www.itcon.org - Journal of Information Technology in Construction - ISSN 1874-4753

DEVELOPMENT OF A MATURITY MODEL FOR THE DIGITAL
TRANSFORMATION OF COMPANIES IN THE CONTEXT OF
CONSTRUCTION INDUSTRY 4.0

SUBMITTED: December 2023
REVISED: September 2024
PUBLISHED: September 2024
EDITOR: Robert Amor

DOI: 10.36680/j.itcon.2024.034

Jan-Iwo Jikel, M.Sc.,

Institute for Construction Management, Digital Engineering and Robotics in Construction
RWTH Aachen University

Jjaekel@icom.rwth-aachen.de

Franziska Fischerkeller, M.Sc.,
Ed. Zueblin AG
franziska.fischerkeller@zueblin.de

Tessa Oberhoff, M.Sc.,

Institute for Construction Management, Digital Engineering and Robotics in Construction
RWTH Aachen University

oberhofflwicom.rwth-aachen.de

Katharina Klemt-Albert, Univ.-Prof. Dr.-Ing.,

Institute for Construction Management, Digital Engineering and Robotics in Construction
RWTH Aachen University

klemt-alberti@icom.rwth-aachen.de

SUMMARY: The construction industry is characterized by a low level of productivity and digitalization, as well
as the critical perceived instability of costs, deadlines and quality. One way to address these challenges is to
increase the use of digital methods and technologies in the future. Optimal use of these can help to improve the
quality of planning and execution and optimize the operation of existing buildings. The challenge is the
implementation and integration of these methods and technologies into existing company structures. In many
cases, companies do not have a unified understanding of the current state of digitization in their organization. This
article closes this research gap and presents the development of a novel maturity model for construction companies
in the context of Construction Industry 4.0, the Digital Construction Company Maturity Model (DCCMM,). Based
on a literature review, the appropriate technologies used in the construction industry are identified and the basic
requirements for the maturity model are defined. Once implemented, the model comprises five dimensions and 28
assessment parameters that describe digital transformation across six maturity levels. The conceptual model is
tested and validated in eight construction companies. This is done in the context of qualitative interviews. The
DCCMM serves as a holistic framework for the individual classification of companies in terms of digital
transformation. This provides construction companies with a transparent and comprehensible indication of the
degree of digitalization of their own structures. The result will make a significant contribution to further
digitalization in the construction industry.
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1. INTRODUCTION

The German construction industry has been struggling for several decades with nearly stagnating productivity
(Abdel-Wahab and Vogl, 2011; Berlak et al., 2021) Compared to other sectors, such as the automotive industry or
the manufacturing sector, the construction industry’s development lags behind (Barbosa et al., 2017; Gerbert et al.,
2016). The use of digital technologies and methods is seen as an opportunity to face this problem and increase
productivity in the construction industry (Berlak et al., 2021) . In this context, the construction sector can adapt
developments and standards from other sectors as inspirations for improvement (Dubois and Gadde, 2002;
Ribeirinho et al., 2020; Uusitalo and Lavikka, 2021). In the manufacturing industry, “Industry 4.0”, derived from
the fourth industrial revolution, has become established in the context of digitalization and disruptive technologies,
coming from the field of information and communication technology (Dalenogare et al., 2018; Ghobakhloo, 2020;
Roth, 2016b). The term “Industry 4.0” is mainly used in Germany and the rest of Europe (Santos et al., 2017). In
an international context, terms such as "cyber-physical systems", "smart factory" or "advanced/smart/digital
manufacturing/production/industry” are often used instead (Bagnoli et al., 2022; Culot et al., 2020; Liao et al.,
2017; Nagl and Bozem, 2018). Industry 4.0 is not a rigid concept. It is a multi-layered one consisting of numerous
interacting, though not necessarily new, technologies and methods (Bécue et al., 2021; Moeuf et al., 2020; Pereira
and Romero, 2017; Santos and Martinho, 2020). At the center of the concept is the integration of new information
and communication technologies (ICT) into automated industrial production via cyber-physical systems (CPS)
(Pereira and Romero, 2017). The accompanying digital transformation optimizes value creation and opens up new
business potentials (Aquilani et al., 2020; Veile et al., 2022).

Although the requirements of the construction sector differ from those of the manufacturing sector, the concept of
Industry 4.0 can be transferred to the construction industry in an adapted form (Hossain and Nadeem, 2019). The
term "Construction 4.0" has become established to describe the adoption and implementation of the Industry 4.0
concept by the construction sector (Forcael et al., 2020). It includes the digitalization of the construction industry,
together with an industrialization of processes along the entire value chain and over the complete life cycle of a
structure (Kolaei et al., 2022). The goal of the construction industry through Construction 4.0 is to
comprehensively increase energy and resource efficiency with the help of digitalization, and thus to increase
productivity and effectiveness (Sawhney et al., 2020; Siriwardhana and Moehler, 2023). In contrast to the
manufacturing sector, which has already integrated large parts of the Industry 4.0 concept into its processes
(Kagermann and Wahlster, 2022), the various technologies of the Construction 4.0 concept are of widely varying
degrees of maturity and still need time to be fully implemented (Bakalis et al., 2024).

To enable a systematic implementation and integration of "Construction 4.0" in the companies of the industry, it
is necessary to determine the current position of these companies with regard to their digital transformation and
their capabilities in connection with Construction 4.0. Only then will it be possible to develop appropriate
recommendations for action and uncover potentials for the advancement of the digital transformation of
construction companies and thus of the entire construction industry. In the manufacturing sector, maturity models
are often used to measure the status quo of a company and to access further capabilities. This approach is also
common in the construction industry. Maturity models are suitable for determining the position of a company with
regard to its capabilities in a previously defined subject area. (Fraser et al., 2002).

The subject areas considered within the scope of maturity models in the construction industry range from
traditional topics such as project management and occupational health and safety to topics that have become more
relevant in recent decades, such as environmental protection, lean management, or digitalization (Das et al., 2022).
The authors conducted a literature review to explore the status quo of maturity models in the construction industry
for the specific topic of this paper. The following parts are based on this review. They cover the existing literature,
starting with maturity models on Building Information Modeling (BIM). Furthermore, existing models about
digitalization in general as well as Industry 4.0 in construction are analyzed and described in the last section.

BIM is seen as an enabling technology for digitalization in the construction industry (Borrmann et al., 2018;
Hossain and Nadeem, 2019). Various models and tools based on the BIM-method have been developed in recent
years (Adekunle et al., 2022; Kassem and Li, 2020). The most frequently cited models in the literature are the BIM
Quick Scan (BIMQS) (Rizal and van Berlo, 2010) for application to organizations, the Capability Maturity Model
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(CMM) (NIST, 2007) for application to projects, and Succar's BIM maturity matrix (Succar, 2010), which is mainly
of theoretical interest (Alankarage et al., 2022). Even if BIM is seen as a key factor for the digitalization of the
sector (Borrmann et al., 2018), these BIM maturity models only reflect one single aspect and therefore are not
appropriate to measure digitalization as a whole, nor the “Construction 4.0” capabilities of a company.

Maturity models that generally deal with the digitalization of actors in the construction industry are rather rare, in
comparison to the previously mentioned BIM maturity models. Only two publications with such approaches were
identified (Aghimien et al., 2021; Wernicke et al., 2023). The first model was presented by (Aghimien et al., 2021).
It does not have a specific name but is referred as a Conceptualised Digitisation Capability Maturity Model
(DCMM) by the authors of the model. The authors state that their model is the first to assess the digitalization
capabilities of construction organizations. The model comprises six dimensions, namely Technology, People,
Process, Strategy, Digital Partnering and Environment, each of which contains so-called sub-attributes. In the
Technology dimension, elements of Industry 4.0, e.g “Big Data Analytics” or “Additive Manufacturing”, are
already included as sub-attributes. In the second publication by (Wernicke et al., 2023), the Digital Maturity
Assessment Framework for Construction Site Operations is presented. The object of consideration is therefore
limited to construction site processes. In the model, five assessment criteria are defined, which are comparable to
the dimensions of a maturity model. The assessment criteria are Individuals, Technologies, Organizational
Structure, Goals and Environment. A total of 11 evaluation areas are specified in the assessment criteria.
Furthermore, there is no detailed breakdown into sub-attributes or similar classifications. In conclusion, both
maturity models for the digitalization of a construction company are not able to assess all Construction 4.0
capabilities. This is due to the lack of reference of both authors to the fundamental and essential requirements of
the Construction Industry 4.0.

(Das et al., 2022) and (Tuma Neto and Araujo de Souza Junior, 2022) stated in 2022 that a publication with a focus
on maturity models for Construction 4.0 or models for Industry 4.0 in the construction industry does not exist.
However, the previous mentioned literature review revealed one publication which, according to its title, appears
to deal with the topic of Construction 4.0 maturity. The publication by (Wang et al., 2020) presents a Building
Project-Based Industrialized Construction Maturity Model. After analyzing the article, however, it can be
concluded that the model developed by (Wang et al., 2020) is more likely to be classified in the area of project
management and prefabrication. Aspects of Construction 4.0 are not included in the model. In this way, the
statement by (Das et al., 2022) and (Tuma Neto and Araujo de Souza Junior, 2022) about a research gap in tools
to measure Construction 4.0 maturity could be confirmed. This research gap has been addressed by various authors
since the second half of 2022. A current total of four publications in the area of maturity models for Construction
4.0 was identified. In the four publications (Das et al., 2022, 2023; Heidenwolf and Szab6, 2023; Tuma Neto and
Araujo de Souza Junior, 2022), three maturity models for Construction 4.0 are presented. The three models are
analyzed in more detail in the following sections. The first publication is the one already mentioned by (Das et al.,
2022). In addition to a state-of-the-art analysis, the authors developed a maturity model called Smart Modern
Construction Enterprise Maturity Model (SMCeMM). The maturity model includes seven dimensions - Data
Management, People and Culture, Automation, Collaboration and Communication, Leadership and Strategy,
Change Management, and Innovation. The categories are not described in more detail or characterized by criteria.
Likewise, no maturity levels have been defined. Overall, in the publication of 2022, the model was rather
conceptual. The missing parts of the maturity model were completed and validated in an article by the same authors
published in 2023 (Das et al., 2023). Further criteria were established for the dimensions already mentioned. The
maturity levels were classified using five levels from ad-hoc to innovative. Even if a fully developed maturity
model is presented, there are open Construction 4.0 issues that are not addressed by the SMCeMM. First, the model
was developed specifically for construction general contractors, so it is limited to just one group of stakeholders.
Moreover, the model was not tested in case studies with construction firms and therefore lacks empirical validity
(Das et al., 2023).This research gap has been addressed by various authors since the second half of 2022. A current
total of four publications in the area of maturity models for Construction 4.0 was identified. In the four publications
(Das etal., 2022, 2023; Heidenwolf and Szabo, 2023; Tuma Neto and Araujo de Souza Junior, 2022), three maturity
models for Construction 4.0 are presented. The three models are analyzed in more detail in the following sections.

The first publication is the one already mentioned by (Das et al., 2022). In addition to a state-of-the-art analysis,
the authors developed a maturity model called Smart Modern Construction Enterprise Maturity Model
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(SMCeMM). The maturity model includes seven dimensions - Data Management, People and Culture,
Automation, Collaboration and Communication, Leadership and Strategy, Change Management, and Innovation.
The categories are not described in more detail or characterized by criteria. Likewise, no maturity levels have been
defined. Overall, in the publication of 2022, the model was rather conceptual. Based on the concept the maturity
model was completed and validated in an article by the same authors published in 2023 (Das et al., 2023). Further
criteria were established for the dimensions. The maturity levels were classified using five levels from ad-hoc to
innovative. Even if a fully developed maturity model is presented, there are open Construction 4.0 issues that are
not addressed by the SMCeMM. First, the model was developed specifically for construction general contractors,
so it is limited to just one group of stakeholders. Moreover, the model was not tested in case studies with
construction firms and therefore lacks empirical validity (Das et al., 2023).

In September 2022, another article was published by (Tuma Neto and Araujo de Souza Junior, 2022), which
presents a maturity model for Industry 4.0 in construction. The model does not have a proper name. It was
developed following the method of (Bruin et al., 2005) and based on existing maturity models from other
industries. It was tested with seven Brazilian companies. The presented model includes four dimensions -
Organisation, People, Technology and Sustainability. The dimensions are each characterized by three to five sub-
dimensions or criteria. The maturity level is assessed using six different levels (from 0 to 5). From the description
of the maturity model alone, it is not clear how the organizations can assign corresponding levels to the individual
sub-dimensions. In addition, there is no individual explanation of the levels for each sub-dimension. Furthermore,
although the model is based on various models from other industries, it does not consider any specifics relating to
the requirements of Construction 4.0.

The fourth publication deals with a maturity model, called maturity tool for Construction 4.0, published by
(Heidenwolf and Szabd, 2023). The model refers to the maturity of an organization. It was also developed
following de Bruin’s method (Bruin et al., 2005) and using ontology development. The maturity model was tested
in a case study with a Hungarian company. Overall, the model consists of six dimensions - Technology
Management and Business Applications, Culture and People Management, Collaboration and Communication,
Technology for Automation, Innovation, Change Management and Processes. Detailed criteria and maturity levels
are planned to be developed in future research. So, the maturity model is still in a conceptual phase and needs
further work to be applicable for construction enterprises.

As the results of the literature analysis show, there are currently only a few approaches and no detailed maturity
models for Industry 4.0 in the construction sector. Each paper has deficiencies in relation to the problem of
designing a maturity model that fulfills the following three requirements: First, it deals explicitly with Construction
4.0 and the specific needs of the construction industry. Second, it is applicable to all types of construction
enterprises. Third, the model has been tested and validated by application to construction enterprises in practice.
Nevertheless, none of the existing models was designed or tested with a focus on the German construction sector,
with its typically fragmented structure. (Kehl et al., 2022; Miozzo and Dewick, 2004) A new model therefore
needs special considerations to depict the maturity of very different companies as well as varying stages of
development. This leads to the need to present a complete maturity model, enabling all kinds of construction
enterprises to measure their own capabilities in the specific domain of Construction 4.0. Therefore, an elaborate
but clearly defined model including a catalogue of level descriptions for each criterion is necessary. The
development of such a maturity model is presented in this article. This includes the entire development process
through to implementation and evaluation with construction companies. The proposed model aims to use this
approach to develop appropriate recommendations for action and uncover the existing potential of Construction
4.0 for companies. This can drive forward the digital transformation of German construction companies and
counteract the aforementioned dilemma of stagnating productivity.

2. METHODOLOGY

The article is structured into three parts - (i) Status quo of Maturity Models, (ii) Development of the DCCMM and
(iii) Validation of the DCCMM. After a comprehensive insight into the concept of Construction 4.0 and the current
status of maturity models in the construction industry, given in the introduction, the article presents the topic of
maturity models, describing the basic characteristics of maturity models and existing development approaches. At
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the same time, established assessment methods are described. In the second part of the article, the DCCMM is
developed. First, the goal of the maturity model is described, and the design area and basic requirements are
defined. Second, the concept is implemented based on the defined fundamentals. In this course, the superordinate
maturity levels are determined as well as the dimensions and individual assessment elements of the model.
Furthermore, a consistent visualization is derived at the end of the process to ensure that the maturity model and
its contents are understandable. Afterwards, the model is tested and validated. Eight companies are classified and
compared in a direct model application. Qualitative and guideline-based expert interviews provide the information
basis for optimizing the model and classifying the companies. The interviews are analyzed using qualitative
content analysis according to (Mayring, 2015). Based on the results, the different companies are categorized
directly by their level of maturity. In addition, a direct comparison is made between all eight companies in the
discussion. Furthermore, the results of the development and validation are summarized, limitations and future
research activities are highlighted, and a conclusion is provided at the end.

