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Preface

The digitization of the built environment has moved from an emerging trend to a core
expectation of the architecture, engineering, construction, and operations sectors. Within the
last decade, methods such as Building Information Modeling, Geographic Information Systems,
computer vision, machine learning, and Virtual Reality have evolved from isolated research
experiments into integrated components of professional workflows. At the same time, the concept
of the digital twin is reshaping how the lifecycle of buildings and infrastructure is understood, from
early design, through construction, to long-term operation and maintenance.

This Reprint was conceived as a platform to bring together contributions that reflect both
the diversity and the maturity of this transformation. The invitation to the original Special
Issue emphasized building, technical, transmission, as well as green and blue infrastructure, and
encouraged authors to submit work grounded in real case studies or rigorous literature synthesis.
The collected articles meet that aim. They span early conceptual design with immersive technologies,
information requirement management according to the ISO 19650 standard, artificial intelligence
applied to imagery and text in construction, structural health monitoring of concrete bridges,
parametric and epistemic approaches to the representation of existing buildings, blockchain-based
sustainable procurement, and integrated decision making for conservation-oriented projects.

The purpose of this Reprint is twofold. The first goal is to offer a coherent reference for
researchers exploring the frontier between construction informatics, artificial intelligence, and digital
twin engineering. The second goal is to provide practitioners, teachers, and graduate students
with a tangible map of current methods, their limitations, and their open research questions. Each
contribution can be read on its own, yet together, they sketch a broader picture of where the field is
heading and which problems deserve further investigation.

I wish to thank all the authors for their valuable work, the reviewers for their careful
and constructive feedback, and the editorial team of Infrastructures for their continuous support
throughout the production of the Special Issue and this Reprint. I hope that the ideas collected here
will stimulate further interdisciplinary research and support the ongoing digital transformation of

the built environment.

Andrzej Szymon Borkowski
Guest Editor
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Editorial
Editorial for the Special Issue “Modern Digital Technologies for
the Built Environment of the Future”

Andrzej Szymon Borkowski

Faculty of Geodesy and Cartography, Warsaw University of Technology, Politechniki Square 1,
00-661 Warsaw, Poland; andrzej.borkowski@pw.edu.pl

1. Introduction

The construction sector has long been perceived as one of the least digitized branches
of the economy. That perception is changing rapidly. Over the last decade, Building In-
formation Modeling (BIM) has moved from a specialist technique into a widely accepted
standard, Geographic Information Systems (GIS) have become an essential component
of infrastructure planning, and artificial intelligence (AI) has been incorporated into the
daily practice of design, inspection, and facility management. Digital Twins (DT), once
limited to manufacturing and aerospace, now represent a realistic horizon for buildings
and civil infrastructure as well. This Special Issue of Infrastructures, titled “Modern Digital
Technologies for the Built Environment of the Future”, was conceived against this back-
ground. Its aim was to collect contributions that reflect both the breadth and depth of the
ongoing transformation in this field, covering building, technical, transmission, and green
or blue infrastructure elements, and bringing together studies on topics ranging from early
conceptual design to long-term asset management.

The Special Issue closed with eight accepted contributions, including seven original
research articles and one systematic review. The authors come from research centers from
Europe, North America, Asia, and Australia, which confirms the international relevance
of the topic. Taken together, the collected papers form a coherent panorama of current
methods, open problems, and emerging research directions in construction informatics.

2. Overview of the Contributions

This Special Issue [1] opens with the work of Mitera-Kietbasa and Zima 1, who address
the challenge of automating the preparation of Exchange Information Requirements (EIR)
for construction projects under the ISO 19650 standard [2]. Using Word2Vec for text
vectorization and Support Vector Machines (SVMs) for classification, the authors achieve an
average F1 score of 0.7, demonstrating that natural language processing can meaningfully
support information management in BIM-based project delivery. The authors also highlight
the current limits of text generation methods in this domain and indicate large language
models (LLMs) as a promising direction for further work.

Christenson 2 focuses on the epistemological role of digital modeling. Based on a case
study of the Federal Archive Building in New York City, the author argues that parametric
analysis should be regarded not only as a tool for geometric representation but also as an
instrument for generating architectural hypotheses. This paper invites a rethink of the
purpose of digital models of existing buildings, and lays groundwork for later contributions
in this Special Issue that revisit the representation of heritage and existing structures.

Renganathan and colleagues 3 examine the early conceptual design phase, in which
traditional BIM workflows are often too rigid. By integrating Virtual Reality (VR) with BIM

Infrastructures 2026, 11, 150 https://doi.org/10.3390/infrastructures11050150



Infrastructures 2026, 11, 150

in a structured framework, validated through a pilot study, the authors show measurable
improvements in spatial cognition, emotional engagement, and iterative decision making.
Their contribution illustrates how immersive technologies can complement data-driven
methods and support more human-centered design practice.

Singh and co-authors 4 shift the focus to sustainable construction procurement and
the adoption of blockchain technology. Combining a systematic literature review, expert
consultation, Fuzzy DEMATEL, k means clustering, and social network analysis, the study
identifies decentralization, data security, quality, and project cost as key drivers, while
system stability, overall project performance, and customer satisfaction emerge as central
nodes in the adoption network. The authors demonstrate how hybrid artificial intelligence-
based methods can inform strategic decisions about technology adoption in this sector.

Borkowski, Kocharnski, and Rukat 5 provide a thorough review of the evolution of con-
volutional and recurrent neural networks in the context of BIM, organized along three axes:
computer vision coupled with BIM models; sequence and time series modeling for cost,
energy, and risk prediction; and the integration of deep learning outputs with the semantics
and topology of Industry Foundation Classes (IFC) models. The paper also introduces
Bimetria, a practical tool that combines convolutional networks with optical character recog-
nition to generate estimated three-dimensional models from two-dimensional drawings.
This contribution positions mature convolutional and recurrent architectures alongside
emerging attention- and graph-based models, and raises fundamental questions about
benchmarks, synthetic data, and explainability in the AECOO (Architecture, Engineering,
Construction, Owner, Operator) domain.

Hanson, Liu, and Christenson 6 reflect on existing building representation by propos-
ing a method that promotes epistemic resilience rather than epistemic closure. Implemented
in Autodesk Revit, their parametric reference frame foregrounds reciprocal relationships
between orthographic views and deliberately sacrifices efficiency in favor of interpre-
tive depth. Their study expands the role of BIM beyond documentation and situates it
as an instrument of architectural knowledge production, with implications for software
development, pedagogy, and critical representation.

Kwast-Kotlarek and Széstak 7 present an integrated RACI (Responsible, Account-
able, Consulted, Informed), Analytic Hierarchy Process (AHP), and BIM methodology
for projects with high functional complexity and conservation constraints. The approach
is validated on a higher education conservation project with a BIM execution plan and
scan to BIM procedures. The authors demonstrate that coupling a responsibility matrix
with AHP-based decision making and BIM data reduces accountability gaps, improves
interdisciplinary coordination, and supports transparent, data-driven design under the
design build model.

The Special Issue closes with a systematic review by Karkan and colleagues 8, who
critically evaluated 77 studies on deep learning-based visual inspection of concrete bridges
using two-dimensional images. Their review maps classification, object detection, and
segmentation models, and identifies transfer learning, data augmentation, and careful
dataset composition as key success factors. The authors also outline future directions,
including tighter integration with BIM, edge computing for real-time monitoring, and the
development of richer annotated datasets for better generalizability.

3. Common Threads and Future Directions

Read as a whole, the contributions in this Special Issue point toward several converg-
ing trends. First, BIM is increasingly understood not as a single technology but as a semantic
and geometric backbone onto which artificial intelligence, Virtual Reality, blockchain, and
structured decision making methods can be grafted. Second, there is growing awareness

https://doi.org/10.3390/infrastructures11050150
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Automated Classification of Exchange Information Requirements
for Construction Projects Using Word2Vec and SVM

Ewelina Mitera-Kielbasa * and Krzysztof Zima

Division of Management in Civil Engineering, Faculty of Civil Engineering, Cracow University of Technology,
31-155 Krakéw, Poland; krzysztof.zima@pk.edu.pl
* Correspondence: e.mitera@pk.edu.pl

Abstract: This study addresses the challenge of automating the creation of Exchange Information
Requirements (EIRs) for construction projects using Building Information Modelling (BIM) and
Digital Twins, as specified in the ISO 19650 standard. This paper focuses on automating the clas-
sification of EIR paragraphs according to the ISO 19650 standard’s categories, aiming to improve
information management in construction projects. It addresses a gap in applying Al to enhance BIM
project management, where barriers often include technological limitations, a shortage of special-
ists, and limited understanding of the methodology. The proposed method uses Word2Vec for text
vectorisation and Support Vector Machines (SVMs) with an RBF kernel for text classification, and
it attempts to apply Word2Vec with cosine similarity for text generation. The model achieved an
average F1 score of 0.7, with predicted categories for provided sentences and similar matches for
selected phrases. While the text classification results were promising, further refinement is required
for the text generation component. This study concludes that integrating Al tools such as Word2Vec
and SVM offers a feasible solution for enhancing EIR creation. However, further development of text
generation, particularly using advanced techniques such as GPT, is recommended. These findings
contribute to improving managing complex construction projects and advancing digitalization in the
AECO sector.

Keywords: EIR; Word2Vec; SVM; cosine similarity; AL; BIM; Digital Twin; AECO; text classification;
text generation

1. Introduction

The Architecture, Engineering, Construction, and Operation (AECO) sector is experi-
encing a significant digital transformation in alighment with the European Commission’s
Industry 5.0 proposal, which promotes a digital and green transition [1]. There is a growing
emphasis on the implementation of Building Information Modelling (BIM) and Digital
Twins to enhance the efficiency of both public and private construction projects. These
methodologies support the European Union’s goal of fostering digitalization within the
industry, and some countries (35% of European countries [2]) have committed to their use
for public construction projects to varying degrees.

Building Information Modelling (BIM) facilitates the creation of a shared digital
representation of built assets, which streamlines design, construction, and operational
processes [3]. In the literature, BIM refers to both the methodology and the models them-
selves [4]. However, it is more accurate to speak of ,,models” in the plural, as in practice,
each discipline typically operates using its own model. This methodology outlines the
process for creating, storing, and exchanging information on building assets, and aims at
interoperability. The Digital Twin (DT) extends this by integrating real-time data [5] from
interconnected devices, such as sensors and Internet of Things (IoT) applications, enabling
advanced simulations and Al-driven analyses [6]. DT plays a crucial role in intelligent and
smart construction [7]. BIM is supported by the ISO 19650 international standard, which

Infrastructures 2024, 9, 194. https:/ /doi.org/10.3390/infrastructures9110194 https:/ /www.mdpi.com/journal/infrastructures
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standardizes information management and facilitates experience sharing across projects.
Despite these advantages, managing a construction project using BIM remains complex,
requiring specialized knowledge and strategic planning for the entire life cycle of a built
asset. Technological barriers, a lack of expertise, and insufficient understanding of the
methodology are often cited as challenges to BIM implementation [8,9]. The ISO 19650
standard underscores the importance of engaging expert knowledge in such processes [10].

This study addresses these challenges by proposing an automated, personalized
approach to creating Exchange Information Requirements (EIRs), which are crucial for
outlining the client’s (project owner’s, general contractor’s, or designer’s) requirements for
the contractor (designer or subcontractor). Here, automation focuses on classifying EIR
paragraphs according to the ISO 19650 standard’s managerial, commercial, and technical
categories, contributing to more efficient information management in BIM/Digital Twin
projects. Al integration offers a viable solution to these challenges, streamlining the process
and facilitating the adoption of these methodologies. This is particularly relevant to the
European Union’s digital transition in the AECO sector.

While existing research highlights the potential of Al in the construction sector, gaps
remain in its application to automated information management. Gohel et al. reviewed Al’s
role in construction management [11], and Rangasamy et al. examined the integration of
BIM and Al in prefabricated construction [12]. Some studies have proposed improvements
through the use of classification algorithms, such as that of Ma et al., which uses rule-
based methods for diagnosing faults in urban rail systems [13]. Zheng et al. developed a
domain-specific language model for the AEC sector, improving text classification and entity
recognition [14]. Dolhopolov et al. utilized Al in analyzing Digital Twins of buildings and
construction sites [15]. Advanced classification models have been introduced outside the
AECO sector, such as Bartal et al.’s ADA model for narrative classification to effectively
detect post-traumatic stress disorder following childbirth [16] and Huang et al.’s FInBERT
language model, which is adapted to the financial sector [17]. However, despite these
advancements, the automation of information requirements (IRs) in the BIM/Digital Twin
context has received insufficient attention.

Further studies, such as those by Piazzi et al., Goonetillake et al., and Tomczak et al.,
have focused on improving the specification and exchange of information within BIM [18-20].
Piazzi et al. focused on graphical Exchange Information Requirements, using advanced
algorithms and rule-based systems to enhance data exchange efficiency and accuracy [18].
Goonetillake et al. developed a prototype tool for embedding digital Exchange Information
Requirements, enhancing the automation and accuracy of capturing as-built information
through process maps and sample information requirements [19]. Tomczak et al. pre-
sented a comprehensive review of methods used to specify information requirements in
digital construction projects, comparing standardized and non-standardized approaches to
improve efficiency and communication in BIM environments [20].

Text generation research, which attempts to create text sequences based on existing
documents, dates back to the 1950s. Luhn described an algorithm for automatically sum-
marizing documents [21], and today, techniques such as abstractive summarisation and
deep learning models are employed [22,23]. However, in the early stages of such research,
simpler methods like semantic similarity searches can be used [24,25].

The objective of this research was to develop the automatic categorization of data
from a database of published Exchange Information Requirements (EIRs) in both public
and private tenders and bidding procedures conducted using BIM or Digital Twin method-
ologies. This categorization aligns with the ISO 19650 international standard, with the
potential future integration of a chatbot. This study addresses the challenge of automating
EIR creation, streamlining the information management process in BIM/Digital Twins, and
responding to the need for an easier implementation of these methodologies. Furthermore,
it aligns with the European Union’s digital transition goals within the AECO sector. By
addressing this gap, this study not only advances the application of Al in construction
project management but also contributes to the practical implementation of standardized
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methodologies, such as the ISO 19650 standard, thereby facilitating the smoother adoption
of BIM and Digital Twins across the sector.

