl=>
PREFIX rdfs: <http:/fwww.w3.0rg/2000/01/rdf-schema#>
PREFIX xsd: <http://www.w3.0rg/2001/XML.Schema#>
PREFIX reno: <http:/fwww.systemsEngineering.org/jersonpinzon/Reno-Inst.owd= >
SELECT ?x ZInstallationActivity ?Workforce Ratio
WHERE { ?x rdf:type reno:ETICS_Panel.
ETICS_Panel reno:hasinstallationActivity ?InstallationActivity.
ZInstallationActivity reno:requiresWorkforce ?Workforce.
optional {?InstallationActivity reno:hasRatio Ratio}}

Advanced Engineering Informatics 50 (2021) 101415

SPARQL query:

PREFIX rdf: <http://www.w3.0rg/1999/02/22rdf syntax-ns=>
PREFIX owl: <http://www.w3.0rg/2002/07/owl=>
PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf-schema=>
PREFIX xsd: <http:/fwww.w3.0rg/2001/XMLSchema#>
PREFIX reno: <http://wwiw.systemsEngineering.org/jersonpinzon/Reno-Inst.om = >
SELECT ?ETICS_Panel 2RenovationProduct
WHERE { %ETICS_Panel rdf:type reno:ETICS_Panel.
ETICS_Panel reno:InstallinConjunctionWith ?RenovationProduct.
}

X InstallationActivity Workforce Rato ETICS_Panel RenovationProduct
thermal_classic_mineral_panel removal_electrical_installations electrician thermal_classic_mineral_panel external_clothes_hanger
thermal_dlassic_mineral_panel removal_ledge_facade craftman “30m/day” thermal_diassic_mineral_panel ventilation_damper
thermal_classic_mineral_panel acrylic_exterior_painting craftman - - - -
thermal_classic_mineral_panel installing_facade_panel installer_specialist “25m2/day”
thermal_classic_mineral_panel anchoring_facade_panel installer_specialist
thermal_classic_mineral_panel Removal_gas_pipelines plumber
thermal_classic_mineral_panel removal_rainwater_pipelines plumber
thermal_classic_mineral_panel removal_extraction_pipeline plumber “10U/day”
SPARQL query:
PREFIX rdf: <http:/fwww.w3.0rg/1999/02/221df syntax-ns >
PREFIX owl: <http:/fwww.w3.0rg/2002/07/owl#>
PREFIX rdfs: <http://www.w3.0rg/2000/0 1 df-schema >
PREFIX xsd: <http:/fwww.w3.0rg/2001XMLSchema=>
PREFIX reno: o Inst.owls>
SELECT 7ETICS _Panel ?InstalationActivity Constraint 2Description
WHERE { 7ETICS _Panel rdf:type reno:ETICS_Panel

TICS Pane! tivity tity.

ZnstalationActivity renohasConstraint 2Constraint

2Constraint renozhasDescrption 2Description)
ETICS Panel InstallationActivity Constraint Desaiption

thermal_classic_mineral_panel Removal_gas_pipelines basic_services_interruption

“When basic senvices such as water or gas are interrupted by an activity. A notification should be send to the occupants 48 hours previous the starting of the activity”

(c)

Fig. 9. SPARQL queries and results based on the case study.

the re-use of existing resources a challenging task. Even though some of
the existing approaches for new construction could be partially adapted
for renovation projects, the particularities presented in Section 2.1
motivated the development of a dedicated ontological model for this
field. The possibility to re-use the existing BPO Ontology [23] to
describe the RenovationProduct was considered, nevertheless, it was
noticed that an alternative approach would be more suitable to repre-
sent separately the components by FunctionalComponent and Inter-
faceComponent classes. This approach facilitates the retrieval of specific
details of the InterfaceComponent that would be linked to the Buildin-
gInterface where the RenovationProduct is installed to analyze the
compatibility of materials and technologies between them.

On the other hand, alignments with existing ontologies can be pur-
sued. For instance, the BuildingElement concept can be mapped to the
concept bot:BuildingElement from the BOT ontology [22], which pro-
vides a representation of additional concepts related to a building such
as spaces, stories, and zones. Some efforts to integrate the BOT ontology
with BIM authoring tools and IFC documents have been presented by
Rasmussen et al. [22]. Future integration of the knowledge mapped by
the Reno-Inst ontology with these existing ontological resources can
enable multiple stakeholders to exploit the potential that comes with
technologies such as BIM modelling to support additional tasks in
renovation projects. Moreover, in case the renovation project includes
construction or structural activities such as the redistribution of internal
spaces or reinforcement of columns and beams, a link or alignment with
the model proposed by Zhong et al. [27] could support the planning of
more complex activities in conjunction with the installation activities of
the renovation products covered by the Reno-Inst ontology.

Future research activities should include an additional knowledge
capturing process to map information about other renovation products.
Moreover, an observation group exercise or a knowledge-intensive case
study can analyse how the ontology supports the stakeholders to address
the challenges of real renovation practices. Another potential extension
of our research is to formalize explicit and implicit if/then rules from
renovation projects through the Semantic Web Rule Language (SWRL).
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Rule languages have been conceived as partners for ontologies, allowing
for reasoning especially in problem domains that have to deal with
default knowledge [40]. These rules can cover more specific and com-
plex relationships such as associating constraints to the activities based
on their particularities. For instance, if a certain activity requires a tool
such as a driller, it should get associated with a PollutionConstraint (e.g.
Noise) and an OwnerOperationalConstraint (it should not be performed
between 12:00-14:00). Finally, other potential uses of the Reno-Inst
ontology can be explored. For instance, by combining the Reno-Inst
ontology with recognition patterns approaches such as the ones pre-
sented in [24,25], the knowledge from previous renovation activities
can be exploited in future projects.

7. Conclusion

While construction workflows and supporting tools in new con-
struction projects may be well established, renovation projects address
specific challenges that call for specialized supporting tools and pro-
cedures. The use of semantic models has been explored in other areas of
the AEC industry, however, building renovation seems to be a neglected
area in this field. The development of an ontology covering this domain
is a starting point in renovation projects to apply approaches that have
been explored in other areas. This paper introduced the Reno-Inst
ontology, which represents the main concepts and relationships
covering knowledge from the renovation domain considering different
requirements, constraints, and other elements related to the installation
of renovation products such as windows, thermal insulation panels, and
heat radiators. This formal representation of knowledge provides an
integrated view of the information that can support the planning and
execution processes in the context of renovation projects.

This paper provided another clear example of the power of ontol-
ogies as a method for mapping knowledge, gathering heterogeneous
data from multiple sources, and retrieving relevant information. The
proposed model can leverage information from different sources such as
general documents, communication plans, building operational
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schedules, etc. While planning and executing renovation activities,
constraints related to the operational schedule of the building, occu-
pants’ considerations, space limitations, the state of existing building
elements, and tools and material requirements information can be
retrieved in a structured way. This information is relevant to establish
process outputs such as the schedule of renovation activities, safety,
mobility, waste disposal, and other plans. The proposed ontological
model could benefit from an additional knowledge capturing process to
map information about other renovation products and the formalization
of explicit and implicit if/then rules from renovation projects.
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