3. MATURITY MODELS

Maturity models are used to represent individual maturity using aspects that are considered within structured
elements. In this way, both the current position of a company and possible subsequent action steps can be derived.
Maturity models have an optimizing and evaluating function in addition to their descriptive function. As an
established instrument of quality management, maturity models are used repeatedly. Applying a maturity model,
the first step is to describe the current status quo, then to derive recommendations for optimal further development,
and finally to evaluate the improvement process through regular checks. An iterative approach for continuous
evaluation of the model must be used to ensure topicality. In addition, each model must be critically questioned
during application. (Fraser et al., 2002; Garcia-Mireles et al., 2012)

3.1 Characteristics and frameworks

In order to best represent the development status of the individual maturity levels, dimensions or process areas are
represented by maturity levels that correspond to a characteristic performance (Fraser et al., 2002). The following
components can be found in maturity models (Fraser et al., 2002):

Number of levels or steps

Characteristic expression per maturity level

Description of specifications that represent the respective level

Number of dimensions that adequately correspond to the observation and design area
Elements that describe the respective dimension

Explanation of element characteristics per maturity level

The number of levels and dimensions is freely selectable by the author representing the complexity of the model.
General maturity models contain three to six maturity levels. (Fraser et al., 2002) Furthermore, maturity models
can be differentiated by the specification of the development path. If this is explicitly specified in the model, it is
an optimization model. If this is not the case and the mostly dynamic development path is unspecified in the model,
it is an evaluation model. (Mettler, 2011; Tontini et al., 2016)

If maturity models are differentiated according to their structure, they can be either grid-based, formally structured
or hybrid, depending on the type of explanation (Lee et al., 2019; Monteiro and Maciel, 2020; Sanchez-Puchol
and Pastor-Collado, 2017). The generation process and design of maturity models depend on the author and the
respective design area. Moreover, it is necessary to define a suitable design framework at the beginning of the
development process. Already established methods and models such as the CMM and Software Process
Improvement and Capability Determination (SPICE) can be considered as frameworks in the areas of product and
software development. Regarding the quality management of the models, the Quality Management Maturity Grid
(QMMG) can be used for orientation. (Dewi and Suhardi, 2014; Dorling, 1993; Fernandes et al., 2017; Mihajlovi¢
etal., 2021) If maturity models are differentiated based on their structure, these can be either grid-based, formally
structured or hybrid, depending on their particular explanation type (Lee et al., 2019; Monteiro and Maciel, 2020;
Sanchez-Puchol and Pastor-Collado, 2017).

(<o) [Teon Vol. 29 (2024), Jikel et. al., pg. 782



3.2 Existing creation methods

The creation of maturity models is based on a process model. These may already exist specifically for different
sectors and have been successfully applied. A process model represents the procedure in the development process
and can be individually adapted to each maturity model to be designed. The starting point for the creation of a
maturity model is always the problem definition, from which the relevance of the addressed problem can be
determined. On this basis, successive phases of development are gone through finally evaluating and improving
the model. The iterative procedure and the multiple repetitions of sub-steps form a central part of the development
of maturity models. These sub-steps focus on the determination of the design area, choice of procedure, design of
model range and review of the results. Based on this, various criteria can be worked out that need to be fulfilled.
(Becker et al., 2009; Knackstedt et al., 2009; Raj et al., 2024)

The basis for the development of such a model is comprehensive literature research in the targeted design area.
Already existing maturity models should be reviewed and compared prior to development. This allows weaknesses
in existing models to be identified and gives rise to a new or further development of maturity models. Due to the
iterative process, intermediate versions can be evaluated and modified on this basis. Further development of the
model can then be carried out, the concept can be changed, or the entire model can be discarded. In the retrospective
view of model development, the quality of the documentation plays a particularly important role and significantly
influences the evaluation. (Garcia-Mireles et al., 2012; Knackstedt et al., 2009) An established method for
developing a maturity model is the approach of (Bruin et al., 2005), which comprises the following six phases of
development and is used in the context of the article:

Scope: the decisions on the scope of the maturity model are first made

Design: a first draft of the structure or architecture of the maturity model is created

Populate: this draft gets completed with descriptions of the previously identified structural levels

Test: the previously conceptualized model is reconsidered, especially with regard to the aspects of
relevance, validity, reliability and generalizability

Deploy: the revised maturity model is made available for use

Maintain: ongoing further development and updating of the model

Based on the creation methods described here, the iterative procedure and continuous further development should
be particularly emphasized. In terms of traceability, various framework conditions that have a direct influence on
the model are recorded for each evaluation step. Among these are the position of the modeler, the general and
intended use of the model, the time required to create it and the underlying framework. This enables further insights
and perspectives to be gained about the problem area, the target group and the people involved in the model
(Garcia-Mireles et al., 2012; Knackstedt et al., 2009; van Steenbergen et al., 2010).

3.3 Evaluation methods

Maturity models can be used to determine the current position of an organization in a specific topic area. For this
purpose, it is necessary to apply a suitable method of assessment to determine the overall maturity level. The
assessments can be quantitative or qualitative as well as weighted or unweighted. An established method of
qualitative and unweighted assessment is the Likert scale (Doring, 2023; Joshi et al., 2015; Klooster et al., 2008).
This comprises a gradual response scale for pre-formulated statements in questionnaires and thus maps on several
levels how much the respective statement applies. It is suitable for evaluating any survey that includes the personal
opinion of the respondent. In addition, a detailed evaluation is possible with its use, as the answer options are given
at different levels. When using the Likert scale as a method of assessment, care must be taken to ensure that the
items and characteristic values are formulated precisely. Misunderstandings can be avoided as there is usually no
possibility of direct questioning. (Doring, 2023; Joshi et al., 2015; Klooster et al., 2008) The advantages of this
assessment methodology are particularly evident in its informative value and versatility, as it can be used in almost
any subject area. In addition, pre-formulated statements and given answer options allow for targeted and time-
saving work with the option of branching. It is also advantageous that a very comprehensive picture of the
respective characteristics can be made recognizable with the help of this analytical method. (Ddring, 2023; Joshi
et al., 2015; Klooster et al., 2008) On the other hand, the verbal anchoring is rather disadvantageous, as this means
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that the nuances between the expressions are not necessarily always the same as is the case with quantitative
assessments, for example. In addition, by reflecting the opinion of the respondent, a subjective result is achieved
in every case. These two aspects must be considered when interpreting the results to avoid a falsified or distorted
presentation of the results. (Fink, 2003; Humble, 2020; Kanning et al., 2006)

Another method used in this context is the utility analysis, a quantitative and weighted method for evaluation and
decision-making. It is particularly useful when there are many different aspects to be considered that cannot be
assigned a clear ranking or when a large number of participants is involved in the decision-making process. The
main challenge here is the great effort required for decision-making. Therefore, it is advisable to use this method
mainly for concrete and complex questions. However, compared to simple survey results, this result is more
reliable and more comprehensible. The advantages of the methodology lie in the detailed consideration of
comprehensive aspects of the overall problem and thus a consideration of a multitude of perspectives. (Backhaus
et al., 2021; Kiihnapfel, 2019; Mishan and Quah, 2020)

Benefits and limitations of existing maturity models

4. Maturity models can be used in a variety of ways and are highly beneficial, but their weaknesses must always
be critically examined. They form a scale for assessment and can thus be used to determine the position of
companies on a specific issue. By the structured presentation of elements, the individual maturity of an
organization can be determined based on previously denoted aspects which allows to answer various questions.
The basis for this is the assessable units contained in the maturity model for measuring the achievement of
objectives based on the defined maturity levels. Thus, it is possible to determine the current status and additionally
orientate oneself via comparisons on the market. The main benefit of maturity models is the possibility of recording
the current state, the derivation of suggestions for improvement, and recommendations for action based on the
predefined stages. These stages are represented in the model at different levels, from the initial phase to full
maturity. Through the application of questions and answer options, a specific issue can be examined in detail and
concrete conclusions can be drawn from the results. However, it should also be noted that the result is influenced
by these targeted questions and answer options, which is why their interpretation must always be included in the
evaluation. (Adekunle et al., 2022; Kolukisa Tarhan et al., 2020).

The design of maturity models offers the creator various possibilities to customize the model. The type of maturity
model as well as the number of levels and stages can be freely selected. In this way, they reflect the complexity of
the issue and the aspects to be considered. Although this makes it possible to optimize the model individually about
the expected results, the ensuing influence on the results must also be considered when interpreting them. (Aras
and Biiyilikdzkan, 2023) Furthermore, the results can also be influenced by the way they are applied. Maturity
models can be used, for example, by an external auditor or as part of a self-assessment. This makes the models
accessible to many companies and organizations, but the results from these two options of application differ
significantly. In theit application, a dependency of the results and their quality on the respective model creator,
model user, the underlying process model, the time of publication and the modeling language can be recognized.
(bitkom, 2018; Boullauazan et al., 2023; Hein-Pensel et al., 2023) Therefore, it is important to take these aspects
into account when interpreting the results and to carefully consider which problem area and target group are
addressed and who was involved in the development of the model. (Bruin et al., 2005; Fraser et al., 2002;
Rosemann and Bruin, 2005). In conclusion, maturity models should always be evaluated in terms of their
objectivity, reliability and validity, and should be tested when used. It is also important to know when the model
was published and thus to ensure that it is up to date or to critically question it. If the aforementioned aspects are
taken into account in the evaluation and especially in the interpretation of the results, maturity models offer great
benefits as the possibility of precisely determining the position of organizations and the associated depictability of
development processes. (Crawford, 2021; Gokalp and Martinez, 2021; Ifenthaler and Egloffstein, 2020)
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5. DEVELOPMENT OF THE DIGITAL CONSTRUCTION COMPANY MATURITY
MODEL (DCCMM)

After the creation of a uniform understanding through the definition of the theoretical foundations as well as the
presentation of the status quo, the Digital Construction Company Maturity Model is developed in the following
section. At the beginning of the development process, the procedure and objective of the model development are
defined, the design area is specified, and the frameworks used are determined. Subsequently, the concept of the
maturity model is elaborated in a stepwise manner and the individual elements are described. At the end of the
chapter, the transformation into a comprehensible visualization occurs.

5.1 Model definition

A maturity model serves as a framework for the classification of one of the certain objects in a specific
circumstance (Wendler, 2012). The development process of this model is based on the approach of (Bruin et al.,
2005). In in connection with this knowledge-based article, the development process pursues the goal of
categorizing construction companies about digital transformation in the context of the construction industry 4.0.
Construction companies are to be evaluated according to several technical, digital and strategic factors, classified
into digitalization levels and compared with each other. Furthermore, the model also serves to derive
recommendations for action for further development opportunities.

The design scope of the maturity model focuses on the three main components of digital transformation,
construction companies, and Construction Industry 4.0. The aspect of digital transformation specifies that the
model examines digital methods and technologies that can be used in the construction industry. Their use can
sustainably increase the efficiency and productivity of construction companies (Barbosa et al., 2017; Ribeirinho et
al., 2020). In addition, the relevance of digital data and its management becomes apparent from this. Another
boundary condition is the applicability of the model to construction companies. This results in limitations on the
digital methods and technologies that should be meaningful and useful for construction companies. Furthermore,
it can be deduced that the model to be developed should be oriented toward the specifics and complexity of the
construction industry (Sacks et al., 2020). The focus lies on companies involved in the construction execution
phase. To ensure that the development of the new maturity model is efficient and that the strategic model ultimately
guarantees a high level of consistency and comprehensibility, the basic structure is derived from existing and
already established maturity models from other industries. The design scope of the maturity model focuses on the
three main components of digital transformation, construction companies, and Construction Industry 4.0. The
aspect of digital transformation specifies that the model examines digital methods and technologies that can be
used in the construction industry. Their use can sustainably increase the efficiency and productivity of construction
companies (Barbosa et al., 2017; Ribeirinho et al., 2020). In addition, the relevance of digital data and its
management becomes apparent from this. Another boundary condition is the applicability of the model to
construction companies. This results in limitations on the digital methods and technologies that should be
meaningful and useful for construction companies. Furthermore, it can be deduced that the model to be developed
should be oriented toward the specifics and complexity of the construction industry (Sacks et al., 2020). The focus
lies on companies involved in the construction execution phase. To ensure that the development of the new maturity
model is efficient and that the strategic model ultimately guarantees a high level of consistency and
comprehensibility, the basic structure is derived from existing and already established maturity models from other
industries. The DCCMM is based on the following existing maturity models (s. Tab. 1)

Table 1: Maturity Models for the DCCMM.

Name Akkronym Source

Capability Maturity Model CMM (Shen et al., 2021)

Softwar_e Pfocess Improvement and Capability SPICE (Dorling, 1993)

Determination

Digital Analytics & Optimization Maturity Index DAOMI (bitkom, 2018; Zumstein et al., 2022)
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System Integration Maturity Model Industry 4.0

SIMMI 4.0

(Leyh et al., 2016)

The Digital Readiness Assessment Maturity Model

DREAMY

(Carolis et al., 2017)

Maturity Model for Digitalization

(Kl6tzer and Pflaum, 2017)

Maturity Levels for Cyber-Physical Systems

(Westermann et al., 2016)

Industry 4.0-Maturity Model

(Gokalp et al., 2017)

Industry 4.0 maturity model for machine tool
companies

(Rafael et al., 2020)

Industry 4.0 readiness and maturity of manufacturing
enterprises

(Schumacher et al., 2016)

Industry 4.0 Maturity Model - Environmental
Attributes of Manufacturing Company

(Zoubek et al., 2021)

ISO 9004 maturity model

5.2 Model conception

(Glogovac et al., 2022)

In the definition phase of the model, the first step is to determine the maturity levels for the subsequent
categorization. The individual assessment dimensions and their parameters are then determined. Furthermore, the
DCCMM is enriched with a calculation system including the weighting of the individual dimensions. In this way,
the evaluation of the companies and their classification into the corresponding maturity levels can be presented in
a conclusive manner. (Fraser et al., 2002) recommend defining three to six maturity levels for the design of a

maturity model.

The DCCMM is aligned with this recommendation and has a total of six maturity levels - (i) Level 0: Pre, (ii)
Level 1: Initial, (iii) Level 2: Managed, (iv) Level 3: Established, (v) Level 4: Integrated, and (vi) Level 5:

Optimized - are defined. These are presented in table 2 (Tab. 2).

Table 2: Definition of the maturity levels.

Maturity Level Description

Level 0: Pre

In the case of companies classified in the "Pre" maturity level, neither a current orientation nor an
endeavor toward digital transformation is discernible. The companies do not yet use any digital methods
and technologies. Furthermore, there is also no effort to integrate transformation processes into the long-
term strategy of the companies.

Level 1: Initial

The "Initial" maturity level includes companies that are not currently oriented toward a digital
transformation of the company. Nevertheless, these companies have a direct ambition to implement
initial transformation activities within a medium-term time horizon and already agreed on a strategic
level.