2. Materials and Methods

This paper reports on the development of an automated model for proposing Exchange
Information Requirements (EIRs) tailored to user preferences and a specific construction
project, implemented in BIM/as a Digital Twin, with focus text classification into the ISO
19650 standard. This section highlights the use of Word2Vec, Support Vector Machines
(SVMs), and the Radial Basis Function (RBF) kernel for text classification in accordance
with the ISO 19650 standard. A future paper will also discuss the application of the Term
Frequency-Inverse Document Frequency (TF-IDF) statistical method for the numerical
representation of text, as well as Bidirectional Encoder Representations from Transformers
(BERT) for vectorization and classification, based on transformer architectures. Figure 1
illustrates the overall methodology, with the section relevant to this paper highlighted
in red.

Process of text classification and generation for EIR, divided into categories according to 1SO 19650, using Al technologies and advanced techniques

¥ ¥ if we have small database D | Eecrtt]
o i -
f TF-IDF i
P TF-IDF Creation of TF-1D)
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removal of Y }‘ SVM Model with
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words

Figure 1. Process of text classification and generation for the EIR proposal presented (in red using
Word2Vec and SVM).

2.1. Step (1): Creation of Data Collection

The dataset required for training the model comprises Exchange Information Require-
ment (EIR) documents from both public and private tenders. The user will also be able
to upload their own documents, for instance, from previous projects, allowing for the
refinement of established patterns. Several countries publish EIR templates, which provide
an appropriate foundation for this process. It is important to note that these documents do
not necessarily need to be categorized according to the ISO 19650 standard, as the model is
designed to automatically assign paragraphs to the relevant categories.

2.2. Steps (2) and (3): Text Preprocessing

The collected data must be adequately prepared for text vectorization, which requires
text preprocessing. Since the aim is to use fragments of EIRs for a proposal form, tailored to
user preferences, the text is first divided into paragraphs (step 2), followed by normalization
and tokenization, as it is from tokens that feature vectors are created. The text undergoes
normalization, meaning letters are converted to lowercase, and special characters and
whitespace, such as spaces, are removed. The text is subsequently tokenized, which
involves splitting the text into individual words. For example, the sentence “The contractor
shall compile the BEP.” would be tokenized using a Natural Language Toolkit (NLTK)-
based script as: [“The”, “contractor”, “shall”, “compile”, “the”, “BEP”, “.”]. This structured

(7) Proposal for
EIR paragraph
generation and
apropriate
categorization




Infrastructures 2024, 9, 194

approach ensures that the data are prepared for efficient processing in the subsequent
stages of classification and categorization.

2.3. Step (4): Text Vectorization Using Word2Vec

To achieve text categorization, the text must first be converted into numerical values,
specifically creating numerical feature vectors for paragraphs. In this case, the feature
vector for a paragraph is the arithmetic mean of the feature vectors of the tokens within that
paragraph, generated during the preprocessing phase. The Word2Vec method was selected
for this, using static word embedding, meaning static vector representation. Some methods
require larger datasets for training, while others can function effectively with smaller
datasets. Therefore, it was decided to explore the implementation of text vectorization
using TF-IDF, which performs well with smaller datasets (in this case, EIRs), and BERT,
which yields better results with larger datasets (as shown in Figure 1). This paper focuses
on the use of Word2Vec, which can be applied to large datasets, but due to its pre-trained
nature on a vast corpus, it should also perform adequately with smaller datasets.

Word2Vec falls under unsupervised learning methods, which do not require labelled
data for training (labelling is applied during classification). While it uses neural networks,
it employs shallow networks, with only one hidden layer of neurons.

One key advantage of this method is that the vectors generated possess semantic
relationships, allowing for the identification of similar words. For example, “LOD” (Level
of Detail or Level of Development in BIM models, as specified by the PAS 1192 standard
and BIM Forum) and “LOIN” (Level of Information Need used in the ISO 19650 standard)
can be compared by calculating the cosine of the angle between their vectors. Moreover,
Word2Vec is pre-trained on a large corpus, enabling it to perform well even with limited
training resources.

Two architectures can be employed: the Continuous Bag of Words (CBoW) architecture
for smaller datasets, and the Skip-Gram architecture for larger ones [26], with the code
in [27]. The difference between these architectures is illustrated in Figure 2. CBoW predicts
a target word based on its surrounding context, while Skip-Gram predicts surrounding
words based on a target word [26,28].

Continuous Bag of Words (CBoW) architecture and Skip-gram architecture

0
m
e}
3
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Figure 2. Differences between Continuous Bag of Words and Skip-Gram architectures.

The mathematical formulation of the objective function for the Skip-Gram model is
shown in Equation (1) [28], which maximizes the average log probability, where {wy, w»,
..., wr} is the sequence of training words, c is the size of the training context, and wr is
the central word. The softmax function p(wp|wy) is used, where v, and v/, are the “input”
and “output” vector representations of w, and W is the number of words in the vocabulary.

T
1T exp Vw0 Vwl
56 = TZ Y log p(wj|lws), where p(wo| wy) = m ( ) 1
t=1 —c<j<c,j#0 Y. exp (vlevwl)
w=1
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Mikolov noted that calculating the denominator of this probability can be computa-
tionally problematic, considering that it accounts for all words in the vocabulary. Thus,
hierarchical softmax or the approximation of the softmax function by Noise-Contrastive
Estimation (NCE), which can be simplified by negative sampling (NEG), was proposed.

Word embedding for the word “format” for a sample EIR fragment (i.e., creating
domain-specific models) is illustrated in Figure 3. With different assumptions, such as a
smaller vector size, the results will differ. The gensim library allows Word2Vec models to be
trained on a custom dataset.

Example applications of Word2Vec
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Figure 3. Example applications of Word2Vec for text vectorization.

Text vectorization for paragraphs begins with splitting the text into paragraphs
(schematically illustrated in Figure 3), followed by tokenization and normalization, and
then text vectorization for each paragraph separately, where the average embedding vector
for all words in the paragraph is calculated.

Improvements to the Word2Vec method include Global Vectors for Word Representa-
tion (GloVe) and FastText, which are suitable topics for future research.

2.4. Steps (5) and (6): Text Classification into the ISO 19650 Standard Categories

After preparing the text, the core of this study can be addressed: the classification
of text into ISO 19650 categories. Before delving into the classification algorithms, it is
essential to provide an overview of the Exchange Information Requirements (EIRs) as
outlined in the ISO 19650 and explain the associated categories of information.



Infrastructures 2024, 9, 194

2.4.1. Exchange Information Requirements According to the ISO 19650 Standard

The ISO 19650 standard is an international standard for managing construction projects
using BIM. According to this standard, an Exchange Information Requirements (EIR) docu-
ment is a “specification for what, when, how, and for whom information is to be produced
in relation to an appointment (agreed instruction for the provision of information concern-
ing works, goods, or services)” [3]. This document is crucial in real-estate development
process, as proper preparation aims to prevent dissatisfaction with the project outcome, as
it clearly outlines the client’s expectations [29]. In cases where specialized knowledge is
lacking, it is advisable to consult experts in the field.

The contractor—whether it is a design firm tasked with producing comprehensive
design documentation, a general contractor responsible for construction in a Design—Bid-
Build system, or a subcontractor—has to submit a BIM Execution Plan for approval. This
plan should meet the EIRs and provide more detailed project-specific information. It is
essential to consider the entire life cycle of the building asset when specifying expectations,
as a well-designed model can prove beneficial in later stages, such as during a building’s
operation, facilitating quicker access to equipment warranties or user manuals.

The ISO 19650 standard categorizes EIR information into three main groups: man-
agerial, commercial, and technical. In the non-mandatory Polish BIM guidelines, man-
agerial aspects include standards, roles and responsibilities, data security, coordination
and clash detection, collaboration organization, meetings and model reviews, Health and
Safety (H&S) management, and project management. Commercial aspects cover data ex-
change/delivery schedule, strategic goals, defining expectations regarding BIM scope, and
competency assessment, while technical aspects involve technical or software platforms,
data exchange formats, coordinates, levels of detail, and training [30].

For example, “roles and responsibilities” within managerial aspects might include
a table that outlines who is responsible for what tasks in the project, ensuring clarity
in accountability.

“Strategic goals” in the commercial domain might detail not only project-specific
objectives but also the project owner’s broader organizational goals. It is important to
note that information requirements go beyond just EIRs. The ISO 19650 standard outlines
six main types of information requirements: Organizational Information Requirements,
Project Information Requirements, Asset Information Requirements, Exchange Information
Requirements, and the deliverables associated with them: the Asset Information Model
and the Project Information Model. This highlights the complexity of the issues that must
be addressed to develop appropriate guidelines.

One example of technical requirements includes the Levels of Information Need,
which are divided into geometrical, alphanumerical, and document-based information.
Geometrical information pertains to dimensions, such as the size of windows or spans,
while alphanumerical data specify materials, such as the concrete class to be used. It is
crucial to ensure that the information provided is necessary for the projects, as excessive
detail can lead to waste, such as overly detailed geometrical representations or unnecessary
model parameters that are irrelevant for analysis or operation [31].

2.4.2. Support Vector Machine

For text classification into the ISO 19650 categories, the Support Vector Machine (SVM)
method was applied. Text classification using BERT was also proposed for future studies,
as outlined in Figure 1. However, this transformer-based model is more effective when
applied to large datasets, which is why an alternative for smaller datasets was suggested.
One key consideration was selecting a method capable of handling classification across
three categories that may not be linearly separable in a multidimensional space (specifically,
a 100-dimensional space in our case). Therefore, the Radial Basis Function (RBF) kernel was
proposed for SVM, which is particularly suited to such scenarios, which will be explained
further in the paper.
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SVM is a supervised learning method used for classification, regression, and anomaly
detection tasks. It operates by identifying a hyperplane or a set of hyperplanes in a
multidimensional space to separate different classes. SVM is particularly effective in
complex scenarios where data are not linearly separable and is capable of handling both
binary and multi-class classification problems [32].

To clearly explain this method, one can consider a space with two sets of features
separated by a linear hyperplane. The distance between the nearest points (support vectors)
of these sets and the hyperplane defines the margin o (Equation (3)). Maximizing this
margin results in an optimal hyperplane. The hyperplane in an n-dimensional feature
space is described by Equation (2) [33], where w is the weight vector, x is the feature vector,
and b is the bias term.

wx—b=0 2)
2
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The margin is maximized by minimizing ||w]||.

As previously outlined, there are three categories (managerial, commercial, and tech-
nical), meaning a multi-class classification problem must be solved. In vector space, the
groups of vectors that correspond to these categories may not be linearly separable. To
address this, the Radial Basis Function (RBF) kernel was employed, which is particularly
suited to non-linearly separable data. In practice, techniques such as One-vs-Rest or One-
vs-One are often used. In One-vs-Rest, the model first distinguishes K4 from Kp and K¢,
and so on. In or One-vs-One, the model differentiates K4 from Kp initially.

The RBF kernel, described by the kernel function in Equation (4) (where x; and x; are
feature vectors, and r is a parameter that defines the influence range of a single training
sample) [34], maps the data into higher dimensions to make the classes linearly separable,
utilizing the Kernel Trick.

K(x;,%7) = exp (—r||x; — x[|*) ()

This method is complex, particularly in the context of non-linear separability and
multi-class complexity. Therefore, this article focuses only on its characteristic components.

An SVM classifies new data based on support vectors, with the decision function
represented by Equation (5) [35], where NS refers to the number of support vectors, «; are
the weights assigned to the support vectors, y; are class labels, x; are support vectors, and
b is the bias term.

NS
f(x) =) ayiK(x;, x) + b ®)
i=1

The objective function for an SVM with an RBF kernel aims to maximize the difference
between the sum of the Lagrange multipliers ; and «; and half the weighted sum of the
dot products of the training vectors x; and x;, which allows the optimal hyperplane that
maximizes the margin between the classes to be found, as shown in Equation (6) [36].

N 1 N N N
maxZi ai_i; Z; ajajyiyiK (xi, x;), subject toZ; ay; =0, a; >0 6)
1= 1= ]: 1=

where «; and «; are Lagrange multipliers, and y;, y; are class labels.

In practice, data labelling is conducted to enable the model to learn how to differentiate
categories. Specific files are labelled as K4, Kg, or K¢, corresponding to managerial,
commercial, or technical aspects, respectively. As a result, when new EIR files are uploaded,
the model can automatically classify paragraphs into the appropriate categories.

The performance of the trained model was evaluated using metrics such as accuracy,
precision, recall, and F1 score. The scikit-learn library was utilized to calculate these
parameters [37]. According to Equation (7), accuracy is the ratio of correct predictions to
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the total number of examples, ¥; is the predicted value of the i-th sample, y; is the actual
value, Mggyples 18 the total number of samples, and 1(y; = y;) is the indicator function,
representing the number of correct predictions in the dataset.

1 Nsamples — 1

accuracy(y, §) = 19 = vi) (7)

Msamples =

Precision P (Equation (8)) measures the proportion of true positives T) relative to the
sum of true positives and false positives F,. It indicates the percentage of instances that
the model classified as positive which were actually positive. Recall R (Equation (9) also
compares the number of true positives but relative to the sum of true positives and false
negatives F,, measuring the model’s ability to capture all relevant positive examples.

p— ®)
Tp+Fp
T
R = p 9
T, + Fx ®

For example, in a dataset of 50 paragraphs, where 12 belong to category K, if the
model predicts that 10 paragraphs fall under K4 and 8 of these are correctly classified (i.e.,
T, = 8), while 2 are incorrectly classified as K4 (i.e., F, = 2), and 4 paragraphs that belong
to K4 are not identified by the model (i.e., F,; = 4), then the precision P = 8/10 = 0.8 (80%)
and the recall R =8/12 = 0.67R = 8/12 = 0.67 (67%).

The F1 score is the harmonic mean of precision and recall, providing a balanced
measure between the two, particularly when there is a disparity between positive and false
predictions, according to Equation (10).

Z*Tp

Fl=————

(10)

An analysis of text classification was performed for selected sentences to validate the
model’s effectiveness.

2.5. Step (7): Proposal for EIR Paragraph Generation and Appropriate Categorization

Although the text classification process could be considered complete at this point,
it is the foundation for the subsequent step. This next phase involves the specification
of the client’s preferences through the use of a chatbot, which would assign appropriate
sentences or paragraphs of a proposed EIR. This phase will be refined in the future as part
of the development of an automatic, personalized EIR generation methodology, where a
Generative Pre-trained Transformer (GPT), based on the Transformer architecture, will also
be employed.

In this study, however, the performance of the existing model in text generation was
preliminarily tested. Example phrases were provided, and the model was tasked with
finding similar phrases by calculating the cosine similarity between the vector of the input
phrase and the paragraph vectors in the database.

The cosine similarity k(x,y) (Equation (11)) between two vectors x and y is calculated
as the ratio of the dot product of vectors x and y, with n-dimensions, to the product of the
norms of x and y (||x||, [|y||) [37]. In practice, it computes the cosine of the angle between
these vectors in a multidimensional space. A result close to 1 indicates high similarity,
while a result close to —1 signifies that the vectors are oriented in opposite directions.

Xy n n ) n 5
k(x,y) = o, where xey/ = 3 xieys, [[xl =[xyl =/ 1 v2 (11)
i=1 i=1 i=1

/
iyl
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If the model does not find a suitable match, it generates a new sentence containing the
given phrase. These generated sentences are then categorized into the appropriate K4, K,
or K¢ (managerial, commercial, or technical aspects).

This step lays the groundwork for future research on the automatic generation of EIRs,
enabling more personalized and precise output aligned with stakeholder preferences.

3. Results

The dataset used to validate the model comprised 8494 paragraphs categorized under
K4 (managerial), 5130 under Kp (commercial), and 944 under K¢ (technical). The training
and validation data were split in the commonly used 80:20 ratio [38]. The varying quantity
of data across categories may have influenced the results. The model was expected to be
more accurate in classifying K4 due to the larger volume of training data available for
this category.

Figure 4 illustrates the vector for the token “detail” generated through text vectoriza-
tion. Feature vectors were set to 100 dimensions, a crucial aspect for capturing semantic
relationships between words. This dimensionality is key for conducting the semantic
analysis required for this task, which reflects the complexity of the methods employed.
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Figure 4. Token for “detail” from text vectorization.

Figure 5 presents the evaluation metrics obtained. The overall accuracy, which repre-
sents the percentage of correctly classified paragraphs, was 86%. The precision, indicating
the proportion of correct predictions among all predicted positives, averaged 91%, ranging
from 85% for K 4 to fully correct predictions for K¢. Recall ranged from 22% to 96%, with

an overall F1 score averaging 0.7, more precisely 0.9 for managerial predictions, 0.81 for
commercial, and 0.36 for technical aspects.

0.91

0.66 0.69

D1

Figure 5. Evaluation metrics chart.

For selected sentences such as “The contractor shall compile in the BEP, for approval,
the file formats that will be delivered to the client at each stage of the project,” “Each model
should be exported to the open Industry Foundation Classes (IFC) format,” and “The final
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BEP shall include information related to ‘Project Roles & Responsibilities’,” the model
successfully classified them into the correct categories: K4 (managerial), Kp (commercial),
and K¢ (technical), as outlined by the ISO 19650 standard. The predicted classifications are
shown in Table 1.

Table 1. Model-predicted categories for provided sentences.

No. Sentence Predicted
Category
1 The contractor shall compile in the BEP, for approval, the file formats that will be %
delivered to the client at each stage of the project. 4
2 Each model should be exported to the open Industry Foundation Classes (IFC) format. Ka
3 The final BEP shall include information related to ‘Project Roles & Responsibilities’. Ky
4 Allissues should be promptly reported to the client in the common data environment. Ka

where K4 refers to managerial aspects, Kp to commercial aspects, and K¢ to technical aspects.

Subsequently, the model was tasked with proposing sentences related to the provided
phrases: “energy analysis,” “simulation of work sequences,” and “architectural model
designed in Revit.” It searched the available database for similar sentences using cosine
similarity, and if none were sufficiently similar, it generated new ones. The results, including
predicted categories, are displayed in Table 2.

Table 2. Model-predicted sentences and categories for provided phrases.

Predicted - P
No. Phrase Category Most Similar Paragraph or New Paragraph Similarity
1 Energy analysis Kp Energy analysis. 0.95
Project controls: The model will be capable of
being utilized for identifying temporary as well
2 Simulation of work sequences Ka as perr‘naner}t wor‘ks. e}nd providea Srltlcal path 0.92
analysis of site activities to prevent “trade
clashes” and to provide the most efficient way of
arranging working areas for operatives.
3 Architectural model designed in Revit K4 Developing constituent parts of the information 091

model in connection with specific tasks.

where K4 refers to managerial aspects, Kp to commercial aspects, and K¢ to technical aspects.

4. Discussion

The objective of this study was to propose an automatic text classification of Exchange
Information Requirements (EIRs) according to ISO 19650 categories, using Support Vector
Machines (SVMs) combined with text vectorization via Word2Vec. These methods proved
sufficient to achieve this goal. In addition, the authors aimed to validate the model’s
potential by examining its predictions. While the results may vary with a larger dataset,
the findings from the current, smaller dataset (with 14,568 paragraphs identified) are
promising. As shown in Figure 5, the model achieved an overall accuracy of 86%, indicating
a significant percentage of correctly classified paragraphs. The model was particularly
effective in identifying managerial aspects, where it achieved an F1 score of 0.9, which is the
harmonic mean between precision and recall. However, the 100% precision for the technical
category must be considered in conjunction with its 22% recall. This can indicate that the
model infrequently predicts this category, but when it does, the predictions are correct.

Understanding the reasons behind these results requires an examination of the com-
plexity of the data and the method’s limitations. The managerial category, which produced
the best results, is typically the largest among K4, Kp, and Kc. It is often written in lan-
guage that is more easily interpreted by the Word2Vec algorithm and contain fewer tables
(apart from the critical “roles and responsibilities” matrix) and less technical terminology
than the other two categories. Both the commercial and technical categories may contain
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overlapping information, such as file formats, which can pertain both to data delivery
schedules (Kp) and model requirements (K¢). Furthermore, the technical category, which
yielded the poorest results in the evaluation metrics, is usually the shortest, contains spe-
cialized terminology, and often consists of tables. These tables, which present the levels of
detail for geometric and alphanumeric information for various model components, are less
conducive to classification through cosine similarity.

To improve performance, future iterations of the model could focus on balancing
the dataset by increasing the pool of data from the technical category. Additionally, key
terms or phrases associated with each category could be explicitly highlighted during
training. For example, phrases such as “roles and responsibilities” could be tied to K4,
“BIM objectives” to Kg, and “file formats” to K.

When analyzing the model’s predictions for the provided example sentences, as
presented in Table 1, in sentence 1, the phrase “file formats” was used to test if the model
would classify it under K¢ (technical), yet it correctly classified it under K4, recognizing the
managerial context. Sentence 2, which involved file formats, should have been classified as
technical, but the model assigned it to K 4, indicating an area for improvement. The third
and fourth sentences were correctly classified under the category K4. The authors conclude
that three out of four sentences were acceptably classified.

Han et al. examined the application of Word2Vec and, while highlighting its efficiency
in capturing semantic information, also pointed out a limitation: its inability to account
for word order in sentences [24]. They observed that Word2Vec performs well with short
sentences but struggles with more complex ones. In future studies, where the model will
be trained on larger datasets, conducting a sensitivity analysis would be valuable to assess
the impact of changes in input parameters on the model’s performance, including sentence
length and complexity, particularly with regard to technical terminology. It would also be
beneficial to examine the effects of other parameters on classification, such as dataset size,
the adjustment or the r parameter in SVM (which controls the margin between classes), the
size of labelled data within each category, and the quality of the labelled data.

Table 2 presents the suggested similar paragraphs for the phrases provided. In the
first case, the model identified “energy analysis” as a BIM use, which referred to specific
requirements outlining how BIM models should be utilized for project management. These
typically consist of a list of BIM uses, such as energy analysis, clash detection, and acoustic
analysis, along with brief definitions of each. This section of the EIR pertains to commercial
aspects; therefore, the phrase was correctly classified. However, the slight deviation in
cosine similarity (0.95), despite an identical match, could be due to other paragraphs
with similar semantics, affecting the similarity score. Sentence 2 returned an acceptable
match regarding work sequences, though it did not fully capture the intended meaning
of “simulation,” indicating an area for refinement. Sentence 3 exhibited the model’s
limitation, as the proposed paragraph did not align with the query’s intent, underscoring
the importance of domain-specific training data.

This study acknowledges these limitations and identifies areas for improvement
in future iterations, particularly in the domain of text generation. Future research will
incorporate the use of GPT for more advanced text generation, which is expected to address
some of the shortcomings encountered in this study.

5. Conclusions

This study investigates the application of Word2Vec for text vectorisation, Support
Vector Machines (SVMs) for text classification, and the use of Word2Vec with cosine simi-
larity for text generation. The findings demonstrate how Artificial Intelligence (AI) tools
and methods can enhance information management in construction projects, specifically
through the use of advanced methodologies such as Building Information Modelling (BIM)
and Digital Twins.

The proposed model, which supports the creation of Exchange Information Require-
ments (EIR), particularly by categorizing text into managerial, commercial, and technical
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aspects according to the ISO 19650 standard, shows considerable potential. Even with a rel-
atively small training dataset, the classification achieved an average F1 score—a harmonic
mean of precision and recall—of 0.7, which is a promising result. Although this represents
a limited sample, the initial tests indicate that the model is capable of classification, making
it a valuable stepping stone for further research. This study highlights the effectiveness
of Word2Vec for text vectorization and SVM with an RBF kernel for classification, which
demonstrates the potential of these methods. However, the authors recognize the need to
expand this exploration by integrating more advanced Al models, such as BERT, which
could provide enhanced semantic understanding and overall classification accuracy. Ad-
ditionally, it would be worthwhile in future research to investigate the impact of varying
input data on the model’s performance.

This study contributes both theoretically and practically to the field of information
management in construction. Theoretically, it extends the application of Al in automating
Exchange Information Requirements drafting for BIM/Digital Twin projects. Practically,
this implementation could facilitate the adoption of these methodologies in the AECO
industry, addressing existing barriers such as limited knowledge, the shortage of specialists,
and alignment with contemporary trends, such as the European Union’s digital transition.

Despite its contributions, this study is not without limitations. The relatively small
dataset used for training constrains the generalizability of the results, and the current
model requires further refinement to effectively handle larger and more diverse datasets.
Additionally, while cosine similarity calculated using Word2Vec indicates semantic relation-
ships between vectorized phrases, the generated sentences are not yet sufficiently accurate
to be used directly in EIR documents. This points to the need for improvements in the text
generation process, where more sophisticated models, such as GPT, could be employed to
refine the generation of EIR fragments and improve overall text quality.

Looking forward, future research should focus on several key areas. First, the use of
larger, more comprehensive datasets will be essential for improving the robustness and
generalizability of the model. Secondly, exploring more advanced Al models, such as BERT
and GPT, could provide deeper semantic understanding and enhance both the classification
and generation of text. Our own future work will focus on integrating these advanced
models into the automated EIR creation process. Furthermore, incorporating new EIRs into
the database will be crucial for ensuring that the Al tools can adapt to changing trends in
BIM/Digital Twin approaches.

In summary, while this study presents a robust method, there remains significant
potential for future research to build on its findings. The implementation of such tools
could significantly enhance the efficiency of complex construction processes involving
advanced methodologies like BIM.
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Abstract: This study investigates the epistemological potentials of parametric analysis for
digitally modeling ordinary, existing buildings, addressing a gap in architectural research.
While traditional digital modeling prioritizes geometric accuracy, it often limits the ability
to generate new architectural insights, treating models as static representations rather
than as tools for knowledge production. This research challenges the assumption that
geometric accuracy is necessary for epistemological validity, proposing parametric analysis
as a hypothesis-generating tool capable of uncovering latent spatial and morphological
properties that conventional methods overlook. Using Sudrez’s inferential conception of
scientific representation as a theoretical framework, this research employs a comparative
case study methodology, contrasting direct and parametric digital models of the Federal
Archive Building in New York City, analyzing their respective contributions to architectural
knowledge. Existing documentation of the Federal Archive Building provides the primary
data. The findings reveal that parametric modeling can enable the discovery of latent
design properties by facilitating the systematic exploration of geometric variations while
maintaining other logics, specifically by demonstrating how certain architectural features
accommodate site irregularities while preserving visual coherence. This research advances
theoretical discourse by repositioning parametric models from descriptive artifacts to
instruments of architectural reasoning, challenging conventional associations between
representational accuracy and epistemological validity. Practical applications are suggested
in heritage documentation, comparative architectural analysis, and educational contexts
where the interpretive exploration of buildings can generate new insights beyond what
geometrically accurate models alone can provide.

Keywords: digital modeling; parametric modeling; architectural epistemology; building
documentation; architectural representation; morphological analysis

1. Introduction

This article develops theories in architectural epistemology, which is the study of the
ways in which knowledge about architecture is produced, organized, and disseminated [1].
The production of architectural knowledge has historically relied on representational arti-
facts such as drawings and models to document, analyze, and interpret the existing built
environment [2—4]. Traditional approaches to digitally modeling existing buildings tend to
prioritize geometric accuracy and isomorphic representation, often treating digital models
as static surrogates for the buildings they aim to represent [5-7]. However, a singular
emphasis on accuracy risks overlooking the epistemological potential of digital models as
tools for critical inquiry [8,9]. Parametric analysis offers an alternative approach that extends
beyond conventional representation, enabling hypothesis generation through systematic
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variation in model parameters [10]. The current study investigates how parametric model-
ing can function as a knowledge-generating tool, in effect relieving digital models of the
need to be descriptive artifacts and enabling them to become instruments of architectural
reasoning and critique.