Level 2: Managed

At the "Managed" maturity level, initial approaches to the application of technologies or methods are
already being planned as part of the company's digital transformation. These transformation processes
are already being tested in individual pilot studies and are being integrated into the operational structures
of the company within a short-term time horizon and are being actively driven forward by senior
management.

Level 3: Established

If a company is at the "Established" maturity level, individual technologies or methods are already being
used successfully in individual structures in the operational area. At the same time, efforts are being
made to expand digitization in the company and successively. Locally applicable procedures and
approaches prevail as isolated solutions in proprietary data formats.

Level 4: Integrated

Companies at the "Optimizing" maturity level are already successfully using various technologies along
several isolated process sequences with isolated interfaces in several interdependent areas. The company
aims to continuously improve the efficiency and automation in a short-term time horizon. This results
from cross-company and cross-technology networking with the creation of interoperable interfaces along
the value chain.

Level 5: Optimized

In companies at the "Optimized" maturity level, all relevant technologies are successfully used
throughout the company for construction. In addition, the technologies are networked and the interfaces
are interoperable. Furthermore, a company uses open data exchange formats and interacts
interorganizational with partners in the construction ecosystem.

o
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As the next step, the assessment dimensions considered in the maturity model are specified. In Chapter 5.1, the
three main components - Digital Transformation, Construction Industry 4.0 and the digital methods and
technologies used - were defined for the design of the model. These are particularly important for the subsequent
dimensioning. The holistic introduction of Industry 4.0 is based on the five central levels - projects, processes,
technologies, organization and employees according to (Roth, 2016a; Santos and Martinho, 2020). These levels
serve as the basis for deriving the model dimensions. As a result, the five dimensions (i) Technologies, (ii)
Organization & processes, (iii) Culture & personnel, (iv) Data management and (v) Interconnectivity - are
determined for the maturity model.

The first dimension “Technologies” forms a central consideration level in the introduction and implementation of
Industry 4.0 in the company. It provides support, while the central role is fulfilled by the people as the final
decision-makers. The technologies used also play a major role in the possibilities for data collection and
processing. Only through the interaction of a wide range of technologies and services, the added value of digital
transformation can fully be exploited. (Santos and Martinho, 2020; Westermann et al., 2016) The selection of the
technologies under consideration is based on the typical technologies of Industry 4.0. These must also represent a
direct benefit and added value for construction companies. In this context, the application of technologies such as
robotics, cloud computing, the Internet of Things, immersive technologies (virtual & augmented reality) and
artificial intelligence in the project structure of the construction companies will be addressed for the assessment.
In the context of the DCCMM, the robotics assessment parameter considers the use of mobile, collaborative
industrial robots in processes along the entire value chain (Jékel et al., 2022).

The robot systems can be used, for example, for manufacturing processes of building systems on-site or in
industrial prefabrication (Agusti-Juan and Habert, 2017; Bruckmann and Boumann, 2021; Wong Chong et al.,
2022) as well as for scanning and monitoring work (Kim, Chen, Cho, 2018; Kim, Chen, Kim, Cho, 2018). The
second parameter of the Technologies domain focus on the use of cloud computing in different service models.
This implies both the storage of data as well as the use of software applications (software-as-a-service), platforms
(platform-as-a-service) and holistic infrastructures (infrastructure-as-a-service). (Srinivasan, 2014) The third
assessment parameter includes the use of sensor technology in the context of the IoT approach in the areas of a
construction company or on construction sites. For example, [oT is used for tracking materials in construction
logistics (Kumar and Shoghli, 2018; Zhao et al., 2021), integration into safety management (Chung et al., 2023;
Kim et al., 2019) on the construction site or for construction progress monitoring (Qureshi et al., 2021; Wang et
al., 2023). Immersive technologies focus on the use of virtual, augmented or extended reality for various processes
within the company and individual projects. These can be used in the planning, execution and operational phases.
Possible capabilities are monitoring and control tasks (Ratajczak et al., 2019; Zollmann et al., 2014), the use in
meetings to increase cooperation (Jahnke et al., 2023; Jakel, Jahnke, Meyer Westphal, 2023) or employee training
(Osti et al., 2021; Sacks et al., 2013; Wolf et al., 2019). The final assessment parameter in the domain of
technologies involves the use of artificial intelligence for analyzing and evaluating data sets within the company
or automating individual subprocesses. For example, there are approaches for analyzing documents (Faltin et al.,
2023; Golzhauser et al., 2023; Peng et al., 2023; Schonfelder et al., 2024), automating construction progress checks
(Greeshma and Edayadiyil, 2022; Reja et al., 2022) or supporting the digital reconstruction of existing structures
(Chrysoulakis et al., 2022; Jakel, Golzhduser et al., 2023; Schonfelder et al., 2023; Stemmler et al., 2022) and
surfaces (Reiterer et al., 2020). All of these parameters together provide an overview of the level of digitalization
of construction companies and the degree of implementation and use in connection with new disruptive
technologies. For the evaluation, companies can be classified for each technology according to Tab. 3 below. A
cumulative score for the dimension “Technologies (T)” is then obtained from the classification.

The second dimension considers the ”Organization & processes” of the construction company. The concept of the
organization includes the components of institutional, functional and instrumental organization. At this point, the
functional organization is in the foreground, which includes activities for planning and enforcing organizational
rules. (Schulte-Zurhausen, 2014) Processes describe sequential operations and thus support value creation. They
can be used to analyze data and optimize operations and thus drive continuous change in the company as part of
the digital transformation. This involves investigating the existing processes and designing them digitally as well
as establishing new processes in the company to implement innovative methods and technologies. (Klbtzer and
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Pflaum, 2017; Shen et al., 2021) In this dimension, the parameters Team structure, Responsibilities, Data access,
the use of BIM as well as Process automation and Performance management are evaluated (s. Tab. 4).

In the first assessment parameter, "Team structure," attention is drawn to the presence of agile methods in the way
of working, such as SCRUM (Maximini, 2018), SAFE (Block, 2023; Knaster and Leffingwell, 2020), etc., as well
as agile teams and the sharing of knowledge and resources (Santos et al., 2017; Schumacher et al., 2016). The next
parameter "Responsibilities" considers the definition and distribution of specific responsibilities and competencies
in the process-oriented organizational structure. This is relevant for the frictionless coordination of projects and
processes. (Santos et al., 2017; Schumacher et al., 2016) In the context of this maturity model, the aspects of
defining responsibilities and organizational units are considered. The parameter "Data access" examines the
regulations for data access in the company. The focus here is on initiating and using a secure authorization concept
for access to the relevant company data and checking compliance. (bitkom, 2018; Pentek, 2020). The “Use of
BIM?” in the company and individual construction projects also plays an important role in the evaluation as a further
parameter. In this context, it is evaluated whether a digital model is used in the construction company's projects
under consideration of the single source of truth approach (Disney et al., 2024; Jakel and Klemt-Albert, 2023). In
addition, the communication and collaboration with other project participants along the process chain using the
BIM model plays an important role (Borrmann et al., 2018). Subsequently, the parameter "Process automation"
describes the degree of automation concerning the existing processes and linked subprocesses in the company. The
interoperability of processes in the company and within construction projects is also considered. Through complete
automation, an increased agility of the processes can be determined, which has a positive effect in the case of
structural changes (Zoubek et al., 2021) The parameter "Performance management" describes if the company has
performance management on the strategic management level and operative project level and if the achievement of
goals and effects are recorded data driven. For this purpose, it is checked whether the company has defined relevant
key performance indicators (KPIs) and whether these can be measured. It is also considered whether measures for
improvement are initiated and implemented based on the KPIs so that continuous improvement is achieved.
(bitkom, 2018; Nacem and Garengo, 2022)
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Table 3: Description of the dimension — Technologies.

Level 0 1 2 3 4 5
Not available; . Local Holistic active . .
. L Local use in . L deployment; Holistic active
Not existing; use is being . integration into .
. . . . specific use . integrated along  deployment;
Robotics implementation evaluated or is . . internal .
cases; partially company- along possible
not planned planned for the . company . .. Lo
. integrated internal digital digital interfaces
medium term processes .
interfaces
. Not 'aanable; Isolated local Use for S
Not existing; use is being .. Use for linking Use for cross-
Cloud . . . use of cloud connectivity
. implementation evaluated or is o all areas of the company
Computing technology for within a .
not planned planned for the . . company networking
. data storage business unit
medium term
Holistic
integration of all
Integration of . ossible
cleafl 1 Integration of Holistic gni Lel
Not available; . Y g integration of all . que’y
. S identifiable clearly g identifiable
Not existing; use is being . . . possible .
. . objects and identifiable . objects and
IoT implementation evaluated or . . uniquely .
interfaces along objects and . . interface;
not planned planned for . . 1 identifiable o
. process chains interfaces within . Possibility of
medium term . . . objects and
of specific use a business unit . cross-company
interfaces . .
cases integration of
project
participants
Use for
Local collaboration
Not available; Local . . Holistic and
. S . . integration of . . L
. Not existing; use is being integration of . integration of communication
Immersive . . . . AR/VR in 2. e
. implementation evaluated or is AR/VR in . AR in internal within all
technologies . internal
not planned planned for the specific use company company
. company P
medium term cases processes divisions and
processes
across
companies
Not available; Localized Active use of
P Not existing; use being Isolated implementation Project-related holistically
Artificial . . . o . . .
intelligence implementation evaluated or localized for linking implementation ~ implemented
g not planned planned for implementation selected and use and networked
medium term processes Al systems

o
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Table 4: Description of the dimension — Technologies.

Level 0 1 2 3 4 5
Agile team
structures within ~ Agile team Agile dynamic
Rigid teams . a division; structures within ~ team structures;
No team . Rigid teams, but S L o
Team without cross- . cross-divisional a division; cross-divisional
structure . cross-functional R
structure . functional . knowledge cross-divisional exchange of
recognizable . collaboration
collaboration exchange at knowledge knowledge and
isolated exchange resources
interfaces
No . Rules for
o Bundling of . s
No organizational . defining Application of
.. > competencies Vague Lo .
organizational units organizational company-wide
; . . and areas of adherence to > .
units identifiable; responsibilit departmental units and regulations for
Responsibilities  identifiable; no responsibilities pons Y P responsibilities the definition of
) recognizable rules for .
regulations are assumed . . are defined and organizational
. . without definition and . >
defining without . S applied units and
A . regulations for responsibilities . o e
responsibilities regulations to e internally within  responsibilities
definition L
define them the division
Access to data
Access to data via central
. Intra- via central ortal
Vague Definition, p i .
o L departmental portal, implementation
guidelines based  application and .. ; .
. definition, implementation ofa
No concept for on an review of . .
o o application and ofa comprehensive
Data data access authorization authorization . . S
. . review of an comprehensive authorization
access authorizations concept exist; concepts for P . .
. . . . authorization authorization concept with
available no verification specific . .
concept for concept that is automatic
of access processes and .
. departmental managed and adaptation to
authorizations use cases .
access portal checked and review of
manually changing access

requirements

The use of BIM

No application
of BIM

No application
of BIM; starting
from planned
introduction,
prerequisites are
created

Object-based
use of BIM for
collabo-ration
and
communication
within a
business unit

Net-work-based
use of BIM
within a
business unit

Net-work-based
cross-divisional
use of BIM
methodology in
all areas of the
company

Holistic use of
BIM in all areas
of the company
and across all
project life cycle
phases

No automation;
processes and

Isolated
automation of
sub-processes;

Automation of
sub-processes;
coordination of

Automation of
process chains;

Complete

Complete
automation of
process chains

Process . process automation of .
. transitions are processes and : processes are . possible;
automation . . interfaces; . process chains : .
triggered transitions are initiated . implementation
. processes are possible
manually triggered triggered manually of autonomous
manually sub-processes
manually
. Company-wide
Company-wide ~-ompany-wi
. . implementation
. implementation
Intra-unit ofa
Local . ofa .
. . . determination . comprehensive
. identification - comprehensive
If required, . and definition of performance
. and definition of performance
sporadic local key performance management
key performance . 7. . management
No performance  measurements s indicators; unit- system based on
Performance . indicators; local - system based on .
management without wide automatic
management . . measurement of regular
system in place derivation of measurement of regular
. processes to measurements
improvement . processes to measurements
derive local . and
measures . derive . and
improvement . improvement .
improvement improvement
measures measures
measures . measures
derived from .
derived from
them
them

o
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For a long-term and holistic digital transformation of the company, a corporate culture must be targeted. In general,
corporate culture can be described as the collection of patterns of assumptions that are defined, developed and
shared by a group of people and organizations. This allows the company to adapt to a changing environment. The
corporate culture is mainly characterized by the internal implementation and interpretation of digital artifacts,
norms, values and basic assumptions. In addition to the informational, organizational and process-related
parameters in the two dimensions presented above, the third dimension considers the aspects of “Culture &
personnel” (s. Tab. 5). This implies looking at the assessment parameters of digitalization strategy, Initiative at
management level, Error culture, Acceptance of digital methods, Further training & qualification, and Resources.
(Rafael et al., 2020; Santos and Martinho, 2020; Wagire et al., 2021)

The first assessment parameter is the construction company's "digitalization strategy". The holistic approach and
feasibility of the strategy are assessed. The existence of a specific digitalization strategy in the company and the
integration of aspects of digital transformation into the overarching corporate strategy are evaluated. The
implementation of this strategy to achieve the company's goals is also considered. The next assessment parameter
is the “Initiative of the management” level with regard to digital transformation in the company. This element
indicates the level of support and encouragement provided by executives for the digital transformation of the
company. The element focuses on the scope of the management level's involvement in digital transformation and
how this is supported and fostered by the executives. (Rafael et al., 2020; Santos and Martinho, 2020; Wagire et
al., 2021) A central aspect of this element is the anchoring of digital leadership about a mature concept of change
management in the company. In order to successfully lead a company into a transformational stage, the following
five basic leadership qualities should be targeted (Andelfinger, 2017):

Openness to disruptive approaches

Innovative approach
Courageous attitude
Social competence

Determination to act

This is further supported by self-reflective and self-acknowledging actions on the part of the management level as
well as clear communication regarding behavior and working methods. Based on this, the third parameter "Culture
of failure" is established. The culture of failure describes how the company deals with mistakes, how it
communicates them and how it learns from them. The main aspects of this culture are error acceptance and error
tolerance. The error culture is a central component of the corporate culture. In the context of digital leadership, it
is important to establish an error culture in which employees can and should try out new things. (Glogovac et al.,
2022) The culture of failure practiced in the company is regarded as essential for holistic and sustainable
implementation due to the changes and implementation of innovative methods and technologies to be made as part
of the digital transformation. The next parameter deals with the general “Acceptance of digital methods” in the
construction company. The acceptance of digital methods by employees contributes significantly to their
sustainable implementation. This reflects the motivation of employees to implement digital methods and the
recognition of added value. Another parameter is “Further training and qualification”. This parameter reflects the
status and organization of employee training.

Further qualification can take place in various ways and is not limited to classic trainings. Training of employees
can take place both internally by experts and by additional external training sessions. (Glogovac et al., 2022;
Wagire et al., 2021) For the comprehensive implementation and use of digital methods and technologies, it is
necessary to train employees sufficiently in these areas. Furthermore, general acceptance must be increased. The
options for further training in terms of the scope offered, the regularity of the offerings and the user group addressed
are considered here. The dimension "Culture & personnel" is supplemented by the last assessment parameter
"Resources". This focuses on the number of resources available for use in the transformation processes. Time,
monetary and personnel resources are all included in the evaluation. The time resources consider the estimated
duration of the individual transformation steps and the monetary resources in the available budget. Furthermore,
the human resources consider the number of employees in the departments involved in the digital transformation.
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Table 5: Description of the dimension - Culture & personnel.

Level 0 1 2 3 4 5
No anchoring of
No anchorn?g.of aspects of d.lgltél Aspects of digital
. aspects of digital ~ transformation in ~ Aspects of Aspects of .
No anchoring . i L transformation
transformation the corporate digital digital .
of aspects of . . . . are anchored in
s . in the corporate strategy; Digital transformation transformation
Digitalization  digital ) . . the corporate
. strategy; strategy are anchored in are anchored in
strategy transformation . strategy and
. Isolated approaches are the strategy of the overarching . .
in the corporate . T integrated into
documentation held at individual corporate .
strategy s s . . strategic goal
of digital management business units strategy .
. achievement
approaches level; growing
understanding
Active
. No involvement participation of Promotion of Promoting Development
N No promotion the management . . and
Initiative of - of management . digital digital . .
of digital LS level in . . implementation
the . level in digital transformation transformation .
. transformation . processes for . of digital
executive transformation, .. by managers in through leaders .
by management digital . transformation at
level but demand . the respective to collaborate .
level transformation the executive
from employees team across teams
and demand level
from employees
Negative
sativ Neutral
Low error evaluation of . Errors are
. evaluation of
. tolerance and errors despite tolerated and
No official error . €rTors; error . .
acceptance; trial tolerance and integrated into
Culture of No error tolerance; very . tolerance and .
. and error in acceptance of processes; trial
failure tolerance low error o o acceptance .
individual cases errors; trial and G and error is also
tolerance . given; trial and .
after error on a limited . established on a
. . error possible on
coordination scale without larger scale
S a larger scale
coordination
Digital methods The The Implementation
Digital methods  are implemented  Implementation implementation . . of digital
g . implementation .
Acceptance are tolerated based on of digital of digital of digital methods is
of digital due to company  corporate methods is methods is sttal supported and
" S . methods is .
methods policies but not  guidelines; accepted; trustis  accepted; added supported: trust self-driven; Full
accepted acceptance and low values are supp i confidence in
. in added values .
trust are low recognized digital methods
Responsible Responsible Responsible All employees All employees
No support employees are employees are
. employees are are offered are regularly
regarding . offered the offered . :
» sporadically . .. opportunities for  offered a wide
opportunities : opportunity for opportunities for e
Further supported in 7. . further training range of
.. for further ;" further training further training . h -
training & . opportunities for . . . : and qualification  opportunities for
. . training or .. or qualification and qualification . .7, e
qualification . .o further training . S in digital further training
qualification in . . in the area of in digital . . )
o and qualification . . transformation and qualification
digital P digital transformation . S
. in digital Lo . from time to in digital
transformation . transformation if ~ from time to . .
transformation . . time transformation
required time
The compan
¢ company The company has
The company has sufficient .
The company has ~ The company sufficient
The company has few . . resources to
sufficient has sufficient P resources to
has no resources to maintain the o
. resources to resources to . . . maintain the
resources to implement . R existing digital . g
Resources . L implement and maintain the . . existing digital
implement and digital T . e infrastructure in . .
P . maintain digital existing digital infra-structure in
maintain digital  infrastructure, . . . . the long term
. infrastructures in  infrastructure in the long term and
infrastructure but not to L and to further
L individual areas the long term o to further expand
maintain 1t expand it in

some areas.

it holistically

In the context of the dimension "Data management", the company's data bases, and internal handling of data are
assessed. Data has an important role in the digital transformation of a company. It forms the digital basis for a wide
range of processes and technologies. (Gokalp and Martinez, 2021; Rafael et al., 2020; Santos et al., 2017) All
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parameters are defined in the Tab. 6. The first assessment parameter focuses on the ”Data governance” of the
company. At this point, Data governance describes a framework for the handling and management of data by all
stakeholders in the company. This should include at least the aspects of people, processes and technologies. For a
more comprehensive view of data handling, the framework can be extended individually. (Krotova and
Eppelsheimer, 2019) The maturity model considers the existence and regularity of a review of the framework in
the company. The next aspect implies the “Timeliness” of the existing and used data in the company. On the basis
of this element, the methodology as well as the intervals of data updating are evaluated. In parallel, the prevailing
“Data quality” in the company is also evaluated as another parameter. It is to be determined whether the quality of
the data is regularly checked. At the same time, the existence of a catalogue of criteria for quality measurements
will be considered. This should define the exact quality of data in individual areas of the company and a procedure
for achieving and continuously maintaining a high level of Data quality. Furthermore, the degree of “Data
coverage” in the company is considered as an additional assessment parameter in the dimension. This parameter
depicts the degree to which digital mechanisms are used to generate and consistently manage data in the company.
It is determined to what extent these mechanisms are already in use and whether the generation and consistent
management of data takes place automatically. The next parameter “Utilization of data value” also depends on the
degree of coverage of data generation in the company. The parameter shows whether the value of data is recognized
in the company and consequently used to increase efficiency and for optimization measures along the value chain.
A central aspect of data management is the parameter "Data storage". The type (centralized, decentralized, hybrid)
and duration of storage (short-, medium- or long-term) as well as the scope of the data are considered. Furthermore,
the compatibility of the data formats and the contribution to interoperability along linked process structures are
evaluated. The last parameter to be examined is the establishment of and compliance with “Data security”. In this
context, uniform data protection guidelines as well as existing authorization concepts and responsibilities in the
company structures are examined. (Gokalp and Martinez, 2021; Rafael et al., 2020; Santos et al., 2017)

Table 6: Description of the dimension - Data management.

Level 0 1 2 3 4 5
Application and

Establishment

Establishment

Application and
regular review of

regular review

No data and partial and partial of a de-fined
No data . L a defined frame-

Data management management frame application of application of an work includine 3 frame-work
overnance framework in Workz‘:i,,n lace. butis 2% internal internal main compon égnts including the
8 place or worked cl)Du t ? corporate corporate (people P company-wide

envisioned frame-work framework with people, definied

without review

sporadic review

processes, tech-
nologies)

regulations od
data governance

Timeliness of data

Timeliness of

Regular review
of the timeliness

Company-wide
periodic review of

S . data is checked  of the data, - Automatic
s Timeliness of  is checked . . data timeliness
Timeliness of . . . regularly differentiated by check of the
the dataisnot  sporadically with no : based on R
the data . without department/level, . timeliness of the
considered anchored company-wide
anchored based on the . data
methodology anchored review
methodology methodology set
. methodology
up in each case
If required, Regular Automatic
No data If required, occasional Regular review comprehensive checking of data
quality occasional review review of data of data quality review of data quality with
Data . . . . - .
ualit assurance of data quality quality with with regard to quality with regard to
q y system in without uniform regard to prioritized regard to all criteria adapted
place definition of quality ~ defined quality ~ quality criteria defined quality to general
criteria criteria conditions
No digital No dlglt.al Use of digital Use of digital Full integration
. mechanisms for . . . .
mechanisms . Use of isolated ~ mechanisms for mechanisms for of digital
Degree of data generation . . . .
for data . mechanisms for  data generation data generation in ~ mechanisms for
coverage . available, . L .
generation . Lo data generation ~ within a business  all areas of the automated data
. implementation is . :
available unit company generation

planned

o
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Sporadic use of

Derivation of

Automatic
analyses and

e No value Recognition of the . Use of data to holistic evaluation of
Utilization of . data to derive . RN .
added to the data value regarding optimize optimization data to derive
data value . measures for .
data projects . subareas measures based on  holistic
improvement R
complete data optimization
measures
Longer-term
S Longer-term
central storage
Longer-term, central storage of ~ Longer-term,
Short-term of data .
centralized all data generated central storage
local storage Longer-term local generated there; .
Data o storage of all in the company; of all data
of data storage of data of additionally, o ;
storage . . data generated additional data is generated and
specific use specific use collected data .
. and collected stored locally at collected in the
cases is stored locally
there the relevant company
at the relevant X
. location
location
Data
protection is Data protection ~ Implementation
not Lo is not f data .
o . Data protection is s 1o . of da . Automatic
considered,; . consciously protection . .
not considered . T Company-wide detection of
no awareness . perceived and guidelines in - .
Data despite awareness . data protection- changes in
. of data . strived for; relevant . . ..
security . of data protection compliant privacy policies
protection P knowledge of processes; .
o guidelines and processing of data  and process data
guidelines . consequences knowledge of -
corresponding laws accordingly
and for non- consequences of
corresponding compliance non-compliance
laws

The next dimension is called “Interconnectivity”. The interconnectivity of a company on a vertical and horizontal
level forms the basis for realizing a networked system and production landscape in the company. In the context of
Industry 4.0, the aim is to achieve complete networking of production and logistics to increase efficiency.
(Andelfinger, 2017; Zoubek et al., 2021) Transferred to construction companies, the possibilities of networking
are thereby considered for vertical and horizontal networking along the value chain to adapt this central aspect of
Industry 4.0 in the construction industry. The first parameter assesses the ”Use of platforms” in the company for
interorganizational networking. The use of platforms as part of the IT infrastructure and is an important component
for bringing together all stakeholders within a project or company. Platforms enable digital interaction between
several people within the company or with external stakeholders. This takes place under the central aspect of data
exchange and communication. The type of platform can be individually adapted to the respective application. A
distinction can be made between the types of platforms — transaction platform, innovation platform and integrated
platform. By combining platforms with the IoT and cloud technology, data can be accessed and networked in any
scalable way. (Leyh et al., 2016; Westermann et al., 2016) The second parameter considers the existing “Human-
machine interfaces” in the company's value chain. Interfaces for human-machine interaction are important to
involve humans directly and indirectly in the control process. The human being acts as a higher-level decision-
making and control instance, which represents a new range of requirements and tasks for him. The omnipresent
networking and the availability of mobile data in real-time in the aspired Industry 4.0 simultaneously increase the
responsibility and sphere of action of the human control instance. (Roth, 2016a) In this context, the design and
type of computer-based user interfaces are evaluated.(Johannsen, 1994; Preim and Dachselt, 2010) The stages of
the maturity model for human-machine interfaces aim to increase the intuitiveness of the interaction. The next
parameter reflects the "Machine-machine interfaces”, whereby the human factor is not considered. This parameter
enables an automated exchange of information between technical systems. As a result, an overall company network
capable of communicating between the technical systems is created. An important prerequisite for this is the use
of established automation technology standards and the creation of continuous interoperability along the process
chain. With the help of industry-standard, platform-independent communication as well as the exchange of data
and information is enabled. (Bartodziej, 2017) The definition of uniform standards in the company and the industry
will ensure the qualitative exchange of information in the future. (Ghobakhloo, 2020; Gilchrist, 2016) The last
assessment parameter considers the “Use of AutoID technologies”. These contribute significantly to the
networking of processes. According to the principles of Industry 4.0, each object should have its own digital and
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real identity. This creates a self-identification of systems, for example via Radio Frequency Identification Chips
(RFID chips) or optical processes such as the attachment of QR codes. (Mostaccio et al., 2023) The parameters of
the dimension Interconnectivity are shown in Tab. 7 below. The next dimension is called “Interconnectivity”. The
interconnectivity of a company on a vertical and horizontal level forms the basis for realizing a holistically
networked system and production landscape in the company. In the context of Industry 4.0, the aim is to achieve
complete networking of production and logistics to increase efficiency. (Gokalp et al., 2017; Gokalp and Martinez,

2021; Schumacher et al., 2016) The parameters of the dimension Interconnectivity are shown in Tab. 7 below.

Table 7: Description of the dimension — Interconnectivity.

Level 0 1 2 3 4 5
No standardized Use of Active use of a .
Platforms as central platform Active use of
. form for platforms .
No uniform . local stand- o that is fully central and net-
collecting and . within a .
Usage of form for . alone solutions . . integrated and net-  worked platform
. managing data; . business unit .
platforms collecting and for collecting worked for the for collecting,
. use of platform . to collect . .
managing data . and managing collection and managing and
forums is and manage .
data management of evaluating data
planned data
data
Predominant use Holistic use of
. Isolated use .
of graphical user . Predominant use natural user
Human- . Isolated use of Predominant use  of natural .
. interfaces and of natural user interfaces,
machine speech-based of speech-based  user . . .
. character- . . . interfaces via sporadically
interfaces . user interfaces user interfaces interfaces
oriented user . touch through extended
. via touch -
interfaces reality systems
No use of
Machine- No interfaces Lnetg/ifs Isolated use of z:fc lt\l/lvzel\}ll s¢ Active use of
machine between . M2M interfaces . M2M interfaces in ~ Use of intelligent
. machines . . interfaces ..
(M2M) machines . in specific use L all areas of the editing systems
. . available; within a
interfaces available . . cases . . company
implementation business unit
is planned
Use of AutolD for
Use of holistic internal
Use of No use of No use of Isolated use of AutolD for Use of AutoID for ~ company net-
AutolD AutolD AutolD in . R .
AutoID technologics: technologics: specific use net-working cross-divisional working as well as
technologies £10S; £10S; P within a net-working possibilities for

use not planned

use planned

cases

business unit

cross-company
net-working

5.3 Assessment method

To classify a company in the maturity model, a scoring system is used to calculate an overall index. The DCCMM's
scoring system is based on the calculation method and the dimensional weightings of the DAOMI (bitkom, 2018)
and adopted with the results of the expert interviews. Using the overall index, companies are classified to six
maturity levels. A point range of 0.0 — 50.0 points can be achieved. This can be applied per element, dimension
and for the overall index. For each element, the company is assigned a maturity level based on the responses to
the expert interview and the explanations of the element characteristics. The points per level and element are
staggered in ten-step increments (s. Tab. 8).
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Table 8: Point scale of the maturity levels.

Level Points
Level 0 0.0 Point
Level 1 10.0 Points
Level 2 20.0 Points
Level 3 30.0 Points
Level 4 40.0 Points
Level 5 50.0 Points

Within a dimension, an average value of the included elements is determined. All elements have the same
weighting. Thus, an average value between 0.0 and 50.0 points can be achieved per dimension. Based on these
average values, the overall index of the company is determined. In the calculation of the overall index, the
dimensions are weighted. The selected weighting of the respective dimension can be seen in Tab. 9.

Table 9: Weightings of the maturity dimensions.

Maturity Dimension Abbreviation Weighting
Technologies T 15.0 %
Organization & processes (6] 20.0%
Culture & personnel C 20.0 %
Data Management D 30.0 %
Interconnectivity 1 15.0 %

Applying the weighting factors for each dimension, the following equation results for determining an overall
maturity score, the “DCCMM Index” of a company:

0.15*T+0.20*0 +0.20+C + 0.30*D + 0.15* [ = DCCMM Index

Finally, the maturity levels of the model were assigned to point ranges, with the help of which the companies can
be classified into one of the five maturity levels based on their DCCMM Index. The chosen point ranges per
maturity level result from an as even as possible distribution of the maximum 50.0 points to the six maturity levels
(s. Tab. 10).

Table 10: Point allocation of the Maturity level.