The significance of parametric analysis in this approach lies in its ability to expose the
latent spatial and morphological properties of buildings by encoding variable relationships
rather than fixed geometries. Unlike direct modeling, which constructs a digital replica with
fixed dimensions, parametric modeling introduces associative rules that allow for iterative
transformations [11]. In a direct modeling approach, digital tools are used to construct
models that focus on geometry, rather than on material or environmental parameters [12].
Models that are built using a direct-modeling method lack parametrically defined relation-
ships. In particular, semantic relationships within direct models depend on subject-matter
knowledge and layer organization [10]. By contrast, a parametric modeling approach
involves explicit associative rules between related parameters [13]. This approach aligns
with broader discussions in architectural epistemology, where digital tools are increasingly
recognized not only for their capacity to aid in documentation and visualization but also
for their potential to reveal underlying architectural logics [14,15]. By examining the role of
digital models in architectural knowledge production, this study contributes to ongoing
debates about the knowledge status of representation and the methodological implications
of modeling [16,17].

Scientific representation is theorized in different ways, each offering distinct insights
into how models can function as knowledge-generating artifacts. For example, Peirce
emphasizes a three-part relationship between sign, object, and interpretant, framing rep-
resentation as a system of referential symbols [18]. Goodman foregrounds the selective
and often conventional nature of representation, suggesting that models do not merely
depict but also encode conceptual priorities [19,20]. Gouvea and Passmore argue that mod-
els derive meaning from interpretive frameworks that go beyond their representational
relationship to phenomena [21]. Sudrez suggests an inferential conception of scientific represen-
tation, in which a model’s epistemic value lies in its capacity to generate inferences rather
than in its strict geometric correspondence to a referent [22]. The current study applies
Sudrez’s framework to architectural modeling, arguing that parametric analysis enhances a
model’s inferential capacity by enabling structured experimentation with variable model
parameters. Ultimately, Sudrez’s framework is selected here because it explicitly frames
representation as inferential rather than isomorphic, thus supporting the study’s focus on
hypothesis generation.

To examine the epistemological implications of parametric analysis, this article focuses
on a case study of the Federal Archive Building in New York City [23]. The building
is a typical nineteenth-century warehouse—-office hybrid in a dense urban location. Its
design reflects broader historical patterns in its North American context. Its multi-story,
grid-based structure is typical of many contemporary buildings with similar functions.
From the point of view of digital modeling, the Federal Archive Building presents a unique
challenge, which is that despite its overall symmetrical and rectangular appearance, it is
constructed on an irregular polygon base. This irregularity is immediately apparent in a
map or plan view, and less so in ground-level perspective views (Figure 1). By comparing
a direct model of the building with a parametric model that encodes variable conditions,
this study explores how digital modeling techniques may influence the interpretation of
architectural form.
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Figure 1. An outline plan view and three perspective views of a digital model representing the
Federal Archive Building. The outline plan view visually demonstrates that the building is clearly
constructed on a non-rectangular base polygon. However, this feature of the building is not equally

obvious in the perspective views.

This study aims to examine the hypothesis-generating potential of parametric mod-
eling for existing buildings. The specific objective is to critically assess how parametric
models, through their structured variability, contribute to architectural epistemology by
enabling insights that are inaccessible through direct modeling alone. This objective is
pursued through a comparative analysis of direct and parametric modeling approaches,
highlighting their respective epistemic affordances and limitations. The article begins with
a discussion of the relevant theoretical background. It then describes the methodology
employed to develop a specific approach to digital modeling aimed at generating archi-
tecturally relevant hypotheses. This is followed by a comparative discussion of direct and
parametric modeling methods and a conclusion suggesting applications and future work.

2. Literature Review
2.1. Inferential Representation: Hypotheses and Meaning-Making

Critically, Suarez’s inferential conception of scientific representation does not assume
conventional expectations of accuracy, whether in measurable dimensions, configurations,
or materials. More broadly, the inferential conception does not require a model to be
isomorphic to its target. Instead, for a model to be considered a representation, it is
sufficient for it to enable specific inferences; its value as a representation is characterized
by the accessibility and usefulness of those inferences. The truth-value of the inferences
themselves is not at issue. While truth-value or accuracy in models is often prioritized
due to disciplinary demands for measurable precision, such approaches risk conflating
accuracy with epistemological validity. As an example of how a model may achieve validity,
prioritizing hypothesis generation over measurable accuracy, consider the visualization
reproduced in Figure 2.
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Figure 2. Maps of a freeway within a dense urban context, connecting endpoints (A) and (B).
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Rows (1-6) illustrate a series of maps showing the route of an urban freeway con-
necting endpoints (A) and (B). Row (1) proposes an initial visual hypothesis, namely, that
the freeway may be represented as a simple straight-line route connecting the two end-
points. Each successive row in the figure introduces distortions to this idealized route,
progressively approximating the spatial constraints and conditions that are measurably
present in the city, until row (6), which constitutes a detailed and relatively accurate map of
the freeway in its urban context. Critically, the intermediate maps in rows (2) through (5)
function as something more than static representations of the freeway’s geographic reality.
In fact, the maps, considered collectively, enable inferences about urban-scale forces that
might influence the freeway’s trajectory. These forces—whether topographical, infrastruc-
tural, social, or economic—may be inferred from the visible distortions observed in each
successive intermediate map.

The point of this example is to illustrate that the sequence of maps does not rely on a
conventional assumption that more detailed maps are inherently more useful in developing
hypotheses. Instead, aligning with Sudrez’s inferential conception, the value of the maps
resides in their collective ability to support inferences about how urban forces may shape
the freeway’s path. In this way, geographic accuracy becomes secondary to the maps’
inferential capacity to suggest meaningful relationships between the route and its broader
urban context.

2.2. Critiques of the Model-Building Duality

The relevance of this approach is further strengthened by a consideration of the model-
building duality [9]. Briefly, this is the expectation that a model must be similar or isomorphic
to its target to enable valid and meaningful inferences. This expectation is conventionally
positioned in terms of geometric accuracy [24] and also in semantic consistency. Expec-
tations for accuracy and consistency vary across disciplines [5,25]. Geometric accuracy
or correspondence between model measurements and building measurements becomes
critical for conservation and restoration projects [26-31].

Maintaining semantic consistency between model and referent may inform the practi-
cal uses of digital models in disciplines such as facilities management [32-35]. Semantic
consistency may be enforced by frameworks such as the Industry Foundation Classes
(IFCs), which aim to support neutral, objective, and accurate communication and interop-
erability [36]. Nevertheless, there are challenges in ensuring interoperability, especially
concerning models of existing buildings. Unique architectural features may be difficult
to accommodate within generalized data models [37-39]. Although the model-building
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duality can be seen as essential in specific use cases, it also may limit how models can
meaningfully represent contextual and latent aspects of existing buildings, meaning those
aspects which are not directly registered in measured or measurable geometry. A strictly
assumed model-building duality risks an overemphasis on isomorphism. Relying on this
idea causes models to become “surrogate[s] or replacement[s] for an original” [7], possibly
limiting engagement with a target’s latent qualities, such as alternative histories and spatial
ambiguities.

In summary, an insistence on isomorphism, or, in general, on measurable accuracy,
while obviously necessary for certain use cases, may inadvertently risk obscuring latent
design properties and contextual relationships that can become accessible through more
interpretive methodologies.

3. Methodology

The method described here aims to create and compare two digital models represent-
ing the Federal Archive Building: a direct model and a parametric model [11]. The comparative
approach employed in this study aligns with established research demonstrating that para-
metric modeling extends beyond conventional documentation to facilitate hypothesis
generation through structured variability [10,11,14,15,40]. By encoding relationships rather
than fixed geometries, parametric models enable the systematic exploration of design logics
and analytical alternatives, revealing spatial and morphological insights not accessible
through direct modeling alone. The method also incidentally suggests the importance of
paradata, which refers to the documentation of interpretive decisions, assumptions, and
iterative processes [41]. In this way, the methodology is not limited to describing technical
steps but is also a critical reflection upon how those steps shape and are shaped by a
modelmaker’s understanding of the evolving task. Robust paradata support interpretive
accountability in the interest of maintaining scholarly transparency about modelmaker
assumptions and model limitations.

The methodology includes three key components: first, data collection and direct mod-
eling; second, variability determinations and parametric modeling; and finally, the visual
comparison of artifacts derived from the modeling processes. These three components
are visually summarized and explained in detail in each of the following three sections of
the article.

3.1. Data Collection and Direct Modeling

The first methodological component was to construct a direct model of the subject
building on the basis of collected data (Figure 3). Published drawings of the subject
building were collected, inconsistencies (if any) were identified, and additional inferred
and supplementary resources were brought to bear. Approximation techniques were used
as necessary to complete the model.

In the mid-1970s, the Federal Archive Building was carefully documented by faculty
at Columbia University as part of an adaptive reuse proposal [23]. In this way, this
otherwise ordinary building was recorded and visually represented in a form suitable for
developing the methodology described in this article. To coordinate the data, the published
orthographic drawings, including plans and sections, were manually traced using Rhino
(Figure 4).

The orthographic drawings make it clear that the building is structured on concrete
columns and beams in its lower levels and steel in its upper levels. Thus, the structural
grid assumes one of two basic configurations on each floor. Each of these configurations
was modeled, and instances of each were located vertically relative to each other within
the modeling environment, corresponding to the appropriate individual floor levels.
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Figure 4. Plan and section representing Federal Archive Building, redrawn from [23].

Simultaneously, the building’s exterior wall was modeled. The orthographic drawings
were relied upon as a base, while volumetric approximations were derived from the in-
spection of extant photographs. In cases where published dimensions were inconsistent or
irreconcilable, an averaging approach was used to construct a reasonable geometric approx-
imation. To the extent possible, the model was visually validated during its construction
with respect to the published documentation and photographs.

In general, the building’s exterior wall consists of a solid masonry enclosure, thickest
at the base and decreasing in thickness at the upper floor levels. The masonry enclosure is
punctuated by a regularly repeating vertical bay of windows, organized vertically. Due
to the building’s non-rectangular base, this motif is repeated a different number of times
on each of the building’s four elevations. The exterior surface of the enclosure is generally
flat, except at locations where it is bounded by horizontal cornices (e.g., at the top and at
the base). These cornices were modeled as horizontal extrusions along the surfaces of the
four walls. Where necessary, supplementary resources (e.g., contemporary photographs)
were consulted to aid in decision-making. In any specific situations where the collected
data were insufficient for modeling, approximation techniques were used to achieve the
best conformance with the published documentation and supplementary resources.
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As an example of the modeling technique, the four corners of the building’s exterior
enclosure were constructed as partial vertical cylinders (Figure 5, left). This design feature
of the original building aesthetically absorbs the non-orthogonal walls into a rounded
intersection at each corner (Figure 5, right). This architectural solution would later develop
additional significance in the parametric analysis phase of the work.

Figure 5. The rounded corners of the Federal Archive Building, as represented in an isometric view
(Ieft) and in plan details (right) of the direct model.

Although the published report does not include elevation drawings, the production of
a detailed and geometrically accurate model of the building made it possible to produce
elevations as derived artifacts (Figure 6).
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Figure 6. Elevation drawings, projected from the direct model representing the Federal Archive
Building.
3.2. Variability Determinations and Parametric Modeling

In the next component, a parametric model was constructed to introduce variability
into the representation of the building’s base geometry while maintaining a consistent
facade logic (Figure 7).
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Figure 7. The process diagram for variability determinations and parametric modeling. The use of
parametric modeling software to construct a single parametric model is highlighted.

Considering the direct model suggested that the Federal Archive Building could be
formally understood as a distorted cube, or more precisely a vertically extruded polygon,
with a uniform facade expression consisting of vertically configured, repetitive window
bays (Figure 8). The decision to model the building as a vertically extruded polygon with
variable base geometry had an immediate epistemological significance. As a modelmaking
decision, it foreshadowed the kinds of parametric explorations that would be possible, as
is discussed in a later section of this article.
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Figure 8. The direct model (left) and the initial iteration of the parametric model (right) representing
the Federal Archive Building, understood as a vertically extruded polygon.

Following the decision to construct the model on the basis of a variable polygon,
Grasshopper (a visual programming environment within Rhino) was introduced into
the project workflow. Grasshopper was selected due to its established use in parametric
workflows, allowing for the real-time manipulation of both the building’s base geometry
and the articulation of its facade. In essence, Grasshopper enables the assignment of
semantic relationships among modeled geometry. This necessarily involves the subjective
determination of variables and the imposition of modeling constraints.
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To digitally model the building using a parametric method, a Grasshopper definition
was prepared, i.e., an algorithm coded within Grasshopper, to generate a four-sided base
polygon and extrude it into a vertical prism (Figure 9).

Select input points from Rhino

Extrude base polygon

«dd

Base
il Extrusion

=
o %
Direction o

179340 ©

Figure 9. Grasshopper definition for variable base polygon. Rhino points selected (left), base polygon
connects input points, and base polygon is extruded vertically (right).

Briefly, the Grasshopper definition synthesized point inputs to create a closed polyline
(i.e., an irregular four-sided polygon) which was vertically extruded to form a boundary-
represented solid in three dimensions. This parametric approach to modeling the building’s
mass allowed each one of the base polygon’s four corners to be located on a common plane
independently of each other; the points could be moved individually within Rhino. The
corner locations of the base polygon—and hence the lengths of the polygon’s sides—were
thus effectively variable. (Alternatively, the points could be constructed in Grasshopper
as responsive to X, y coordinate inputs.) Figure 10 illustrates three plan views of possible
iterations of the variable base polygon, each resulting from a unique set of arbitrarily
located corner points. Each of the plan views is visually paired with an isometric view of
the model generated from the base polygon through vertical extrusion.

> A O
v & &

Figure 10. Variable base polygons coupled with 3D views.
Next, a single vertical bay of windows was drawn using standard Rhino tools

(Figure 11a), using the direct model as a reference. This bay of windows was mapped, as
a unit, repeatedly to each of the four vertical surfaces of the extruded cube according to
the following method. This approach maintained a consistent distribution of windows,
independently of any parametric changes in facade length (Figure 11).
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Figure 11. The vertical bay of windows mapped to the model. The figure illustrates (a) a typical bay

of windows in elevation view; (b) an outline view of the extruded base polygon, with the base sides
divided “by length”; and (c) a wireframe view of the extruded base polygon with the typical window
bay “mapped” appropriately to each division point on the base polygon, resulting in a wireframe 3D
model of the building with windows on all four facades.