Maturity level Points

Maturity level 0 0.0 - 8.0 points
Maturity level 1 > 8.0 - 16.5 points
Maturity level 2 >16.5 - 25.0 points
Maturity level 3 >25.0 - 33.5 points
Maturity level 4 > 33.5 - 42.0 points
Maturity level 5 >42.0 - 50.0 points

6. VALIDATION

To validate the maturity model, it is tested on eight application examples. Eight construction companies are
classified, evaluated and compared with each other according to their maturity model. Large construction groups,
as well as small and medium-sized construction companies were included in the survey (s. Tab. 11). At the same
time, construction companies from both the building and infrastructure sectors are considered to demonstrate the
general validity of the maturity model. The evaluation of the companies is performed through guideline-supported
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expert interviews. The individual evaluation dimensions are applied and the companies are evaluated in the
maturity levels for each parameter. At the same time, the expert interviews also ask about the fit and consistency
of the maturity model. All experts confirm the validity and relevance of the DCCMM.

Table 11: Point allocation of the Maturity level.

Identifier Size of the company Expert area
Construction company A Large enterprise Digitalization
Construction company B Large enterprise Digitalization
Construction company C Large enterprise Digitalization
Construction company D Medium enterprise Digitalization
Construction company E Medium enterprise Digitalization/Al
Construction company F Large enterprise Digitalization/BIM/Lean
Construction company G Large enterprise Digitalization/Innovation
Construction company H Small enterprise Commercial manager

The individual final results of the company valuations are shown to the article in table 12. Due to the large scope
of the individual evaluations, the results for each evaluation domain of the companies are attached to the scientific
article in the appendix (appendix 01 — 08).

Table 12: Results of the company assessments.

. Organization  Culture & Data - Overall .
. Technologies Interconnectivity . Maturity
Domain (T) & processes personnel Management (I) maturity Level
()] © (D) index

Company A 20.00 40.00 45.00 35,71 36,67 36.21 Level 4
Company B 8.00 36.67 41.67 25.71 15.00 26.83 Level 3
Company C 30.00 45.00 48.33 44.29 40.00 42.45 Level 5
Company D 28.00 35.00 41.67 34.29 20.00 38.82 Level 3
Company E 22.00 28.33 35.00 3143 20.00 28.40 Level 3
Company F 40.00 43.33 48.33 45.71 40.00 44.05 Level 5
Company G 24.00 40.00 41.67 32.86 22.50 33.17 Level 3
Company H 16.00 23.33 33.33 28.57 17.50 24.92 Level 2

Subsequently, an enhanced comparison is made between the companies (see Figure 1). In particular, similarities
and differences between the companies in the individual dimensions are identified and the influence of company
size on the level of maturity is analyzed. In total eight companies are individually analyzed in the previous chapter
and evaluated according to the DCCMM, the results are consolidated in the following section, considering all
company analyses collectively. For an initial overview of the final ranking, the classification of the eight companies
into the six maturity levels of the DCCMM is shown in Figure 9. Within this context, two companies (companies
C and F, 25.00%) achieve maturity level 5 and are therefore considered an intelligent construction company. They
are digitized company-wide and even have individual technologies linked. In addition, digitalization does not only
take place at a technological level but is implemented across all company levels - processes, organization, data and
application systems - from a strategic and operational level. One company (Company A, 12.50%) has reached
maturity level 4 and already has a mature level of digitalization within the company. This can be seen at both
strategic and operational company levels. The largest number of companies - 4 out of 8§ companies (50.00%) - are
assigned to maturity level 3 (companies: B, D, E, G) These companies already use digital technology in individual
areas of the company or actively apply digital methods in their operations. However, comprehensive integration
and networking are still lacking. Furthermore, only one company (Company H, 12.50 %) was awarded maturity
level 2. The general comparison of all analyzed companies (s. Figure 1) reveals differences between the
characteristics in individual assessment domains and also between the degree of digitalization of the company
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sizes. All companies show strengths in the process-related and organizational dimensions. These two dimensions
are the most pronounced domains in all individual company analyses. In contrast, the companies demonstrate
deficiencies in the dimensions “Technologies”, “Data management” and “Interconnectivity”. In a direct
comparison including the size of the company, it also gets clear that the larger companies achieve a higher level
of maturity in global comparisons than the medium-sized and small companies. While the large companies
(Company A, B, F, G) have at least maturity level 3, two companies (50% of the large companies) also reach level
5 and the small company is assigned to maturity level 2. This indicates that the maturity level of a company's
digitalization is related to its size and the resources available. It must be emphasized that the companies took part
in the maturity assessment interviews voluntarily.

They merely represent the initial validation of the DCCMM to demonstrate its usability and validation. To achieve
integration and usability for all companies in the economy, the maturity model needs to be tested and further
optimized with many more companies as case studies.

7. DISCUSSION

This article presents the development of a holistic maturity model for the classification of companies in the context
of Construction Industry 4.0. At the beginning, the theoretical foundations for creating a uniform understanding of
the topic of maturity models as well as Industry 4.0 and Construction Industry 4.0 are presented. Subsequently, the
current status quo on the topic of maturity levels in the area of digital transformation in the construction industry
is presented employing a literature review. Based on this, the conception of the maturity level model follows in
the next chapter. In the first sub-process, the framework conditions are defined. The DCCMM is based on existing
frameworks. Subsequently, the contents of the maturity model are elaborated. This implies the definition of
superordinate maturity levels, the assessment domains and the assessment parameters contained therein. As a
result, the DCCMM contains six maturity levels, five assessment domains and 29 individual assessment
parameters. In addition, the weighting of the dimensions is characterized in a further sub-process. After its
conception, the DCCMM is validated through its implementation on eight real construction companies. The
implementation and simultaneous evaluation of the companies are carried out through guideline-based expert
interviews. Finally, the companies are compared with each other and the results are discussed, as well as critically
reflected.

Using the DCCMM, construction companies can identify their current state of digital transformation and classify
themselves into a specific maturity level. In the course of this, the degree of digitalization and automation becomes
ascertainable and measurable for the company. Furthermore, companies can compare the current status quo with
other organizations and learn from the experience of those already further digitized. In addition, the barriers and
obstacles to dealing with the topic of digital transformation are minimized by identifying fields of action. At the
same time, companies can improve their current strengths and weaknesses in processes, on organizational,
technical and information technology levels. Furthermore, the DCCMM offers companies the opportunity to
present further impulses for measures toward increasing digitalization within the company.
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Figure 1: Comparison of the companies’ maturity levels according to the DCCMM.

Consequently, a clear trajectory is established for enterprises engaged in digital transformation, toward a smart
construction company. In addition to the positive effects for individual companies, the DCCMM also contributes
to a further increase in digitalization and automation throughout the construction industry.

Apart from the added value, there are also limitations in setting up and using the maturity level. The first limitation
is the validation of the maturity model. Although the applicability is shown through the implementation at eight
companies, not all dimensions and criteria were tested for their compatibility. There is a need to validate the
weightings and individual criteria as well as the domains in the assessment algorithm. This can be done either
through a qualitative approach by integrating further experts in another round of interviews or through a
quantitative approach by empirical investigation. Furthermore, the DCCMM in its current version is a very general
model that looks at many facets of the digitalization assessment generically. Another limitation is the achievement
of higher maturity levels after an initial corporate evaluation. Based on the criteria and the individual levels, the
companies can recognize the need for an increase in the maturity level, but there are still no concrete instructions
for specific actions for each domain at the individual levels.

In further research activities, a more detailed validation of the maturity model will be carried out. Either a
qualitative approach with further expert interviews or an empirical subway as a quantitative approach will be
conducted. In addition, a mix of both approaches could be considered. In this way, the DCCMM can be further
specified in the dimensions, parameters and evaluation procedure. Furthermore, periodic tests will be carried out
at companies. This ensures practicability even in subsequent iterative optimization cycles. Another research topic
is the derivation of specific recommendations for actions for companies in the individual maturity levels of each
dimension. This provides organizations with a concrete roadmap for further strategic and operational steps to
improve their maturity level in individual areas. Once the DCCMM has been optimized, fully validated and
established in practice, consideration will be given to developing further sector-specific maturity levels.
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8. CONCLUSION

This article presents a maturity model for digital transformation in the context of Construction Industry 4.0, the
DCCMM. Processual and organizational as well as technical and information technology factors are considered in
the evaluation. At the beginning, the state of the art in the construction industry 4.0 is elaborated by means of a
literature research and the basics of maturity models and their already identified added value in other industries
are described. Thereafter, the DCCMM is designed. The DCCMM builds on already established maturity models
from other industries and is enhanced by important components of the construction industry 4.0. It features five
dimensions - (i) Technologies, (ii) Organization & processes, (iii) Culture & personnel, (iv) Data management and
(v) Interconnectivity - with a total of 28 parameters for an assessment of construction companies in connection
with the degree of digital transformation. At the same time, the assessment results can be used to categorize
construction companies into six maturity levels. In the next step, the DCCMM is validated in a series of interviews
with a total of eight experts, representing eight different construction companies. This confirms the fundamental
usefulness and suitability of the DCCMM. At the same time, all eight companies are individually assessed and
subsequently classified into a suitable maturity level. These assessments enable the companies to gain an insight
into the current degree of digitalization in their structures and provide further orientation for establishing the
intelligent construction company. In addition, the validation identifies that the smaller the construction company
is in terms of employee numbers and turnover, the lower the current level of digitalization maturity.

The development and use of the DCCMM in the course of the scientific article provides companies with an initial
tool for analysing the current level of digitalization and automation and a guide for further orientation on the path
to becoming an intelligent company. This promotes a general understanding of the complex topic of digitalization
among companies of all sizes. In addition, existing barriers to knowledge acquisition are broken down to enable
small and medium-sized enterprises to focus on the future. Companies in other industries are already benefiting
from the added value of a maturity model. However, this aspect of digital transformation at a strategic corporate
level in the construction industry, considering the specifics and complexities relevant to the construction sector,
has not yet been addressed qualitatively. The DCCMM closes this existing gap for science and business in the
construction industry. In addition, the maturity model also serves as a basis for the development of further maturity
models for individual life cycle phases of a construction project or newly established disruptive technologies in
construction companies. In further research activities, the maturity model is constantly being optimized and its
practical suitability ensured through further tests.

This will be achieved through further testing at construction companies and the collection of suggestions for
improvement. Once broad acceptance of the DCCMM has been achieved, the DCCMM will be made available to
the public and disseminated widely in cooperation with associations, organizations and stakeholders in the
construction industry. The widespread use of the DCCMM will facilitate access to knowledge about the company's
digitalization status in the near future. Furthermore, companies are provided with guidelines for continuous self-
optimization. This creates incentives for further efforts towards digitalization and automation in the construction
industry.

ACKNOWLEGDMENT

We would like to thank all participating companies for providing the resources to conduct the interview series and
for the willingness of all experts.

REFERENCES

Abdel-Wahab, M. and Vogl, B. (2011) 'Trends of productivity growth in the construction industry across Europe,
US and Japan', Construction Management and Economics, vol. 29, no. 6, pp. 635-644.

Adekunle, S. A., Aigbavboa, C., Ejohwomu, O., Ikuabe, M. and Ogunbayo, B. (2022) 'A Critical Review of
Maturity Model Development in the Digitisation Era', Buildings, vol. 12, no. 6, p. 858.

Aghimien, D., Aigbavboa, C., Oke, A. E. and Thwala, W. (eds) (2021) Construction digitalisation: A capability
maturity model for construction organisations, London, New York, Routledge Taylor & Francis Group.

(<o) [Teon Vol. 29 (2024), Jiikel et. al., pg. 800



Agusti-Juan, I. and Habert, G. (2017) 'Environmental design guidelines for digital fabrication', Journal of Cleaner
Production, vol. 142, pp. 2780-2791.

Alankarage, S., Chileshe, N., Samaraweera, A., Rameezdeen, R. and Edwards, D. J. (2022) 'Organisational BIM
maturity models and their applications: a systematic literature review', Architectural Engineering and
Design Management, pp. 1-19.

Andelfinger, V. P. (2017) Industrie 4.0: Wie cyber-physische Systeme die Arbeitswelt verdndern (engl. Industry
4.0 - How cyber-physical systems are changing the world of work), Wiesbaden, Springer Gabler.

Aquilani, B., Piccarozzi, M., Abbate, T. and Codini, A. (2020) 'The Role of Open Innovation and Value Co-creation
in the Challenging Transition from Industry 4.0 to Society 5.0: Toward a Theoretical Framework',
Sustainability, vol. 12, no. 21, p. 8943.

Aras, A. and Biiyiikozkan, G. (2023) 'Digital Transformation Journey Guidance: A Holistic Digital Maturity Model
Based on a Systematic Literature Review', Systems, vol. 11, no. 4, p. 213.

Backhaus, K., Erichson, B., Gensler, S., Weiber, R. and Weiber, T. (2021) Multivariate Analysis, Wiesbaden,
Springer Fachmedien Wiesbaden.

Bagnoli, C., Albarelli, A., Biazzo, S., Biotto, G., Marseglia, G. R., Massaro, M., Messina, M., Muraro, A. and
Troiano, L. (2022) Digital Business Models for Industry 4.0, Cham, Springer International Publishing.

Bakalis, D., Biichel, J. and Scheufen, M. (2024) Digitalisation of the economy in Germany: Digitalisation Index
2023 [Online]. Available at
https://www.de.digital/ DIGITAL/Redaktion/DE/Digitalisierungsindex/Publikationen/publikation-
digitalisierungsindex-2023-kurzfassung-english.pdf? blob=publicationFile&v=3.

Barbosa, F., Woetzel, J., Mischke, J., Ribeirinho, M. J., Sridhar, M., Parsons, M., Bertram, N. and Brown, S. (2017)
Reinventing Construction: A route to higher productivity, McKinsey Global Institute [Online]. Available at
https://www.mckinsey.com/~/media/mckinsey/business%20functions/operations/our%?20insights/reinvent
ing%20construction%?20through%20a%20productivity%20revolution/mgi-reinventing-construction-a-
route-to-higher-productivity-full-report.pdf (Accessed 7 November 2023).

Bartodziej, C. J. (2017) The Concept Industry 4.0, Wiesbaden, Springer Fachmedien Wiesbaden.

Becker, J., Knackstedt, R. and P6ppelbuf}, J. (2009) 'Developing Maturity Models for IT Management', Business
& Information Systems Engineering, vol. 1, no. 3, pp. 213-222.

Bécue, A., Praga, I. and Gama, J. (2021) 'Artificial intelligence, cyber-threats and Industry 4.0: challenges and
opportunities', Artificial Intelligence Review, vol. 54, no. 5, pp. 3849-3886.

Berlak, J., Hafner, S. and Kuppelwieser, V. G. (2021) 'Digitalization’s impacts on productivity: a model-based
approach and evaluation in Germany’s building construction industry', Production Planning & Control, vol.
32, no. 4, pp. 335-345.

bitkom (2018) Reifegradmodell zum Digital Analytics & Optimization Maturity Index (DAOMI): Leitfaden zur
Anwendung und Interpretation (engl. Maturity model for the Digital Analytics & Optimisation Maturity
Index (DAOMI) - guidelines for application and interpretation), Bundesverband Informationswirtschatft,
Telekommunikation und neue Medien e V. [Online]. Available at
https://www.bitkom.org/sites/main/files/file/import/20181018-Reifegradmodell-zum-Digital-Analytics-
Optmization-Maturity-In.pdf (Accessed 31 October 2023).

Block, S. (2023) Large-Scale Agile Frameworks, Berlin, Heidelberg, Springer Berlin Heidelberg.

Borrmann, A., Koénig, M., Koch, C. and Beetz, J. (eds) (2018) Building information modeling: Technology
foundations and industry practice, Cham, Springer.

Boullauazan, Y., Sys, C. and Vanelslander, T. (2023) 'Developing and demonstrating a maturity model for smart
ports', Maritime Policy & Management, vol. 50, no. 4, pp. 447—465.

(<o) [Teon Vol. 29 (2024), Jikel et. al., pg. 801



Bruckmann, T. and Boumann, R. (2021) 'Simulation and optimization of automated masonry construction using
cable robots', Advanced Engineering Informatics, vol. 50, p. 101388.

Bruin, T. de, Freeze, R., Kulkarni, U. and Rosemann, M. (2005) 'Understanding the main phases of developing a
maturity assessment model', ACIS 2005 Proceedings. Sydney, Australia, 29 November — 2 December 2005,
AIS Electronic Library (AISeL).

Carolis, A. de, Macchi, M., Negri, E. and Terzi, S. (2017) 'A Maturity Model for Assessing the Digital Readiness
of Manufacturing Companies', in Lodding, H., Riedel, R., Thoben, K.-D., Cieminski, G. von and Kiritsis,
D. (eds) Advances in Production Management Systems. The Path to Intelligent, Collaborative and
Sustainable Manufacturing, Cham, Springer International Publishing, pp. 13-20.

Chrysoulakis, N., Erbertseder, T. and Zhang, Y. (eds) (2022) Remote Sensing Technologies and Applications in
Urban Environments VII, SPIE.

Chung, W. W. S., Tariq, S., Mohandes, S. R. and Zayed, T. (2023) 'ToT-based application for construction site safety
monitoring', International Journal of Construction Management, vol. 23, no. 1, pp. 58-74.

Crawford, J. K. (2021) Project Management Maturity Model, Auerbach Publications.

Culot, G., Nassimbeni, G., Orzes, G. and Sartor, M. (2020) 'Behind the definition of Industry 4.0: Analysis and
open questions', International Journal of Production Economics, vol. 226, p. 107617.

Dalenogare, L. S., Benitez, G. B., Ayala, N. F. and Frank, A. G. (2018) 'The expected contribution of Industry 4.0
technologies for industrial performance', International Journal of Production Economics, vol. 204, pp. 383—
394.

Das, P., Perera, S., Senaratne, S. and Osei-Kyei, R. (2022) 'Paving the way for industry 4.0 maturity of construction
enterprises: a state of the art review', Engineering, Construction and Architectural Management.

Das, P., Perera, S., Senaratne, S. and Osei-Kyei, R. (2023) 'A smart modern construction enterprise maturity model
for business scenarios leading to Industry 4.0', Smart and Sustainable Built Environment.

Dewi, A. Y. and Suhardi (2014) 'Assessing information quality management maturity level using TIQM-CMM',
2014 International Conference on Information Technology Systems and Innovation (ICITSI). Bandung,
Indonesia, 24.11.2014 - 27.11.2014, IEEE, pp. 171-176.

Disney, O., Roupé, M., Johansson, M. and Domenico Leto, A. (2024) 'Embracing BIM in its totality: a Total BIM
case study', Smart and Sustainable Built Environment, vol. 13, no. 3, pp. 512-531.

Doring, N. (2023) Forschungsmethoden und Evaluation in den Sozial- und Humanwissenschaften (engl. Research
methods and evaluation in the social and human sciences), Berlin, Heidelberg, Springer Berlin Heidelberg.

Dorling, A. (1993) 'SPICE: Software Process Improvement and Capability Determination', Software Quality
Journal, vol. 2, no. 4, pp. 209-224.

Dubois, A. and Gadde, L.-E. (2002) 'The construction industry as a loosely coupled system: implications for
productivity and innovation', Construction Management and Economics, vol. 20, no. 7, pp. 621-631.

Faltin, B., Schonfelder, P. and Konig, M. (2023) 'Inferring Interconnections of Construction Drawings for Bridges
Using Deep Learning-based Methods', in Scherer, R. J., Sujan, S. F. and Hjelseth, E. (eds) ECPPM 2022 -
eWork and eBusiness in Architecture, Engineering and Construction 2022, London, CRC Press, pp. 343—
350.

Fernandes, A. C., Oliveira, R., Cubo, C., Sampaio, P., Carvalho, M. S., Afonso, P., Roque, J., Rebelo, M. and
Brandao, J. (2017) 'Towards an approach to assess Supply Chain Quality Management maturity', 2017 IEEE
International Conference on Industrial Engineering and Engineering Management (IEEM). Singapore,
10.12.2017 - 13.12.2017, IEEE, pp. 1445-1449.

Fink, A. (2003) The Survey Handbook, 2455 Teller Road, Thousand Oaks California 91320 United States of
America, SAGE Publications, Inc.

(<o) [Teon Vol. 29 (2024), Jikel et. al., pg. 802



Forcael, E., Ferrari, 1., Opazo-Vega, A. and Pulido-Arcas, J. A. (2020) 'Construction 4.0: A Literature Review',
Sustainability, vol. 12, no. 22, p. 9755 [Online]. DOI: 10.3390/sul12229755.

Fraser, P, Moultrie, J. and Gregory, M. (2002) 'The use of maturity models/grids as a tool in assessing product
development capability’, Proceedings of the 2002 IEEE International Engineering Management
Conference: Managing Technology for the New Economy. St John's College, Cambridge, UK, 18 - 20
August 2002. Piscataway, NJ, IEEE Service Center, pp. 244-249.

Garcia-Mireles, G. A., Angeles Moraga, M. and Garcia, F. (2012) 'Development of maturity models: a systematic
literature review', 16th International Conference on Evaluation & Assessment in Software Engineering
(EASE 2012). Ciudad Real, Spain, 14-15 May 2012, IET, pp. 279-283.

Gerbert, P., Castagnino, S., Rothballer, C., Renz, A. and Filitz, R. (2016) Digital in Engineering and Construction:
The Transformative Power of Building Information Modeling [Online]. Available at https:/web-
assets.bcg.com/img-src/BCG-Digital-in-Engineering-and-Construction-Mar-2016_tcm9-87277.pdf
(Accessed 26 September 2023).

Ghobakhloo, M. (2020) 'Industry 4.0, digitization, and opportunities for sustainability’, Journal of Cleaner
Production, vol. 252, p. 1198609.

Gilchrist, A. (2016) Industry 4.0, Berkeley, CA, Apress.

Glogovac, M., Ruso, J. and Maricic, M. (2022) 'ISO 9004 maturity model for quality in industry 4.0', Total Quality
Management & Business Excellence, vol. 33, 5-6, pp. 529-547.

Gokalp, E. and Martinez, V. (2021) 'Digital transformation capability maturity model enabling the assessment of
industrial manufacturers', Computers in Industry, vol. 132, p. 103522.

Gokalp, E., Sener, U. and Eren, P. E. (2017) 'Development of an Assessment Model for Industry 4.0: Industry 4.0-
MM, in Mas, A., Mesquida, A., O'Connor, R. V., Rout, T. and Dorling, A. (eds) Software Process
Improvement and Capability Determination, Cham, Springer International Publishing, pp. 128—142.

Golzhiuser, P., Peng, M., Jikel, J.-I., Klemt-Albert, K. and Marx, S. (2023) 'Approach to Generate a Simple
Semantic Data Model from 2D Bridge Plans using Al-based Text Recognition', Proceeding of the 33rd
European Safety and Reliability Conference, 03.09.2023 - 07.09.2023. Singapore, Research Publishing
Services, pp. 3006-3013.

Greeshma, A. S. and Edayadiyil, J. B. (2022) 'Automated progress monitoring of construction projects using
Machine learning and image processing approach', Materials Today: Proceedings, vol. 65, pp. 554-563.

Heidenwolf, O. and Szabo, 1. (2023) 'Construction 4.0 Maturity Tool with Ontology Development Methodology
for Organisations', in Miroslaw J. Skibniewski & Miklos Hajdu (ed) Proceedings of the Creative
Construction Conference, pp. 246-251.

Hein-Pensel, F., Winkler, H., Briickner, A., Wélke, M., Jabs, 1., Mayan, 1. J., Kirschenbaum, A., Friedrich, J. and
Zinke-Wehlmann, C. (2023) 'Maturity assessment for Industry 5.0: A review of existing maturity models',
Journal of Manufacturing Systems, vol. 66, pp. 200-210.

Hossain, M. A. and Nadeem, A. (2019) 'Towards digitizing the construction industry: State of the art of
Construction 4.0', vol. 6, no. 1.

Humble, S. (2020) Quantitative analysis of questionnaires: Techniques to explore structures and relationships,
London, New York, Routledge, Taylor & Franis Group.

Ifenthaler, D. and Egloffstein, M. (2020) 'Development and Implementation of a Maturity Model of Digital
Transformation', TechTrends, vol. 64, no. 2, pp. 302—309.

Jahnke, C., Jikel, J.-I., Bott, D., Meyer-Westphal, M., Klemt-Albert, K. and Marx, S. (2023) 'BIM-based
immersive meetings for optimized maintenance management of bridge structures', ce/papers, vol. 6, no. 5,
pp. 681-690.

(<o) [Teon Vol. 29 (2024), Jiikel et. al., pg. 803



Jékel, J.-I., Golzhéuser, P., Schmitt, A., Bange, J., Klemt-Albert, K., Reiterer, A. and Marx, S. (2023)
'Teilautomatisierte Generierung von digitalen Infrastrukturmodellen mittels Multi-Datenfusion (engl. Semi-
automated generation of digital infrastructure models using multi-data fusion)', Bautechnik.

Jékel, J.-1., Jahnke, C. and Meyer Westphal, M. (2023) Immersive Besprechungen im Lebenszyklus von Gebauden
auf Basis von digitalen BIM-Modellen (engl. Immersive meetings in the life cycle of buildings based on
digital BIM models).

Jékel, J.-I. and Klemt-Albert, K. (2023) 'BIM-models of bridges in the operational phase: use cases, phase model
and reference architecture', ce/papers, vol. 6, no. 5, pp. 701-710.

Jakel, J.-1., Rahnama, S. and Klemt-Albert, K. (2022) 'Construction Robotics Excellence Model: A framework to
overcome existing barriers for the implementation of robotics in the construction industry', Proceedings of
the 39th International Symposium on Automation and Robotics in Construction, 13.07.2022 - 15.07.2022,
International Association for Automation and Robotics in Construction (IAARC).

Johannsen, G. (1994) 'Design of intelligent human-machine interfaces', Proceedings of 1994 3rd IEEE
International Workshop on Robot and Human Communication. Nagoya, Japan, 18-20 July 1994, IEEE, pp.
18-25.

Joshi, A., Kale, S., Chandel, S. and Pal, D. (2015) 'Likert Scale: Explored and Explained', British Journal of
Applied Science & Technology, vol. 7, no. 4, pp. 396—403.

Kagermann, H. and Wahlster, W. (2022) 'Ten Years of Industrie 4.0', Sci, vol. 4, no. 3, p. 26.

Kanning, U. P., Grewe, K., Hollenberg, S. and Hadouch, M. (2006) 'From the Subjects' Point of View', European
Journal of Psychological Assessment, vol. 22, no. 3, pp. 168—176.

Kassem, M. and Li, J. (2020) Building Information Modelling: Evaluating tools for maturity and benefits
measurement [Online]. Available at
https://www.cdbb.cam.ac.uk/files/bim_evaluating tools for maturity and benefits measurement report.
pdf (Accessed 28 September 2023).

Kehl, C., Achternbosch, M. and Revermann, C. (2022) Innovative Technologien, Prozesse und Produkte in der
Bauwirtschaft (engl. Innovative technologies, processes and products in the construction industry - Final
report on the TA project), Arbeitsbericht 199.

Kim, P., Chen, J. and Cho, Y. K. (2018) 'SLAM-driven robotic mapping and registration of 3D point clouds',
Automation in Construction, vol. 89, pp. 38—48.

Kim, P., Chen, J., Kim, J. and Cho, Y. K. (2018) 'SLAM-Driven Intelligent Autonomous Mobile Robot Navigation
for Construction Applications', in Smith, I. F. C. and Domer, B. (eds) Advanced Computing Strategies for
Engineering, Cham, Springer International Publishing, pp. 254-269.

Kim, S. H., Ryu, H. G. and Kang, C. S. (2019) 'Development of an lIoT-Based Construction Site Safety
Management System', in Kim, K. J. and Baek, N. (eds) Information Science and Applications 2018,
Singapore, Springer Singapore, pp. 617-624.

Klooster, P. M. ten, Visser, M. and Jong, M. D. de (2008) 'Comparing two image research instruments: The Q-sort
method versus the Likert attitude questionnaire', Food Quality and Preference, vol. 19, no. 5, pp. 511-518.

Klétzer, C. and Pflaum, A. (2017) 'Toward the Development of a Maturity Model for Digitalization within the
Manufacturing Industry(ls Supply Chain', Proceedings of the 50th Hawaii International Conference on
System Sciences (2017), Hawaii International Conference on System Sciences.

Knackstedt, R., PoppelbuB3, J. and Becker, J. (2009) 'Vorgehensmodell zur Entwicklung von Reifegradmodellen
(engl. Process model for the development of maturity models)', Wirtschaftsinformatik Proceedings 2009,
AIS Electronic Library (AISeL), pp. 535-544.

(<o) [Teon Vol. 29 (2024), Jikel et. al., pg. 804



Knaster, R. and Leffingwell, D. (2020) Safe 5.0 distilled: Achieving business agility with the scaled agile
framework, [Boston], Addison-Wesley.

Kolaei, A. Z., Hedayati, E., Khanzadi, M. and Amiri, G. G. (2022) 'Challenges and opportunities of augmented
reality during the construction phase', Automation in Construction, vol. 143, p. 104586.

Kolukisa Tarhan, A., Garousi, V., Turetken, O., Soylemez, M. and Garossi, S. (2020) 'Maturity assessment and
maturity models in health care: A multivocal literature review', Digital health, vol. 6, 2055207620914772.

Krotova, A. and Eppelsheimer, J. (2019) Was bedeutet Data Governance?: Eine Clusteranalyse der
wissenschaftlichen Literatur zu Data Governance (engl. What does data governance mean? - A cluster
analysis of the scientific literature on data governance), Institut der deutschen Wirtschaft Kéln e.V. [Online].
Available at
https://www.iwkoeln.de/fileadmin/user upload/Studien/Gutachten/PDF/2019/Gutachten_Data_Governan
ce DEMAND_Template.pdf (Accessed 7 November 2023).

Kiihnapfel, J. B. (2019) Nutzwertanalysen in Marketing und Vertrieb (engl. Value analyses in marketing and sales),
Wiesbaden, Springer Fachmedien Wiesbaden.

Kumar, A. and Shoghli, O. (2018) 'A Review of IoT Applications in Supply Chain Optimization of Construction
Materials', Proceedings of the 35th International Symposium on Automation and Robotics in Construction
(ISARC). Taipei, Taiwan, 28.06.2017 - 01.07.2017, International Association for Automation and Robotics
in Construction (IAARC).