More precisely, each of the base polygon’s sides was divided by length using a fixed
dimension from the existing building (22"-9”). Points were placed regularly along each of
the polygon’s four sides to mark these divisions (Figure 11b). A copy of the vertical bay was
placed, vertically centered on each division point, and rotated to align with the orientation
of the side on which it was placed. The resulting model was a variable wireframe simulation
representing the building’s form as variable (Figure 11c).

In the final component of the method, the models, iterations, and derived views were
visually compared, with the aim of drawing out meaningful insights (Figure 12). If, in
this component, no meaningful insights emerged, the previous component (variability
determinations and parametric modeling) was repeated.
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Figure 12. Process diagram for comparative analysis and interpretation.

Using this method, it was possible to generate multiple modeled iterations represent-
ing the Federal Archive Building. As the locations of the corner points were changed in
real time, the model updated its configuration, mapping window bays appropriately to the
modeled facades. In particular, the model may be configured on a square base (Figure 13,
left), it may be rectangularly distorted (Figure 13, center), or the base may be distorted into
a general quadrilateral (Figure 13, right).
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Figure 13. Plan views (top) and perspective views (bottom) of the parametric model representing the
Federal Archive Building.

Despite the possible variability in the base polygon, the perspective views of the
model remained generally consistent. To state this differently, perspective views of different
models are not in any obvious way distinguishable from perspective views of a single
model viewed from different locations. The different iterations, considered as a set, thus
had the effect of visually problematizing relationships between the shape of the base and
the proportions of the elevations. This visual problematization was specifically enabled by
juxtaposing plan and perspective views.

The assessment of the iterations was ultimately based on the ability of each representa-
tion to facilitate inferences about the building’s architectural logic. Rather than measuring
effectiveness through quantitative metrics, the study evaluated parametric modeling’s
knowledge contributions in terms of its capacity to prompt new ways of seeing and under-
standing the building. The parametric model’s iterative quality made explicit certain latent
design properties, which were inferred through the comparative visualization of derived
artifacts (specifically, plan and elevation views).

In summary, the methodology establishes a framework for using parametric modeling
as a tool for architectural inquiry. The direct model was understood to be geometrically
accurate with respect to archival documentation. The parametric model was variable in
its dimensions and proportions, and hence not geometrically accurate in a strict sense.
The following section will examine how the parametric model may prompt initial insights
into the building’s latent design properties and suggest how these insights may support
inferences leading to hypothesis generation.

4. Discussion

Both of the models representing the Federal Archive Building—the direct model and
the parametric model—possess representational force and inferential capacity according to the
definitions provided by Sudrez [22]. Representational force, in the case of both models,
resides essentially in the claim that the models “point to” the Federal Archive Building,
although a claim of representational force could also be established on the basis of the
visual resemblance between images of either model and images of the building. The
question of inferential capacity triggers an important distinction between the two models.
First, the direct model enables inferences to be drawn on the basis of its isomorphism to the
building, i.e., assuming that the model and the building reliably correspond to each other
in a one-to-one manner, whole to whole and part to part. Using the direct model, having
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been built on the basis of documentation presumed to be accurate, measurements may
be reasonably inferred from the model beyond those that were recorded on site (e.g., by
measuring scale dimensions from the model). Similarly, the model enables the visualization
of spatial configurations that are not directly visible on site (e.g., by cutting a section
through the model). In short, the direct model’s inferential capacity enables precise spatial
measurements and validation against ground-truth and archival records. By contrast, the
parametric model enables a different kind of inference to be drawn. The parametric model
necessarily avoids strict isomorphism, replacing the one-to-one correspondence of parts
with a correspondence that is topological and conceptual rather than strictly geometrical.
Stated differently, the parametric model’s inferential capacity is grounded not in geometric
accuracy but in its ability to dynamically generate variations that remain conceptually
linked to the building. In this way, the model supports the exploration of perceptual effects,
adaptive design logics, and site constraints. Thus, the comparative question is as follows:
what unique epistemological contributions does the parametric model offer that the direct
model does not?

4.1. Key Hypotheses and Insights

A primary hypothesis emerged through the parametric model’s unique ability to
generate multiple variations of the building’s base polygon while maintaining a facade
configuration broadly consistent with the existing building’s design. This suggested, at
a minimum, that the building could have been constructed on various non-rectangular
sites while remaining consistent with an implied set of facade-generating rules. When
viewed in plan, these variations appear markedly different from each other. However,
when these same variations are examined through simulated street-level perspectives,
the perceptual differences between iterations are more nuanced. While the views can be
distinguished from one another if carefully compared, they are generally consistent in their
overall appearance. Precisely, the claim is that it is easier to visually distinguish variations
in plan than to distinguish them in perspective.

This interplay between distinctly different plan geometries and their visually similar
perspective appearances, as reflected in the model, suggests a latent design property of the
building, namely, its capacity to maintain visual consistency despite allowing for significant
variations in its base geometry. In turn, this insight suggests a historical hypothesis: the
building’s designers may have recognized, perhaps implicitly, that they could accommodate
the irregular site constraints without compromising the building’s perceived visual qualities
as they would appear to a street-level pedestrian. In a sense, then, the parametric model
makes this hypothesized design logic explicit, providing a kind of post hoc validation of a
speculated decision-making process.

The critical point is that this insight emerged not from static documentation or from the
construction of the geometrically accurate direct model, but from the parametric model’s
dynamic capacity to generate and visualize multiple iterations through multiple means—
specifically, through plans and perspectives. The parametric model’s systematic mapping
of window bays onto the variable-length facades further reinforces the emerging hypothe-
sis. As the base polygon changed, the Grasshopper definition automatically adjusted the
distribution of window bays, maintaining consistent horizontal spacing despite variations
in facade length—a feature observed in the existing building’s four elevations. This system-
atic adaptation suggested a design logic that could accommodate site irregularities while
preserving architectural coherence within facades—a strategy that was likely implicit in
the original design process, but which became explicit through parametric analysis.

Taken together, these insights suggest a reconsideration of the archival documentation
on which both models were based. Rather than simply confirming the building’s irreg-
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ular footprint as a response to pre-existing site constraints, parametric analysis suggests
how this irregularity could have been sophisticatedly managed through the designers’
careful attention to facade variability and street-level perception. The parametric model’s
inferential capacity makes it possible to generate a nuanced understanding of possible
historical design strategies, suggesting how the building’s architects could have worked to
resolve tensions between non-negotiable site constraints and a desire for facade regularity.
Indeed, it is in this final realization that the direct model’s detailed, geometrically accurate
representation takes on new significance. What initially appeared as an aesthetic choice
in the direct modeling phase—that is, the cylindrical expression of the building’s four
exterior corners—is suggested by parametric analysis as a kind of metaphorical expression
of “hinges” that allow the building’s facades to meet at variable angles while maintaining
visual coherence. The cylindrical corners may be said to represent a physical manifestation
of the building’s hypothesized geometric flexibility. In brief, this insight emerged from the
interplay between direct and parametric modeling approaches: the careful documentation
of physical features in the direct model suggested possibilities that were then explored and,
in a way, validated through parametric experimentation.

4.2. Epistemic Contributions of Parametric Analysis

Generally, the epistemic contributions of parametric analysis can be organized into
three major themes, each representing a distinct way in which the methodology advances
architectural knowledge production. The first theme concerns knowledge production
in general: parametric analysis triggers a fundamental shift in how architectural knowl-
edge about a building can be produced. This shift follows from important distinctions
between direct models and parametric models. Where direct models enable accuracy
in documentation and prediction, parametric models enable a researcher to transition
away from a reliance on static documentation into a mode of dynamic inquiry. This shift
emphasizes processes of model construction and exploration over products, i.e., finished,
objectively accurate models. By enabling the real-time manipulation of morphological
relationships, parametric analysis may reveal design logics that are otherwise latent in
static documentation.

Second, parametric modeling has unique characteristics as a knowledge-generating
activity, deriving from its capacity for dynamic iteration. While maintaining topological
connections to the target building, parametric models can generate multiple variations,
exploring the building’s underlying conceptual frameworks. This iterative capacity allows
researchers to investigate how different geometric configurations might affect a build-
ing’s visual expression, even as core design relationships are preserved. The ability to
systematically generate multiple iterations for analysis distinguishes this approach from
traditional documentation-based methods. As an example, parametric analysis offers poten-
tial for transferring insights between buildings across different contexts. Figure 14 visually
juxtaposes a geometrically accurate elevation of the Federal Archive Building (a) with a
parametrically modeled elevation (b), a hypothesized extended version of that elevation
(c), and a similarly detailed but geometrically accurate elevation of the now-demolished
Marshall Field Wholesale Store in Chicago (d).

The comparison in Figure 14 suggests how parametric analysis might reveal shared
design strategies across seemingly different buildings. Such an approach could develop
into a systematic method for comparative architectural analysis.
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Figure 14. A comparison of a geometrically accurate elevation of the Federal Archive Building (a)
with a parametrically modeled elevation (b), a hypothesized extended version of that elevation (c),
and a similarly detailed but geometrically accurate elevation of the now-demolished Marshall Field
Wholesale Store in Chicago (d).

Third, parametric models prompt new understandings concerning the role of tradi-
tional documentation (e.g., floor plans, elevations, and sections) in modelmaking. Rather
than viewing limited historical documentation as a constraint on building complete and
accurate models, parametric analysis transforms this limitation into an opportunity for
interpretive exploration. Models become tools for generating new ways of perceiving and
hypothesizing about latent design logics, even in the absence of complete historical records.
This approach aligns with Sudrez’s inferential conception, as the parametric model’s repre-
sentational force remains present while its inferential capacity operates in fundamentally
different ways than in direct modeling.

5. Conclusions

As the case study of the Federal Archive Building makes clear, this study establishes a
methodological framework for analyzing ordinary buildings through parametric analysis,
offering new ways to understand latent design logics. More broadly, it positions parametric
digital models as hypothesis generators, demonstrating how dynamic, changeable models
enable unique inferences about existing buildings. Finally, in a theoretical context, the study
provides empirical support for Suarez’s inferential conception of scientific representation
within the context of architectural modelmaking.

Meaningful hypotheses concerning the existing building were brought to light using
the parametric model, despite the model itself not being geometrically accurate in a strict
sense. These hypotheses involved the building’s latent design logics, its perceptual reg-
ularity, and insights into the decision-making processes of its designers. In this way, the
approach described here is consistent with the aims of the London Charter, to the extent that
it exemplifies principles of interpretive richness and experimental methodologies [42]. In
fact, the approach described here suggests a way of meeting these principles in ways that
static, geometrically accurate models do not.
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5.1. Limitations and Challenges

While parametric analysis offers a productive framework for hypothesis generation,
its epistemological assumptions introduce specific challenges. These challenges may be
broadly categorized into three areas: first, the role of geometric accuracy and its relevance
to architectural knowledge production; second, the risks of overinterpretation, where
inferences exceed empirical support; third, the method’s tendency to privilege formal and
parametrically definable relationships over material, historical, or cultural dimensions of the
built environment. Addressing these concerns requires both methodological transparency
and a critical awareness of the limits of parametric modeling.

A central premise of parametric analysis is that architectural knowledge can be ad-
vanced by digitally modeling existing buildings in ways that deprioritize isomorphism.
While this approach aligns with Sudrez’s inferential conception, it also challenges assump-
tions about knowledge production and use that are characteristic of domains such as
conservation, facilities management, and structural analysis. In these contexts, geomet-
rically accurate digital models are not only useful but essential. In contrast, parametric
analysis functions heuristically: its value lies in its capacity to generate and test hypotheses
rather than to inform the production of defensible representations of an objectively mea-
surable physical reality. This requires that the scope and potentials of parametric analysis
are clarified relative to traditional model-based analytic approaches. While parametric
models may be capable of revealing or suggesting underlying logics, they should not be
mistaken for tools of precise documentation. They are correctly positioned as complemen-
tary to, rather than ignorant of, direct models that rely on accurate measurement. Hybrid
approaches integrating parametric and direct modeling may help to ensure that inferences
and hypotheses remain appropriately contextualized, even if they are not empirically
grounded in the strictest sense.

Because parametric models of existing buildings invite hypothesis generation, they
also introduce the risk of speculative overreach. A modelmaker may reasonably infer
relationships, patterns, or design intentions through parametric analysis, despite those
inferences lacking explicit support in the form of historical or physical evidence. While
this issue is not unique to parametric modeling—indeed, all architectural representations
are shaped by their makers” assumptions—it becomes problematic as part of an approach
aimed at revealing latent design logics. Thus, the question is how to distinguish plausi-
ble hypotheses from unwarranted speculation. In this light, robust paradata may be a
mitigation strategy. Indeed, the London Charter, in addressing digital representations of
existing buildings, highlights the importance of “manifold interpretative interventions”,
“multiple possible stories”, and “highly speculative experiments ... evaluated on their
own terms” [42]. The transparency provided by paradata is particularly important within
comparative studies that test parametric inferences against archival documentation, site
analysis, or historical accounts—any of which could help validate or challenge proposed
hypotheses.

A third challenge concerns the potential for parametric analysis to privilege geometric
and formal properties over material, historical, and cultural dimensions of buildings. For
example, the systematic mapping of window bays in the case study highlights a formal
design logic, but it does not inherently reflect upon construction techniques, material decay,
or cultural significance. This challenge once again highlights a need to develop hybrid
methodologies integrating parametric modeling with more traditional forms of material
and historical research.

Ultimately, these challenges do not undermine the validity of parametric analysis,
but rather highlight a need for its integration in context and a form of methodological
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reflexivity. That is simply to say that the epistemic contributions of parametric modeling
should be balanced against an awareness of its limits.

5.2. Future Directions

This study opens several promising directions for future research. Future work should
explore the application of parametric analysis to different building types, particularly those
with irregular or historically contingent geometries. The work should be positioned to
integrate with existing historical analysis methods, and could be explored as a potential
field for methodological standardization. Its practical applications could extend to heritage
documentation and interpretation, with potential impacts on adaptive reuse planning,
urban analysis, and typological studies. For example, researchers in the field of heritage
conservation could integrate parametric analysis to test hypothetical reconstructions of
incomplete or ambiguous architectural and archeological records.