Lee, D., Gu, J.-W. and Jung, H.-W. (2019) 'Process maturity models: Classification by application sectors and
validities studies', Journal of Software: Evolution and Process, vol. 31, no. 4.

Leyh, C., Schiffer, T., Bley, K. and Forstenhéusler, S. (2016) 'SIMMI 4.0 — A Maturity Model for Classifying the
Enterprise-wide IT and Software Landscape Focusing on Industry 4.0', Proceedings of the 2016 Federated
Conference on Computer Science and Information Systems, 11.09.2016 - 14.09.2016, IEEE, pp. 1297-
1302.

Liao, Y., Deschamps, F., Loures, E. d. F. R. and Ramos, L. F. P. (2017) 'Past, present and future of Industry 4.0 - a
systematic literature review and research agenda proposal', International Journal of Production Research,
vol. 55, no. 12, pp. 3609-3629.

Maximini, D. (2018) The Scrum Culture, Cham, Springer International Publishing.

Mayring, P. (2015) 'Qualitative Content Analysis: Theoretical Background and Procedures', in Bikner-Ahsbahs,
A., Knipping, C. and Presmeg, N. (eds) Approaches to Qualitative Research in Mathematics Education,
Dordrecht, Springer Netherlands, pp. 365-380.

Mettler, T. (2011) 'Transformation of the Hospital Supply Chain', International Journal of Healthcare Information
Systems and Informatics, vol. 6, no. 2, pp. 1-13.

Mihajlovi¢, M., Tadi¢, J. and Joti¢, J. (2021) 'Implementation of quality management system and the level of
maturity of the company in the dairy industry of Serbia', Ekonomika, vol. 67, no. 3, pp. 63—74.

Miozzo, M. and Dewick, P. (2004) 'Networks and innovation in European construction: benefits from inter-
organisational cooperation in a fragmented industry', International Journal of Technology Management,
vol. 27, no. 1, p. 68.

Mishan, E. J. and Quabh, E. (2020) Cost-Benefit Analysis, Sixth edition. | Milton Park, Abingdon, Oxon, New York
: Routledge, 2020., Routledge.

Moeuf, A., Lamouri, S., Pellerin, R., Tamayo-Giraldo, S., Tobon-Valencia, E. and Eburdy, R. (2020) 'Identification
of critical success factors, risks and opportunities of Industry 4.0 in SMEs', International Journal of
Production Research, vol. 58, no. 5, pp. 1384-1400.

(<o) [Teon Vol. 29 (2024), Jikel et. al., pg. 805



Monteiro, E. L. and Maciel, R. S. P. (2020) 'Maturity Models Architecture: A large systematic mapping', iSys -
Brazilian Journal of Information Systems, vol. 13, no. 2, pp. 110-140.

Mostaccio, A., Bianco, G. M., Marrocco, G. and Occhiuzzi, C. (2023) 'RFID Technology for Food Industry 4.0: A
Review of Solutions and Applications', IEEE Journal of Radio Frequency Identification, vol. 7, pp. 145—
157.

Naeem, H. M. and Garengo, P. (2022) 'The interplay between industry 4.0 maturity of manufacturing processes
and performance measurement and management in SMEs', International Journal of Productivity and
Performance Management, vol. 71, no. 4, pp. 1034-1058.

Nagl, A. and Bozem, K. (2018) Geschéftsmodelle 4.0 (engl. Business models 4.0), Wiesbaden, Springer
Fachmedien Wiesbaden.

(2007) National Building Information Modeling Standard - Version 1.0 - Part 1: Overview, principles and
Methodologies, National Institute of Standards and Technology.

Osti, F., Amicis, R. de, Sanchez, C. A., Tilt, A. B., Prather, E. and Liverani, A. (2021) 'A VR training system for
learning and skills development for construction workers', Virtual Reality, vol. 25, no. 2, pp. 523-538.

Peng, M., Kang, C. and Marx, S. (2023) 'Text Recognition for 2D Bridge Plans Using OCR-Algorithms', ce/papers,
vol. 6, no. 5, pp. 661-666.

Pentek, P. (2020) A Capability Reference Model for Strategic Data Management, Dissertation, St.Gallen,
Switzerland, HSG St. Gallen [Online]. Available at https://ux-tauri.unisg.ch/EDIS/Dis5009.pdf (Accessed
3 November 2023).

Pereira, A. C. and Romero, F. (2017) 'A review of the meanings and the implications of the Industry 4.0 concept',
Procedia Manufacturing, vol. 13, pp. 1206—1214.

Preim, B. and Dachselt, R. (2010) Interaktive Systeme (engl. Interactive systems), Berlin, Heidelberg, Springer
Berlin Heidelberg.

Qureshi, A. H., Alaloul, W. S., Manzoor, B., Saad, S., Alawag, A. M. and Alzubi, K. M. (2021) 'Implementation
Challenges of Automated Construction Progress Monitoring Under Industry 4.0 Framework Towards
Sustainable Construction', 2021 Third International Sustainability and Resilience Conference: Climate
Change. online, 15 - 16 November 2021, IEEE, pp. 322-326.

Rafael, L. D., Jaione, G. E., Cristina, L. and Ibon, S. L. (2020) 'An Industry 4.0 maturity model for machine tool
companies', Technological Forecasting and Social Change, vol. 159, p. 120203.

Raj, M., Ertl, C., Floerecke, S. and Herzfeldt, A. (2024) 'Development of a digitalisation maturity model for small
and medium-sized companies', International Journal of Management and Enterprise Development, vol. 23,
no. 2, pp. 136-154.

Ratajczak, J., Marcher, C., Schimanski, C. P., Schweikopfler, A., Riedl, M. and Matt, D. T. (2019) 'BIM-based
augmented reality tool for the monitoring of construction performance and progress', Proceedings of the
2019 European Conference on Computing in Construction. Chania, Greece, 10-12 July 2019, University
College Dublin, pp. 467—476.

Reiterer, A., Waschle, K., Stork, D., Leydecker, A. and Gitzen, N. (2020) 'Fully Automated Segmentation of 2D
and 3D Mobile Mapping Data for Reliable Modeling of Surface Structures Using Deep Learning', Remote
Sensing, vol. 12, no. 16, p. 2530.

Reja, V. K., Varghese, K. and Ha, Q. P. (2022) 'Computer vision-based construction progress monitoring',
Automation in Construction, vol. 138, p. 104245.

Ribeirinho, M. J., Mischke, J., Strube, G., Sjédin, E., Blanco, J. L., Palter, R., Biorck, J., Rockhill, D. and
Andersson, T. (2020) The next normal in construction: How disruption is reshaping the world’s largest
ecosystem, McKinsey Company [Online]. Available at

(<o) [Teon Vol. 29 (2024), Jikel et. al., pg. 806



https://www.mckinsey.com/de/~/media/mckinsey/business%20functions/operations/our%20insights/the%
20next%20normal%?20in%20construction/the-next-normal-in-construction.pdf (Accessed 3 November
2023).

Rizal, S. and van Berlo, L. (2010) 'Tool for Benchmarking BIM Performance of Design, Engineering and
Construction Firms in The Netherlands', Architectural Engineering and Design Management, vol. 6, no. 4,
pp- 254-263.

Rosemann, M. and Bruin, T. de (2005) 'Towards a Business Process Management Maturity Model', ECIS 2005
Proceedings, AIS Electronic Library (AISeL), pp. 521-532.

Roth, A. (ed) (2016a) Einfilhrung und Umsetzung von Industrie 4.0 (engl. Introduction and implementation of
Industry 4.0), Berlin, Heidelberg, Springer Berlin Heidelberg.

Roth, A. (2016b) 'Industrie 4.0 — Hype oder Revolution? (engl. Industry 4.0 - hype or revolution?)', in Roth, A.
(ed) Einfiihrung und Umsetzung von Industrie 4.0 (engl. Introduction and implementation of Industry 4.0),
Berlin, Heidelberg, Springer Berlin Heidelberg, pp. 1-15.

Sacks, R., Girolami, M. and Brilakis, I. (2020) 'Building Information Modelling, Artificial Intelligence and
Construction Tech', Developments in the Built Environment, vol. 4, p. 100011.

Sacks, R., Perlman, A. and Barak, R. (2013) 'Construction safety training using immersive virtual reality’,
Construction Management and Economics, vol. 31, no. 9, pp. 1005-1017.

Sanchez-Puchol, F. and Pastor-Collado, J. A. (2017) Focus Area Maturity Models: A Comparative Review', in
Themistocleous, M. and Morabito, V. (eds) Information Systems, Cham, Springer International Publishing,
pp- 531-544.

Santos, C., Mehrsai, A., Barros, A. C., Aratijo, M. and Ares, E. (2017) 'Towards Industry 4.0: an overview of
European strategic roadmaps', Procedia Manufacturing, vol. 13, pp. 972-979.

Santos, R. C. and Martinho, J. L. (2020) 'An Industry 4.0 maturity model proposal’, Journal of Manufacturing
Technology Management, vol. 31, no. 5, pp. 1023-1043.

Sawhney, A., Riley, M. and Irizarry, J. (2020) Construction 4.0 : An innovation platform for the built environment,
Routledge.

Schonfelder, P., Aziz, A., Faltin, B. and Ko6nig, M. (2023) 'Automating the retrospective generation of As-is BIM
models using machine learning', Automation in Construction, vol. 152, p. 104937.

Schonfelder, P., Stebel, F., Andreou, N. and Ko6nig, M. (2024) 'Deep learning-based text detection and recognition
on architectural floor plans', Automation in Construction, vol. 157, p. 105156.

Schulte-Zurhausen, M. (2014) Organisation (engl. Organization), 6th edn, Miinchen, Vahlen.

Schumacher, A., Erol, S. and Sihn, W. (2016) 'A Maturity Model for Assessing Industry 4.0 Readiness and Maturity
of Manufacturing Enterprises', Procedia CIRP, vol. 52, pp. 161-166.

Shen, L., Du, X., Cheng, G. and Wei, X. (2021) 'Capability Maturity Model (CMM) method for assessing the
performance of low-carbon city practice', Environmental Impact Assessment Review, vol. 87, p. 106549.

Siriwardhana, S. and Moehler, R. C. (2023) 'Enabling productivity goals through construction 4.0 skills: Theories,
debates, definitions', Journal of Cleaner Production, vol. 425, p. 139011.

Srinivasan, S. (2014) Cloud computing basics, New York, NY, Springer.

Stemmler, S., Kaufmann, T., Bange, M. J., Merkle, D., Reiterer, A., Klemt-Albert, K. and Marx, S. (2022)
'Multisource-data-fusion for the digitization of critical infrastructural elements', Remote Sensing
Technologies and Applications in Urban Environments VII. Berlin, Germany, 05.09.2022 - 08.09.2022,
SPIE.

(<o) [Teon Vol. 29 (2024), Jikel et. al., pg. 807



Succar, B. (2010) 'Building Information Modelling Maturity Matrix', in Dima, 1., Underwood, J. and Isikdag, U.
(eds) Handbook of Research on Building Information Modeling and Construction Informatics, IGI Global,
pp- 65-103.

Tontini, G., Carvalho, L. C. de, Da Schlindwein, N. F. C. and Tomarevski, V. (2016) Maturity model of
procurement and supply management in small and medium-size enterprises', International Journal of
Quality and Service Sciences, vol. 8, no. 3, pp. 315-333.

Tuma Neto, A. A. and Araujo de Souza Junior, A. (2022) 'Industry 4.0 Innovations in Construction: Proposal of a
Maturity Model', International Journal for Innovation Education and Research, vol. 10, no. 9, pp. 418—436.

Uusitalo, P. and Lavikka, R. (2021) 'Technology transfer in the construction industry', The Journal of Technology
Transfer, vol. 46, no. 5, pp. 1291-1320.

van Steenbergen, M., Bos, R., Brinkkemper, S., van de Weerd, 1. and Bekkers, W. (2010) 'The Design of Focus
Area Maturity Models', in Hutchison, D., Kanade, T., Kittler, J., Kleinberg, J. M., Mattern, F., Mitchell, J.
C., Naor, M., Nierstrasz, O., Pandu Rangan, C., Steffen, B., Sudan, M., Terzopoulos, D., Tygar, D., Vardi,
M. Y., Weikum, G., Winter, R., Zhao, J. L. and Aier, S. (eds) Global Perspectives on Design Science
Research, Berlin, Heidelberg, Springer Berlin Heidelberg, pp. 317-332.

Veile, J. W., Schmidt, M.-C. and Voigt, K.-I. (2022) 'Toward a new era of cooperation: How industrial digital
platforms transform business models in Industry 4.0', Journal of Business Research, vol. 143, pp. 387—405.

Wagire, A. A., Joshi, R., Rathore, A. P. S. and Jain, R. (2021) 'Development of maturity model for assessing the
implementation of Industry 4.0: learning from theory and practice', Production Planning & Control, vol.
32, no. §, pp. 603—-622.

Wang, G., Liu, H., Li, H., Luo, X. and Liu, J. (2020) 'A Building Project-Based Industrialized Construction
Maturity Model Involving Organizational Enablers: A Multi-Case Study in China', Sustainability, vol. 12,
no. 10, p. 4029.

Wang, K., Zhang, Z., Deng, R. and Mao, Y. (2023) 'Automated Construction Progress Monitoring and Controlling
Framework Based on Computer Vision and Internet of Things System', 2023 6th International Conference
on Electronics Technology (ICET). Chengdu, China, 12.05.2023 - 15.05.2023, IEEE, pp. 1045-1051.

Wendler, R. (2012) 'The maturity of maturity model research: A systematic mapping study', Information and
Software Technology, vol. 54, no. 12, pp. 1317-1339.

Wernicke, B., Stehn, L., Sezer, A. A. and Thunberg, M. (2023) 'Introduction of a digital maturity assessment
framework for construction site operations', International Journal of Construction Management, vol. 23, no.
5, pp- 898-908.

Westermann, T., Anacker, H., Dumitrescu, R. and Czaja, A. (2016) 'Reference architecture and maturity levels for
cyber-physical systems in the mechanical engineering industry', 2016 IEEE International Symposium on
Systems Engineering (ISSE). Edinburgh, UK, 03.10.2016 - 05.10.2016, IEEE, pp. 1-6.

Wolf, M., Teizer, J. and Ruse, J. H. (2019) 'Case Study on Mobile Virtual Reality Construction Training',
Proceedings of the 36th International Symposium on Automation and Robotics in Construction (ISARC).
Banff, AB, Canada, 21.05.2019 - 24.05.2019, International Association for Automation and Robotics in
Construction (IAARC).

Wong Chong, O., Zhang, J., Voyles, R. M. and Min, B.-C. (2022) 'BIM-based simulation of construction robotics
in the assembly process of wood frames', Automation in Construction, vol. 137, p. 104194.

Zhao, J., Zheng, Y., Seppénen, O., Tetik, M. and Peltokorpi, A. (2021) 'Using Real-Time Tracking of Materials and
Labor for Kit-Based Logistics Management in Construction', Frontiers in Built Environment, vol. 7.

Zollmann, S., Hoppe, C., Kluckner, S., Poglitsch, C., Bischof, H. and Reitmayr, G. (2014) 'Augmented Reality for
Construction Site Monitoring and Documentation', Proceedings of the IEEE, vol. 102, no. 2, pp. 137-154.