The current study prioritizes geometric relationships over material properties. Future
research should explore ways to integrate parametric modeling with material analysis. This
integration could include studies of aging and decay, with implications for conservation
and adaptive reuse. By incorporating data on material change over time, parametric
models could deepen the available insights into building lifecycles. In a related way,
validation of parametric models against ground-truth data can be argued as essential
to hypothesis credibility. To test this argument, future studies should systematically
investigate validation approaches for parametric representations with respect to remote-
sensing data, historical documents, site records, and other primary sources. This integration
could potentially inform methodological standards for the use of parametric modeling in
architectural research.

The cultural and symbolic aspects of architecture remain seriously underexplored
in the parametric modeling literature. Future research should consider how paramet-
ric modeling can engage with historical narratives, spatial practices, and socio-political
influences. Parametric workflows informed by culturally cognizant parameters could
enable researchers to newly examine how buildings encode and reflect social meanings
and broader historical contexts. Similarly, the integration of parametric analysis with
ethnographic, historical, or archeological methods could strengthen the method’s validity
with respect to architectural knowledge. Combining parametric modeling of the existing
built environment with established qualitative and interpretive research approaches could
enable more nuanced and contextually grounded analysis.

Finally, each of the areas mentioned here also offer pedagogical opportunities, whether
in addressing architectural history and theory, digital methodologies, or other related topics
in both building science and the digital humanities.
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Abstract: The conceptual design phase in architecture requires both intuitive and iterative
approaches, which traditional Building Information Modeling (BIM) workflows fail to
support properly. BIM provides data-driven decision-making and project coordination
but does not offer affective or experiential feedback capabilities. BIM and Virtual Reality
(VR) integration offers a promising solution to improve user-focused spatial assessments
during initial design phases. The research follows three distinct phases, including a
Systematic Literature Review to identify BIM-based conceptual workflow limitations, semi-
structured interviews with architects to understand practical challenges and expectations,
and the development of a BIM-based framework combining immersive VR for affective
and visuospatial evaluation. A testing phase of the proposed framework occurred in the
pilot study. The current BIM workflows show significant deficiencies in their ability to
support creative flexibility, user engagement, and experiential validation. The BIM-VR
framework implemented in the pilot study showed improvements in spatial cognition,
emotional engagement, and iterative design decision-making during the conceptual design
phase. Early-stage architectural design evaluation becomes more effective through VR
integration into BIM workflows because it provides real-time immersive user feedback.
The proposed framework helps develop BIM tools that are more intuitive for humans
while advancing user-informed design practices in the architecture, engineering, and
construction industries.

Keywords: building information modeling; sustainable design; well-being; pre-occupancy
evaluation; affective experience; conceptual design; early-stage design; virtual reality;
immersive technology

1. Introduction

The conceptual stage of architectural design is a fundamental phase in which many
significant design choices are defined, directing the project’s future development [1,2]. The
design process at this stage requires designers to use an iterative problem-solving approach
that combines spatial, functional, aesthetic, and environmental elements. Architectural
design thinking represents a complex mental process that uses explicit reasoning and
tacit knowledge while depending on intuition, experience, and iterative exploration [3].
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The architectural design process requires architects to use diverse representational tools,
including sketches alongside physical models and digital simulations, as a medium for
ideation, problem-solving, and experimentation. The architectural design process often
follows a non-linear, dynamic path that experts classify as a ‘wicked problem’, since each
solution introduces new variables affecting the entire system [4,5]. Designers work across a
complex problem domain where various contextual elements affect their choices, and the
solution space demands constant improvement of alternative solutions. The evaluation
process occurs through multiple rounds based on specified criteria, including functional
requirements, aesthetic considerations, environmental factors, and socio-cultural aspects.
Design evaluation frameworks structure the process by which the evolving design is
checked against project targets and disciplinary standards [6,7].

As aresult of this complexity, the AEC industry faces exceptional challenges when eval-
uating conceptual designs, because it needs methods that unite creativity with performance-
based decision systems. The architecture, engineering, and construction (AEC) industry
faces exceptional challenges when evaluating conceptual designs because it needs complete
assessment methods that unite creativity with performance-based decision systems. The
Design industry has long sought robust frameworks to facilitate informed design choices
during the early stages, ensuring that spatial quality, sustainability, and user experience
are effectively integrated [8-11]. However, traditional evaluation methodologies often lack
consistency, making establishing data-driven insights that support iterative refinements
challenging. The implementation of computational technology has both optimized design
workflows and allowed architects to create novel architectural expressions, which were
previously impossible [12,13]. Current digital tools like BIM have significantly transformed
the architectural design process, yet their application during the early, conceptual stages
remains limited. Traditional BIM workflows, which are documentation-heavy, struggle to
accommodate conceptual design’s exploratory and dynamic nature. Additionally, these
tools often fail to integrate immersive, user-centered feedback that could enhance the
evaluation of spatial and functional designs during these stages. This research fills this
critical gap by proposing a novel integration of Virtual Reality (VR) and neurofeedback
with BIM workflows to provide real-time, experiential design evaluation that includes user
interaction and spatial perception. This hybrid approach will allow for a more intuitive and
human-centered evaluation of designs, moving beyond the traditional, static assessment
methods that dominate current practices.

1.1. History of Digital Design Tools

The current state of the art in digital design has exposed limitations in traditional
CAD-based workflows when projects become data-rich and involve many stakeholders.
Building Information Modeling (BIM) emerged as a response to these limitations by de-
livering advanced digital representation through data-driven intelligent processes that
transformed architectural workflows [14]. BIM has transformed architectural practice by
allowing users to digitally depict the built environment’s physical attributes and functional
characteristics [15,16]. As an integrated knowledge resource, BIM enables users to make
data-driven decisions throughout every phase of the building lifecycle starting with design
and ending with decommissioning [17]. BIM offers a unified digital ecosystem that allows
different stakeholders, including architects, engineers, contractors, and facility managers
to operate in a shared virtual environment jointly [18]. BIM platforms improve project
coordination through its clash detection capabilities, performance analysis features, and
real-time simulations to support informed decision-making [19]. Generative design and
artificial intelligence (Al) technologies have accelerated BIM’s development by enabling
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automatic design optimization alongside Al-based anomaly detection and digital twin
real-time integration [20].

The implementation of BIM during initial design stages faces restricted adoption,
even though it holds tremendous potential for transformation [21,22]. The detailed
documentation-based structure of traditional BIM workflows struggles to accommodate the
conceptual design’s dynamic and exploratory nature. Many architects find sketch-based
tools more suitable for their needs than BIM platforms because they believe the latter re-
stricts their creative process during the initial stages of ideation [23-25]. The slow learning
curve and technological complexities along with implementation resistance from small
firms and the computational overhead, have limited BIM adoption [26,27]. Open-source
BIM platforms together with WebBIM solutions, are entering the market, which makes BIM
more adaptable [28,29]. BIM will only achieve its full acceptance when it penetrates the
AEC workflows from the conceptual phase onwards.

1.2. Conceptual BIM and Standards

The governance and management of BIM and digital assets are increasingly stan-
dardized through frameworks such as ISO 19650 [30-32], supported by national and
industry-specific guidelines including the National BIM Standard (NBIMS) [33,34], UK
BIM Framework [35], and initiatives by BuildingSMART [36,37]. These frameworks fa-
cilitate interoperability, structured data management, and collaboration within the AEC
industry. Recent literature underscores BIM’s synergistic integration with architectural
workflows, highlighting its role in improving multidisciplinary communication, reducing
errors, and enhancing design efficiency. For instance, integration of BIM with the RIBA Plan
of Work significantly streamlines design coordination and onsite communication, while
BIM-based frameworks enriched with stakeholder collaboration, automated conceptual
modeling, and Post Occupancy Evaluation (POE) data promote informed early-stage deci-
sions and reduce project rework [23]. Despite these advancements, the application of BIM
in conceptual stages remains limited due to its static, documentation-centric nature [38].
The obstacles to using BIM in the conceptual design stage must be solved to ensure early
design integration and maximize architectural innovation and project efficiency.

1.3. Neuroarchitecture, BIM and VR

Neurophenomenological studies focus on understanding human spatial perception by
measuring the brain’s response to spatial environments [39]. These studies use advanced
technologies, such as eye-tracking and motion tracking, to capture real-time physiological
feedback that reflects a user’s interaction with a space [40]. This research aims to incorporate
this neurofeedback into BIM workflows to provide richer insights into how spaces are
perceived cognitively. In traditional BIM workflows, spatial evaluation is limited to visual
and functional analysis, but integrating neurofeedback makes the assessment more dynamic
and user-centered. This approach will enhance architectural design by providing deeper
insights into how users experience spaces, beyond what traditional tools can capture.

One promising approach to address these early-stage shortcomings is integrating
Neuroarchitecture methods with BIM and Virtual Reality (VR) [41]. BIM+VR integration
can enhance visuospatial design evaluation by combining BIM’s data-driven decision-
making with immersive experiential feedback [41,42]. Current BIM platforms provide
streamlined workflows by enabling real-time collaboration [43,44], clash detection [45,46],
and performance analysis [47,48], yet lack a means to understand intuitive spatial assess-
ment capabilities. The limitation prevents BIM from adequately supporting conceptual
design evaluation. VR addresses this gap by allowing architects and other stakeholders
to experience proposed designs in an interactive space, where they can instantly adjust
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spatial arrangements, lighting, and materials to test design ideas [49]. The combination
of BIM and VR systems enables non-specialist users to participate in the design process
through active feedback on design variations at the beginning of projects [50,51]. Advanced
VR technologies with eye-tracking and motion tracking capabilities enable methodologies
like neurophenomenological studies that provide richer understanding of human spatial
perception and user experience [40,52]. However, no BIM workflow incorporates such
neurofeedback data into the conceptual stage of the design process—a gap this study
aims to fill. Despite computational demands and software interoperability challenges,
BIM-VR and neuroarchitecture integration represent a transformative shift in architectural
workflows, bridging analytical precision with human-centered spatial evaluation for more
informed and effective design outcomes.

1.4. Research Rationale

Current BIM workflows demonstrate essential limitations during conceptual design
evaluation as previously explained. The current BIM workflows lack precise mecha-
nisms for modeling interactions and do not provide experiential or affective feedback
and fail to establish standardized methods for assessing spatial perception in virtual
environments [53,54]. The current evaluation challenges demand an adaptable human-
focused real-time assessment method to improve BIM-based conceptual design processes.
To address this gap, the central research question guiding this study is: How can BIM
workflows be optimized to enable affective and visuospatial evaluation during early-stage
architectural design through immersive and user-centric feedback mechanisms?

In response to this question, the primary purpose of this research is to develop an
optimized BIM framework to evaluate affective and visuospatial design aspects in early
architectural processes for AEC professionals. The research has three specific objectives to
reach its goal:

1.  To systematically review current BIM workflows for early-stage design evaluation
(via an SLR) and identify limitations and research gaps.

2. To conduct semi-structured interviews with practicing architects, gathering profes-
sional perspectives on current conceptual BIM design challenges and opportunities.

3. To develop a BIM-based framework for visuospatial conceptual design evaluation
incorporating immersive, experiential feedback.

The structure followed in this research is shown Figure 1. To achieve the key re-
search question and fulfill these objectives, a Systematic Literature Review (SLR) was
conducted following the PRISMA framework [55,56], which highlighted a significant gap
in current BIM workflows during the conceptual design phase, particularly in evaluating
affective and visuospatial qualities. To verify and enrich these findings, semi-structured
interviews [57-60] were conducted with practicing architects—specifically those in lead
design roles responsible for conceptual ideation. This method was chosen for its method-
ological robustness, offering flexibility for participants to express nuanced perspectives
and structure for researchers to probe targeted areas of concern. Insights from the SLR and
expert interviews informed the development of a BIM-based evaluation framework, which
was subsequently tested through a pilot study to assess its effectiveness in improving
design decision-making during early-stage architectural processes.
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Major objective:
To develop an optimized BIM-based framework for affective and visuospatial
design evaluation in early-stage architectural processes within the AEC industry.

Specific objective 1

Specific objective 2
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Establishing
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: Framework Development: To develop a BIM-based visuospatial conceptual design
. evaluation framework that incorporates immersive, experiential feedback mechanisms.

—— Pilot study

Conduct a pilot study to evaluate the proposed framework’s efficacy in enhancing decision-
making and improving early-stage design processes.

: Outcome: ;
; Establish a structured evaluative process that integrates user feedback into BIM-VR :
i | workflows, thereby addressing both cognitive and technical challenges faced by designers. :
i |Ultimately guiding the evolution of BIM tools toward more intuitive, adaptive, and human- | !
: centric digital workflows in architectural practice. :

Figure 1. Research structure adopted in this study. Source-Authors.

This research is novel in connecting architecture and neuroscience through technology.
Unlike previous BIM studies, we integrate real-time user neurofeedback and immersive
VR into the conceptual design workflow—a first-of-its-kind approach to informing design
decisions with human experiential data. The research aims to create a standardized eval-
uation method incorporating user feedback within BIM-VR workflows to solve designer
challenges related to cognition and technology. The proposed approach will direct BIM
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tool development toward creating more user-friendly and adaptable digital workflows for
architectural domains.

2. Materials and Methods

This study adopts the Design Science Research (DSR) [61,62] paradigm, which is
well-suited for developing and evaluating iterative artifacts, products, and processes.
This research follows a pragmatic approach, ensuring the development of a BIM-based
framework that is both theoretically grounded and empirically validated. The study
employs a structured build-and-evaluate methodology to create a validated BIM-based
framework for affective and visuospatial evaluation in the early stages of architectural
design. This approach ensures continuous refinement and assessment, ultimately leading
to a framework that enhances BIM workflows for design professionals.

2.1. Systematic Literature Review

The SLR presented in this study was conducted following the PRISMA guidelines [55,56],
using Scopus as the primary database because of its comprehensive indexing of high-impact
architecture, engineering, and construction (AEC) research. The review period was set from
2005 to 2025, which was strategically chosen to include the evolution of BIM since its
widespread adoption in the mid-2000s. A comprehensive keyword strategy was developed
to capture a wide spectrum of relevant literature, including terms related to BIM, conceptual
design evaluation, and early-stage architectural workflows. The final search string applied
was (“BIM” OR “Building Information Modelling” OR “Building Information Modeling”)
AND (“Conceptual Phase” OR “Preliminary Phase” OR “Early Stage”) AND (“Architec-
tural Design” OR “Design Development”), resulting in an initial retrieval of 281 articles
from Scopus.

The subsequent structured screening process involved multiple refinement stages.
The title and keyword screening reduced the initial dataset from 281 to 273 articles. Further
abstract screening narrowed the dataset down to 80 potentially relevant studies. In the
subsequent phase, an in-depth, full-text assessment was conducted to critically evaluate
methodological rigor, relevance to BIM-based design evaluation, and contributions specific
to early-stage architectural workflows. Studies predominantly focused on construction
management, energy analysis, lifecycle assessment, and non-architectural applications or
those lacking a peer-review process were excluded from the review. Finally, 49 articles
were finalized for inclusion.

The SLR focused on content analysis rather than META data, intentionally narrowing
the scope to identify BIM workflows that support affective conceptual design evaluation,
particularly through Al and VR integration. This targeted approach allowed for identi-
fying relevant workflows and methodologies, aligning directly with the study’s research
objectives, rather than conducting a broad meta-analysis. This carefully selected body of lit-
erature provided essential insights into existing BIM workflow methodologies, highlighting
prevalent challenges and identifying opportunities for workflow optimization. In particu-
lar, we found recurring themes of limited creative freedom in early BIM use, insufficient
user feedback mechanisms, and poor integration of human factors, confirming that current
approaches do not fully support conceptual design needs. The synthesized findings offer a
comprehensive overview of current practices in BIM-based visuospatial design evaluation,
underscoring the critical need for enhanced workflows to improve efficiency, accuracy, and
informed decision-making during the conceptual phases of architectural design. Figure 2
shows the structure of the SLR study as per the PRISMA framework.
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Figure 2. SLR of the study as per the PRISMA framework. Source: Authors.

2.2. Semi-Structured Interviews

The semi-structured interviews of practicing architects were conducted to investi-

gate the practical application of BIM in conceptual design evaluation and to verify the
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concurrence of the knowledge gap identified from the SLR. The main goal was to reveal
the most frequent difficulties, practical approaches, and possible ways to improve the
workflow at the initial architectural design stage. The adoption of a qualitative approach
was selected because the implementation of BIM in practice occurs within specific con-
texts, which cannot be captured through quantitative methods [63]. A semi-structured
interview [59,64] was determined as the most suitable methodology for this study. Kvale’s
(1996) Seven Stages of Interviewing was chosen as the main framework for guiding the
semi-structured interview [60]. The seven stages provided an extensive yet adaptable
structure that perfectly matched the research goals of individual insights with broader
workflow patterns.

Multiple analytical frameworks were assessed to determine which one would be most
suitable. Grounded Theory [65] was examined for its potential to develop new theory
from data, yet its inductive approach and theory-building focus did not fit the study’s
goal of workflow assessment. Gioia’s methodology [66] provides systematic development
of conceptually rigorous frameworks, yet focuses on organizational studies and abstract
theorization, making it less relevant to BIM workflow evaluation in practical applications.
Patton’s [63] system for qualitative interviewing provides thorough classification of in-
terview methods yet it does not contain a systematic analysis method. Spradley’s [67]
ethnographic approach proved unsuitable for this research because it emphasized cultural
immersion instead of process evaluation. Multiple participants in workflow-oriented in-
quiries benefit from pattern recognition through the long interview approach developed by
McCracken [68], yet this method is most effective for obtaining deeply personal narratives.
Kvale’s model provides a systematic yet flexible approach to qualitative data analysis that
balances scientific standards with interpretive flexibility (Figure 3).

Thematising Interview Analysing Reporting

Identifying research Conducting semi- Identifying patterns Presenting findings
themes structured interviews and insights and conclusions

DENINENDIIY)EY

Designing Transcribing Verifying

Developing interview Converting audio to Ensuring accuracy
questions text and validity

Figure 3. Kvale’s (1996) [60] Seven stages of interviewing. Source: Authors.

In this study, 10 semi-structured interviews were conducted with participants
(Al to A10), each representing a diverse range of experience levels and expertise within
the architectural field. The sample size of 10 was intentionally chosen, as it aligns with
well-established practices in qualitative research, where a sample size of 8 to 12 participants
is considered appropriate for exploratory or pilot studies, particularly when engaging
expert professionals [69]. The primary objective of this study was to explore initial insights
into the BIM framework, with a particular focus on integrating emerging technologies such
as Al and VR into the architectural design process. Limiting the sample to 10 participants
ensured that the data collected was rich and deep while avoiding unnecessary extension of
the data collection process.

The participants were selected using purposive sampling [70], a non-random method
that includes individuals with specific knowledge or experience relevant to the research.
In this case, the interviewees were chosen based on their BIM background and active
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involvement in the early-stage design process. This purposive sampling strategy enabled
the collection of targeted, expert insights, making the findings more relevant to the research
objectives. All the industry experts are from Chennai, India, resulting in a homogeneous
sample. The interviewees had an average experience of 9.6 years in the industry, with
extensive expertise in BIM-based workflows, and they were active decision-makers in their
respective firms’ design processes. This wealth of experience ensured that the participants
were well-positioned to provide informed and insightful responses about BIM workflows
and integrating emerging technologies into conceptual design. A total of 11 questions
(Table 1) were framed as a part of the interview process. Thematic saturation [71,72], a
critical concept in qualitative research, was achieved when no new significant themes
emerged after interviewing 8 participants. The 10th interview fully reached thematic
saturation, as no new themes emerged, confirming that the data had sufficiently covered
all relevant aspects of the research.

Table 1. Semi-structured interview questions.

QC Questions

Q1 Describe your typical workflow using BIM during conceptual design.

Q2 How is BIM used differently in conceptual design compared to later stages?

Q3 Which BIM tools/software do you use for conceptual design, and why?

Q4 What are the biggest challenges you face when evaluating conceptual design options using BIM?

Q5 How do you handle or integrate feedback from clients/stakeholders during the conceptual design phase?

Q6 Do BIM workflows constrain your design creativity during conceptual design? If so, how do you overcome this?
Q7 Have you observed any best practices or strategies to improve BIM workflows for conceptual design?

Q8 How does your firm handle design iterations and decision-making using BIM?

Q9 What improvements or innovations could enhance BIM workflows for conceptual design evaluation?

Q10 Have you tried integrating Al, VR, or generative design into your BIM workflows? What has been your experience?
Q1 What would your ideal BIM-based workflow for conceptual design look like?

Note: QC—Question Code.

To ensure the reliability and validity of the findings, reflexivity [73] measures were
incorporated throughout the research process. The first author regularly engaged in self-
reflection to minimize any potential biases arising from their background in architecture
and BIM. Peer debriefing sessions were also conducted to ensure further the accuracy and
integrity of the coding and thematic analysis process. In addition, memos were used to
document the researcher’s reflections during the coding process, which helped maintain
transparency and rigor. The complete list of codes that emerged from the interviews
is presented in Supplementary Materials, providing a comprehensive overview of the
themes and subthemes identified during the analysis. This methodologically rigorous
approach ensured that the themes were grounded in the participants’ responses and
reflective of the central issues related to BIM workflows, hybrid design processes, and
the integration of emerging technologies. By the end of the 10 interviews, the data had
reached thematic saturation, providing a solid foundation for the conclusions drawn from
the study. These conclusions informed the development of a proposed BIM framework,
highlighting key factors influencing architectural design processes, including creativity,
flexibility, and integrating Al and immersive technologies. The integration of Kvale’s Seven-
Stage Framework [60] and Braun and Clarke’s [74] thematic analysis framework ensured a
methodologically rigorous approach to the coding and analysis process, providing a solid
foundation for the study’s conclusions.

2.3. Framework Development

The SLR and semi-structured interviews produced essential insights that led to iden-
tifying new themes and keywords that guided the creation of a framework to optimize
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BIM workflows in early-stage architectural design. The research methods exposed new
important areas including WebBIM, Desktop BIM and BIM-VR integration, which would
improve visuo-spatial evaluation in the AEC industry. The analysis of academic sources
and professional opinions demonstrated the existing workflow problems and scattered
implementation of BIM visualization tools in the conceptual phase. Advanced visualiza-
tion technologies and platform-specific functionalities should be studied to determine
their strategic potential for supporting more intuitive, flexible, and immersive design
processes. The process followed for developing this framework has precedence from the lit-
erature [75-77]. The three-stage conceptual framework emerged to address these workflow
gaps by streamlining processes and using visualization for spatial clarity before enhancing
early-stage architectural and interior design decision-making.

2.4. Pilot Study Design

The proposed conceptual framework underwent feasibility assessment through a
pilot study [78,79], which also tested the robustness of the experimental workflow. A
three-dimensional immersive virtual reality (IVR) scenario was developed to replicate a
real-world interior gallery environment, incorporating varied surface articulation as experi-
mental stimuli. The main goal during this phase was to confirm environmental simulations
and study how participants reacted emotionally and cognitively, particularly regarding
their attention levels, engagement, relaxation states, and cognitive load. To achieve this, the
study incorporated Electroencephalography (EEG) [80-82]—a non-invasive neurophysio-
logical method that measures electrical activity in the brain through scalp electrodes. EEG
captures brainwave patterns across multiple frequency bands, including Beta (attention and
active thinking), Theta (relaxation), Gamma (cognitive load), and Alpha (emotional states).
When integrated with VR environments, EEG enables real-time, moment-to-moment track-
ing of users’ affective and cognitive responses to spatial stimuli.

This capability makes EEG particularly powerful for architectural design evalua-
tion [83,84], as it provides quantitative, human-centered feedback on how users perceive
and interact with spaces beyond what is visually apparent. By mapping brainwave data
to spatial features, designers can assess whether a space induces cognitive clarity, men-
tal fatigue, emotional comfort, or attentional engagement. The research design includes
descriptions of experimental conditions, together with participant selection criteria, psy-
chological measurement tools, and data analysis methods, all aimed at demonstrating how
EEG-informed insights can guide iterative, evidence-based design decisions during the
conceptual phase.

2.4.1. Interior Gallery Environment, VR HMD, and EEG Device

The virtual environment consisted of six gallery spaces measuring 3 x 3 x 3 m each.
The spaces followed a linear pattern to maintain a constant visitor path, as shown in
Figure 4a—c. The gallery being presented in grayscale clay model form reduced visual
biases by eliminating color as an active variable in brain activity. The gallery artifacts
followed Christopher Alexander’s wholeness theory by showing different levels of visual
complexity. Figure 4a—c shows the elevation, plan, and 3D sections, respectively.

The HP Reverb G2 Omnicept Edition head-mounted display (HMD) provided partici-
pants with environmental experience through its built-in sensing capabilities like muscle
movement, gaze, pupil size, and pulse rate. The Emotiv 5 channel EEG device with five
channels recorded real-time neural responses from brain activity while participants ex-
perienced the VR environment. The image in Figure 5a,b shows both the gallery spatial
arrangement and participant navigation route.
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Figure 4. (a). Elevation of the experimental gallery model showing various patterns on the wall
surfaces. Source-Authors. (b). Plan of the experimental gallery model. Source-Authors. (c). 3D
section of the experimental gallery model. Source-Authors.

(a) (b)
Figure 5. (a). Emotiv 5 Channel EEG. (b). HP Reverb G2 Omnicept HMD. Source: Authors.

The participants moved through all gallery spaces one after another as EEG data
acquisition occurred without interruption. The research team used an Emotiv 5-channel
EEG headset to monitor brain wave data from participants who viewed six virtual galleries
through a VR Head-Mounted Display (VR-HMD). The EEG recording system monitored
five electrode locations Anterior E3, T7, Pz, T8, and Anterior F4, which follow the Inter-
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national 10-20 System to detect emotional and cognitive and sensory neural responses.
The participants received comfortable seating while researchers calibrated the EEG device
to obtain precise data. To ensure safety and preserve EEG data integrity, participants
remained seated while exploring the VR scenes, avoiding movement that could cause
collisions or introduce motion-related artifacts. Before the experimental trials, a 2-3 min
neutral VR environment was provided to help participants acclimate to the interface and
practice seated navigation with a joystick. This phase reduced anxiety, improved comfort,
and stabilized physiological responses, minimizing EEG fluctuations from disorientation
or unfamiliarity.

2.4.2. Experimental Protocol

The experimental procedures started after each participant gave their informed con-
sent at the beginning of the study. The HMD fitting process was followed by a short training
session, which led participants through a test scenario to learn VR navigation skills. The
participants received their introduction to the experimental gallery setup after their acclima-
tion period. Figure 6 shows the participant experience journey during the experiment. The
experimental gallery spaces were presented to participants in an incomplete counterbal-
anced randomization sequence to reduce sequence and repetition effects. After the initial
VR setup, a sample VR environment was shown to make the participants comfortable with
the VR environment. Participants carried out a sustained attention task throughout their
VR exposure period to sustain their mental focus. The six virtual environments appeared
sequentially to each participant while EEG recordings continued without interruption.
After the VR experience ended, researchers performed an unstructured interview to gather
participants” thoughts about their experience and followed by their design suggestions.
The survey used structured open-ended interview questions to obtain the participants’
feedback and to validate the framework. Each participant took an average of around 15 min
to complete the entire pilot study.

W § Interview

Participants engage in an
unstructured interview to share
their impressions.

EEG data is recorded continuously
throughout the session

6 H Data Collection

Participants perform a sustained
attention task during VR exposure.

Participants explore the six gallery
spaces in VR.

4 H Gallery Exposure

Participants are introduced to the
experimental gallery setup.

3 H Gallery Introduction

Participants undergo a training
session to learn VR navigation.

2 ” VR Training

Participants provide consent and
are prepared for the experiment.