(<o) [Teon Vol. 29 (2024), Jikel et. al., pg. 808



Zoubek, M., Poor, P, Broum, T., Basl, J. and Simon, M. (2021) 'Industry 4.0 Maturity Model Assessing
Environmental Attributes of Manufacturing Company', Applied Sciences, vol. 11, no. 11, p. 5151.

Zumstein, D., Brauer, C. and Zelic, A. (2022) 'Benefits, challenges and future developments in digital analytics in
German-speaking countries: An empirical analysis', Applied Marketing Analytics, vol. 7, no. 3, pp. 246—
259.

(<o) [Teon Vol. 29 (2024), Jiikel et. al., pg. 809



APPENDIXES

APPENDIX 01: DETAILED RESULTS OF THE COMPANY A EVALUATION

According to the assessment, Company A has a total score of 36.21 points and is classified in maturity level 4.
This level places the company among the advanced companies in the digital transformation (s. Fig 2).

DCCMM — Index (company A) = 0.15%T +0.20%0 4+ 020+ C 4+ 0.30*D +0.15* [
= 0.15%20.00 + 0.20 * 40.00 + 0.20 * 45.00 + 0.30 * 35.71 + 0.15 * 36.67
= 36.21 points = maturity level 4

Construction Company A
Technologies
50
40
30

Culture & 0

personnel Interconnectivity

Organization &

processes Data Management

Figure 2: Results - Company A.

The detailed results of the assessment of company A are shown belown in Tab. 13.

Table 13: Detailed Assessment Results Company A.

Company A
Level 0 1 2 3 4 5 [4)
Technologies (T)
Robotics 20
Cloud
Computing 30
ToT 20 20.00
Immersive 20
technologies
Artificial
. R 10
intelligence
Organization & processes (O)
Team 40
structure
40.00
Respons- 40

ibilities
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Data access

50

The use of BIM
methodology

50

Process
automation

20

Performance
management

40

Culture & personnel (C)

Digitalization
strategy

50

Initiative of the
executive level

50

Culture of
failure

50

Acceptance of
digital methods

30

45.00

Further
training &
qualification

50

Resources

40

Data Management (D)

Timeliness of
the data

30

Data
governance

40

Data quality

40

Data security

50 35.71

Degree of
Coverage

20

Utilization of
data value

20

Data storage

50

Interconnectivity (I)

Usage of
platforms

50

Human-
machine
interface

Machine-
machine
interface

20

36.67

Use of AutoID
technologies

40
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APPENDIX 02: DETAILED RESULTS OF THE COMPANY B EVALUATION

According to the assessment, Company B has a total score of 26,83 points, is classified in maturity level 4 and
thus has a digital transformation in the early stages. The company valuation of Company B is presented in detail
below (s. Figure 3).

DCCMM — Index (company B) = 0.15*T +0.20*0 +0.20* C+ 030D + 0.15 =/
= 0.15%8.00 + 0.20 * 36.67 + 0.20 * 41.67 + 0.30 * 25.71 + 0.15 * 15.00
= 26.83 points = maturity level 3

Construction Company B

Technologies

50
40
30
Culture & 20 L
Interconnectivity
personnel 1
0

Organization &

processes Data Management

Figure 3: Results of the evaluation of company B.

The detailed results of the assessment of company B are shown belown in Tab. 14.

Table 14: Detailed Assessment Results Company B.

Company B

Level 0 1 2 3 4 5 [%)

Technologies (T)

Robotics 0

Cloud
Computing

IoT 20

Immersive

technologies 20

Artificial
intelligence

Organization & processes (O)

Team

structure 40

Respons- 50 36.67
ibilities

Data access 50
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The use of BIM

methodology 30

Process

. 2
automation 0

Performance

30
management

Culture & personnel (C)

Digitalization

strategy 30

Initiative of the

executive level 40

Culture of

failure >

41.67
Acceptance of 40
digital methods

Further
training & 30
qualification

Resources 40

Data Management (D)

Timeliness of

the data 30

Data
governance

40

Data quality 10

Data security 40 25.71

Degree of

Coverage 20

Utilization of

data value 20

Data storage 20

Interconnectivity (I)

Usage of

platforms 30

Human-
machine 0
interface

15.00
Machine-

machine 0

interface

Use of AutoID

technologies 30

(<o) [Teon Vol. 29 (2024), Jiikel et. al., appx. 4



APPENDIX 03: DETAILED RESULTS OF THE COMPANY C EVALUATION

According to the assessment, Company C has a total score of 42,42 points and is classified in maturity level 5. The
company is thus classified in the top level of the maturity model and is considered a "smart company" in the very
mature stage of the digital transformation.

The company valuation of Company C is presented in detail below (s. Figure 4).
Calculation of the maturity index:

DCCMM — Index (company C) = 0.15%T + 0200 + 020+« C+ 030 *D +0.15* [
= 0.15%30.00 + 0.20 * 45.00 + 0.20 = 48.33 + 0.30 * 44.29 + 0.15 * 40.00
= 42.45 points = maturity level 5

Construction Company C

Technologies

50
40
3
Culture & 20 Interconnectivity
personnel 10
0

Organization &

processes Data Management

Figure 4: Assessment Results Company C.

The detailed results of the assessment of company C are shown belown in Tab. 15.

Table 15: Detailed Assessment Results Company C.

Company C
Level 0 1 2 3 4 5 [4)
Technologies (T)
Robotics 30
Cloud
Computing 30
IoT 30 30.00
Immersive 30
technologies
Artificial
. R 30
intelligence
Organization & processes (O)
Team 40 45.00
structure
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Respons

ibilities 30

Data access 50

The use of BIM

methodology >0

Process

automation 30

Performance

30
management

Culture & personnel (C)

Digitalization

strategy 30

Initiative of the

executive level 30

Culture of

failure 50

48.33
Acceptance of

digital methods 30

Further
training & 50
qualification

Resources 40

Data Management (D)

Timeliness of

the data 30

Data
governance

50

Data quality 50

Data security 50 44.29

Degree of

Coverage 40

Utilization of

data value 40

Data storage 50

Interconnectivity (I)

Usage of

platforms 40

Human-
machine 40
interface

40.00
Machine-

machine 50
interface

Use of AutoID

technologies 30

(<o) ITeon Vol. 29 (2024), Jiikel et. al., app. 6



APPENDIX 04: DETAILED RESULTS OF THE COMPANY D EVALUATION

According to the assessment, Company D has a total score of 38,82 points and is classified in maturity level 5. It
classifies company D in the medium segment (maturity level 3) This means an advanced digital transformation
but with still existing optimization potential in the company (s. Figure 5).

Calculation of the maturity index:

DCCMM — Index (company D) = 0.15*T 4+ 0.20% 0 +0.20%C +0.30 *D + 0.15 |

= 0.15 % 28.00 + 0.20 * 35.00 + 0.20 * 41.67 + 0.30 * 34.29 + 0.15 * 20.00
= 38.82 points = maturity level 3

The detailed results of the assessment of company D are shown belown in Tab. 16.

Construction Company D

Technologies

50

40

30
Culture & ..
personnel Interconnectivity

Organization &

processes Data Management

Figure 5: Assessment Results Company D.

Table 16: Detailed Assessment Results Company D.

Company D

Level

0 1 2 3 4 5 [%)

Technologies (T)

Robotics

20

Cloud
Computing

50

IoT

10

Immersive
technologies

28.00
40

Artificial
intelligence

20

Organization & processes (O)

Team
structure

40 35.00
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Responsibilities

40

Data access

50

The use of BIM
methodology

50

Process
automation

Performance
management

20

Culture & personnel (C)

Digitalization
strategy

50

Initiative of the
executive level

30

Culture of
failure

50
41.67

Acceptance of
digital methods

30

Further training
& qualification

50

Resources

40

Data Management (D)

Timeliness of
the data

30

Data
governance

30

Data quality

30

Data security

40

34.29

Degree of
Coverage

30

Utilization of
data value

30

Data storage

50

Interconnectivity (I)

Usage of
platforms

20

Human-
machine
interface

20

Machine-
machine
interface

20.00

Use of AutoID
technologies

30

o
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APPENDIX 05: DETAILED RESULTS OF THE COMPANY E EVALUATION

Construction company E achieves a total score of 28.40 points. As a result, it can be classified in maturity level 3
and has a moderate development stage in terms of digital transformation (s. Figure 6).

Calculation of the maturity index:

DCCMM — Index (company E) = 0.15*T +0.20*0 + 020+ C+ 030 * D + 0.15 [

= 0.15 % 22.00 + 0.20 * 28.33 + 0.20 * 35.00 + 0.30 * 31.43 + 0.15 % 20.00
= 28.40 points = maturity level 3

The detailed results of the assessment of company E are shown belown in Tab. 17.

Construction Company E

Technologies

50

40

30
Culture & .
personnel Interconnectivity

Organization &

processes Data Management

Figure 6: Assessment Results Company E.

Table 17: Detailed Assessment Results Company E.

Company E
Level 0 1 2 3 4 5 [4)
Technologies (T)
Robotics 0
Cloud
Computing 40
IoT 10 22.00
Immersive 30
technologies
Artificial
. . 30
intelligence
Organization & processes (O)
Team 0 30
structure 28.33
Responsibilities 30

o
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Data access

50

The use of BIM
methodology

30

Process
automation

10

Performance
management

20

Culture & personnel (C)

Digitalization
strategy

30

Initiative of the
executive level

30

Culture of
failure

40
35.00

Acceptance of
digital methods

30

Further training
& qualification

40

Resources

40

Data Management (D)

Timeliness of
the data

30

Data
governance

30

Data quality

20

Data security

50 31.43

Degree of
Coverage

20

Utilization of
data value

30

Data storage

40

Interconnectivity (I)

Usage of
platforms

30

Human-
machine
interface

30

Machine-
machine
interface

20.00

Use of AutoID
technologies

20

o

ITeon Vol. 29 (2024), Jikel et. al., appx. 10



APPENDIX 06: DETAILED RESULTS OF THE COMPANY F EVALUATION

The DCCMM index of Construction Company F has 44.50 points and corresponds to the highest possible maturity
level 5. Thus, the company has implemented the digital transformation very well and is very digitized in the context
of the construction industry (s. Figure 7).

Calculation of the maturity index:

DCCMM — Index (company F) = 0.15% T+ 0.20*0 +0.20+C +0.30* D + 0.15* [
= 0.15%40.00 + 0.20 * 43.33 + 0.20 * 48.33 + 0.30 * 45.71 + 0.15 * 40.00
= 44.05 points = maturity level 5

Construction Company F
Technologies
50
40
30

Culture & 20

Interconnectivity
personnel 10

0

Organization &

processes Data Management

Figure 7: Assessment Results Company F.

The detailed results of the assessment of company F are shown belown in Tab. 18.

Table 18: Detailed Assessment Results Company F.

Company F

Level 0 1 2 3 4 5 [%)

Technologies (T)

Robotics 20

Cloud

Computing 50

IoT 40

40.00
Immersive

technologies >0

Artificial

intelligence 40

Organization & processes (O)

Team

50 43.33
structure

(<o) ITeon Vol. 29 (2024), Jiikel et. al., appx. 11



Respons
ibilities

40

Data access

50

The use of BIM
methodology

50

Process
automation

40

Performance
management

30

Culture & personnel (C)

Digitalization
strategy

50

Initiative of the
executive level

50

Culture of
failure

50
48.33

Acceptance of
digital methods

40

Further training
& qualification

50

Resources

50

Data Management (D)

Timeliness of
the data

50

Data
governance

40

Data quality

50

Data security

50 45.71

Degree of
Coverage

40

Utilization of
data value

40

Data storage

50

Interconnectivity (I)

Usage of
platforms

50

Human-
machine
interface

40

Machine-
machine
interface

40.00

30

Use of AutoID
technologies

40

o

ITeon Vol. 29 (2024), Jikel et. al., appx. 12



APPENDIX 07: DETAILED RESULTS OF THE COMPANY G EVALUATION

Construction company G achieves an overall score of 33.17 points and is assigned to maturity level 3. In the
context of the maturity model, the company is one of the established transformations that have already tested
individual digitization projects. Nevertheless, the company still has a lot of untapped potential on the way to
becoming a smart company (s. Figure 8).

Calculation of the maturity index:

DCCMM — Index (company G) = 0.15*T +0.20* 0 +0.20*C +0.30 D + 0.15 [

= 0.15 % 24.00 + 0.20 * 40.00 + 0.20 * 41.67 + 0.30 * 32.86 + 0.15 * 22.50
= 33.17 points = maturity level 3

The detailed results of the assessment of company G are shown belown in Tab. 19.

Construction Company G

Organization &

Technologies
50

40
30

U P
Interconnectivity

Data Management

Figure 8: Assessment Results Company G.

Table 19: Detailed Assessment Results Company G.

Company G
Level 1 2 3 4 5 [4)
Technologies (T)
Robotics 20
Cloud
Computing 40
IoT 20 24.00
Immersive 20
technologies
.'Artlfi.cml 20
intelligence
Organization & processes (O)
Team 30 40.00
structure
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Respons

ibilities 40

Data access 50

The use of BIM

methodology 40

Process

automation 40

Performance

40
management

Culture & personnel (C)

Digitalization

strategy >0

Initiative of the

executive level 40

Culture of 40

failure 41.67

Acceptance of

digital methods 30

Further training

& qualification >0

Resources 40

Data Management (D)

Timeliness of

the data 30

Data
governance

30

Data quality 30

Data security 40 32.86

Degree of

Coverage 30

Utilization of

data value 20

Data storage 50

Interconnectivity (I)

Usage of

platforms 50

Human-
machine 0
interface

22.50
Machine-

machine 10
interface

Use of AutoID

technologies 30
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APPENDIX 08: DETAILED RESULTS OF THE COMPANY H EVALUATION

Construction company H receives a total score of 24.92 points at the end of the assessment cycle. This means a
maturity level 2 for the company. The company is testing initial projects in the context of digital transformations
and has implemented them in individual process structures in operations (s. Figure 9).

Calculation of the maturity index:

DCCMM — Index (company H) = 0.15*T +0.20*0 +0.20*C +0.30 *D + 0.15 % [
= 0.15 * 16.00 + 0.20 * 23.33.00 + 0.20 * 33.33 + 0.30 * 28.57 + 0.15 * 17.50
= 24.92 points = maturity level 2

The detailed results of the assessment of company H are shown belown in Tab. 20.

Construction Company H
Technologies
50
40
30

Culture & 20

personnel Interconnectivity

Organization &

processes Data Management

Figure 9: Assessment Results Company H.

Table 20: Detailed Assessment Results Company H.

Company H

Level 0 1 2 3 4 5 [%)

Technologies (T)

Robotics 0

Cloud

Computing >0

IoT 0

16.00
Immersive

technologies 10

Artificial

intelligence 20

Organization & processes (O)

Team

structure 40 2333
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Respons
ibilities

40

Data access

40

The use of BIM
methodology

Process
automation

Performance
management

20

Culture & personnel (C)

Digitalization
strategy

40

Initiative of the
executive level

20

Culture of
failure

50

Acceptance of
digital methods

30

33.33

Further training
& qualification

30

Resources

30

Data Management (D)

Timeliness of
the data

50

Data
governance

30

Data quality

Data security

40 28.57

Degree of
Coverage

20

Utilization of
data value

10

Data storage

50

Interconnectivity (I)

Usage of
platforms

30

Human-
machine
interface

20

Machine-
machine
interface

10

17.50

Use of AutoID
technologies

10

o
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