1 ” Consent & Setup

Figure 6. Participant experience journey during the experiment. Source: Authors.
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2.4.3. Participants, Psychological Measures, and Data Analysis

A total of 10 participants (8 male, 2 females; average age = 21.45 years) were invited
for the study. In exploratory VR-EEG studies, a sample size of 10 participants is both
methodologically and practically justified [85]. Pilot experiments are designed to test feasi-
bility, refine protocols, and observe initial trends rather than to generalize findings to larger
populations [78]. This is a common and accepted practice in cognitive neuroscience [86]
and HCI [87,88], particularly in high-tech setups involving complex equipment like EEG
and VR headsets. Each participant in such studies provides a rich dataset across multi-
ple conditions, making small-N designs efficient for within-subject comparisons [89,90].
Additionally, for example, the study by Sparke et al. [91] has explicitly stated that power
calculations may be deferred in early-stage research, and samples of 10 are consistent with
other proof-of-concept EEG trials. In usability and VR experience testing, sample sizes of
5-12 users are often sufficient to uncover dominant experiential patterns, technical issues,
and early cognitive or affective responses to spatial design.

Moreover, architecture students are a suitable convenience sample for VR-based spatial
cognition studies due to their domain familiarity and ability to interpret and engage with
design stimuli meaningfully. Within-subjects designs, where each participant experiences
all virtual conditions, increase statistical sensitivity and reduce inter-subject variability,
enhancing the robustness of the results despite the small sample. Literature in neuroarchi-
tecture and immersive design has shown that even with N ~ 10, significant EEG-based
differences and behavioral trends can be detected, especially when using high-density EEG
and repeated-measures designs [92]. The goal of such pilot studies is not hypothesis con-
firmation but demonstration of measurable effects—such as neural signatures correlating
with architectural features or shifts in emotion-linked EEG bands. These outcomes validate
the experimental approach and serve as a foundation for scaling the study.

Eligibility criteria included (1) age between 18 and 24 years, (2) Architecture/Design
students currently enrollment in a university program, (3) Indian nationality to ensure cul-
tural consistency, (4) corrected vision using contact lenses (for either myopia or hyperopia),
and (5) abstention from any substances that could alter cognitive performance (e.g., caffeine)
within 24 h before the session. All participants completed the study in full, and participants’
consent was obtained through a format at the beginning of the experiment. Figure 7 shows
the experimental setup with participants receiving basic training in the VR environment.
The data collected from the device are exported to Excel sheets for further data analysis
across all the participants. A one-factor repeated-measures ANOVA was performed on the
EEG band-power values with room type as the within-subjects factor to examine whether
EEG responses differed significantly across room types. To complement the inferential
statistics, EEG band-power data were visualized across the six room conditions. A line plot
was created to show trends in power distribution for each frequency band in the results
Section 3. Based on the results, the proposed BIM-VR-EEG framework will be scaled for
integration into design studios and firms, enabling real-time affective feedback during
early-stage architectural decision-making through immersive, data-driven collaboration.
After the data collection, the results were shared with the student participants, and their
impressions and feedback were recorded through the following questions to understand
the framework’s efficacy. Q1: Can you describe your overall experience of exploring the six
virtual rooms? Which room stood out to you the most and why? Q2: After your feedback
was incorporated, did you notice any meaningful changes or improvements in the refined
design version? Describe what stood out. To what extent did the re-fined design feel more
aligned with your expectations or preferences compared to the initial version?
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Ll L6

Figure 7. Participant undergoing basic VR training before the experiment. Source: Authors.

3. Results and Discussion
3.1. Reviewing Results from SLR

The research findings from the systematic literature review are presented in this
section through five thematic areas which resulted from the analysis are shown in
Figure 8: (1) BIM, conceptual design and design processes, (2) BIM-integrated genera-
tive and computational design, (3) Human-centered and behavioral studies with VR in
BIM, (4) Interoperability, data exchange, and workflow integration, and (5) Spatial rea-
soning and case studies addressing early-stage design. The analysis explores each theme
through methodological approaches and essential findings together with recognized knowl-
edge gaps to establish a complete understanding of current research and future directions
for BIM-based architectural design practices.

Theme 1:
BIM, Conceptual Design &
Design Process

Investigates spatial Focuses on the role of BIM in
understanding and case studies early design processes and
in early-stage design. conceptualization.

Theme 5:
Spatial Reasoning in BIM

Theme 2:
Theme-4: . "
- BIM integrated Generative &
Interoperability, Data . i
Computational Design at the
Exchange & workflow early design stage
in BIM y design stag
Addresses challenges and Explores BIM-integrated
solutions in data exchange and generative and computational
workflow integration. design techniques.

Theme 3:
Human-Centered BIM

Examines human behavior and
interaction with VR in BIM
environments.

Figure 8. Themes identified through SLR: BIM workflows focusing on visuospatial design evaluation
of early-stage design. Source: Authors.

3.1.1. Theme-1: Bim, Conceptual Design and Design Process

The conceptual design phase is essential for architectural design since it establishes
spatial planning, functional requirements, and aesthetic considerations. Throughout history,
this stage has relied on manual sketching, instinctive choices, and theoretical evaluation.
BIM has revolutionized design processes through its computational capabilities, which
improve decision-making efficiency and data-driven approaches. Implementing BIM
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for conceptual design faces ongoing debate because practitioners raise issues about its

complicated nature, inflexibility, and unsuitability for initial architectural design phases.

During conceptual design development, architectural projects receive their fundamental

design elements, which include spatial relationships together with massing strategies and

initial design intentions. Table 2 shows the relevant literature curated for theme-1.

Table 2. Key journal articles identified under theme-1.

Ref. Methodology Key Findings Research Gaps
Introduces the Polymorphic Diagram, a . 4 .
[93] Conceptual Framework conceptual BIM environment facilitating lel.ted Vahdatl(.m through practical
spatial thinking. architectural projects.
Develops a lightweight BIM knowledge -
[94] Ontology-Based Approach  representation to support reasoning in early Lack of real—.wor.l d application and
design. industry validation.
. . g . Challenges in enabling computer
Pilot study: Remote user Sketching is crucial in conceptual design. The recoenition of varied sketchin
[95] study approach, study identifies common patterns in techfliil wes. Further re ﬁnemen% s
Qualitative study and architectural sketching, aiding the nee deg i E;lutomate d CAAD
Analysis. development of sketch recognition systems. . .
integration.
. Developing a C.BR system f.o rearly-stage Limited evaluation beyond commercial
[96] Case-Based Reasoning conceptual design, integrating precedent buildines. requiring further validation
(CBR retrieval, parametric modeling, and ontolo 85, 1eq & .
p 5 gy across diverse design typologies
classification for energy performance. gn typologles.
Explores constraint-based parametric diagrams .. .
. . o . . Needs more empirical testing on
[97] Case Study & in BIM, investigating their role in conceptual laree-scale architectural proiacts to
Diagrammatic Reasoning  design by mediating between abstract & . pPro)
. ; validate effectiveness.
reasoning and physical form.
Explores the role of BIM in conceptual design,
focusing on its effectiveness in assisting Further empirical studies required to
[98] Qualitative Study architects with decision-making related to validate findings beyond student case
functionality, aesthetics, and environmental studies and into professional practice.
relationships.
Examines the role of BIM in early-stage
architectural design, highlighting its Limited exploration of BIM's potential
[99] Case Study effectiveness in performance analysis and as a generative design tool rather than
decision-making rather than as a direct design  just a support system.
creation tool.
Introduces a DSS tool integrated with BIM for .. . .
.. . . . . . Lack of real-time integration with
[100] Decision Support System  high-rise housing envelope design, enabling evolvine desien parameters and user
(DSS) simulation of zoning regulations and real-time § cesigh p
g reg
analysis. adaptability challenges.
Proposes a BIM-integrated design dashboard ~ Challenges in implementing interactive,
[101] Generative Modeling & for early-stage analysis, offering real-time user-friendly interfaces for architects
Simulation structural, cost, and performance data and real-time decision-making in
P g
visualization. evolving projects.
Explores the integration of emerging digital Lack of a clear framework for
[102] Case Study pror €8 ging c1g integrating digital tools seamlessly in
analytical tools in the conceptual design phase. .
conceptual design.
Explores BIM as a design tool in the conceptual =~ Need for structured BIM training
o phase, analyzing student BIM-based design frameworks to improve conceptual
[103] Qualitative Case Study cases to identify knowledge and skill design and performance analysis
constraints. capabilities.
Literature Review & Examines BIM's role in smart cities, its ir;ﬂflarf tlgg\ilics):b%lliltl dil;niiilor
[104] integration into the construction process, and 8 y bey

Secondary Data Analysis

multidisciplinary collaboration.

conceptual design into construction
phases.
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Table 2. Cont.

Ref. Methodology Key Findings Research Gaps
Focuses on conceptual design automation in
TRIZ & F . AEC projects, integrating modern construction ~ Needs further validation in diverse
unction 1 s . . . .
[105] Modelin software with idea generation techniques. architectural contexts to assess practical
& Proposes a TRIZ-based computer-aided BIM usability.
approach for innovative conceptual solutions.
Examine BIM adoption challenges in the Framework requires refinement
[106] Workshops & Industry AEC/FM industry, identify key barriers, and through ex tens?ve industry applications
Case Study propose a contingency-based BIM decision & Y aPp

to improve real-world implementation.

support framework.

The literature reviewed under theme-1 reveals a consistent effort to extend BIM’s ca-
pacity beyond its conventional role in documentation and coordination, toward supporting
the intuitive and iterative processes of early-stage design. Several scholars advocate for em-
bedding design cognition and reasoning within BIM workflows to align them more closely
with how architects think and operate. For instance, Hamadah [93] explores diagrammatic
reasoning as a means to communicate spatial thinking, while Kim and Grobler [94] de-
velop ontological frameworks that support iterative conceptualization, acknowledging the
non-linear nature of architectural ideation. Ziegler et al. [95] emphasize the transitional
value of analog sketching in bridging traditional and computational workflows, suggesting
that hybrid approaches can ease the conceptual use of digital tools. Additional efforts to
address this conceptual gap are evident in reasoning-based approaches. Cavieres et al. [96]
propose a case-based reasoning (CBR) system that links precedent retrieval to parametric
modeling, enabling designers to access typological knowledge while maintaining semantic
logic. Likewise, Al-Assaf and Clayton [97] argue that embedding parametric elements
within BIM can significantly improve the efficiency and adaptability of early-stage de-
sign workflows. Collectively, these studies point to an emerging consensus: that making
BIM cognitively compatible with design thinking requires new frameworks that prioritize
flexibility, intuition, and knowledge reusability.

Despite these progressive strides, the literature also exposes deep-seated limitations
in BIM’s application to conceptual design. While some researchers praise BIM for enabling
informed decision-making, others warn that its demand for detail and rigid data structures
can hinder creative exploration. Omer Halil Cavusoglu and Giilen Cagdas [98] acknowl-
edge BIM’s capabilities in supporting environmental, functional, and structural evaluations
at early stages. However, BIM's strength in analytical precision is often undermined by its
inability to accommodate the exploratory and speculative nature of ideation. Studies by
Cayaoglu [99] and Lobos and Donath [100] affirm BIM’s usefulness in early massing and
feasibility analyses, yet Wu and Shin [101] argue that BIM still lacks robust decision-support
tools for conceptual spatial reasoning. The most critical insight comes from Abdelhameed’s
series of studies. His 2016 work [102] emphasizes that early-stage design requires flexible
analytical and generative approaches, which many BIM tools do not currently support.
In his 2018 research [103], he introduces adaptive modeling workflows allowing iterative
transitions from concept to documentation. His 2021 study [104], however, reiterates BIM's
persistent parametric rigidity, which restricts open-ended design processes. These findings
clearly illustrate the disconnect between the linear logic of BIM platforms and design
ideation’s non-linear, iterative nature—a gap that this research seeks to bridge.

Recent developments provide a glimpse of a more adaptable BIM future. Renev et al. [105]
show how Al-driven automation can enhance conceptual productivity, while London et al. [106]
integrate knowledge-based systems into BIM, allowing for greater design flexibility without
compromising data reliability. These advancements suggest that BIM's next evolution lies
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in merging artificial intelligence, generative design, and user-informed customization,
positioning the platform as a responsive partner in early-stage design rather than a rigid
documentation tool. Implication for this research: The reviewed literature shows that
while efforts are underway to enrich BIM with cognitive and generative capabilities, there
remains a critical absence of user-centric experiential feedback within these workflows.

3.1.2. Theme-2: BIM Generative and Computational Design

The literature reviewed under theme-2 as shown in Table 3 highlights the grow-
ing convergence between Building Information Modeling (BIM) and generative design
methodologies, illustrating a significant shift in how early-stage architectural and urban
design workflows are conceptualized and executed. A key observation across multiple
studies is that parametric and computational design approaches provide structured yet
adaptable digital frameworks that enable iterative development and performance-driven
exploration [107]. As noted by Park [108], the integration of BIM in early design stages
offers a structured environment that supports improved decision-making. This is further
supported by studies indicating that computational automation enhances design continuity
while filling key support gaps in AEC operations [109].

Table 3. Key journal articles identified under theme-2.

Ref. Methodology Key Findings Research Gaps
. . Explores parametric d.es'lgn for . Needs validation on
Parametric Design & BIM  conceptual design decision-making, .
[107] . . . . large-scale projects beyond
Integration integrating Grasshopper, Revit, and 3D .
O L L controlled case studies.
printing for digital fabrication.
Examines early-stage BIM adoption in
[108] Experimental Design the design process through an Limited real-world application
Studio experimental studio setup, identifying ~ beyond academic settings.
key challenges.
Investigates the integration of BIM and  Lacks real-world
Survey & Conceptual generative design for conceptual design  implementation of the
[109] ¢ . . . .
Framework innovation, proposing a virtual proposed generative BIM
generative workspace. workspace.
Proposes a BIM-integrated generative . . .
. . . . . Requires empirical testing and
Computational Design design environment to improve S .
[110] . . software validation in real
Study conceptual design iteration and .
. projects.
automation.
Generative BIM (G-BIM) Develops.a G-BIM -framework 1.1nk1.ng Plrmted exgloratlor} of B
[111] parametric tools with BIM applications  industry-wide applicability
Framework . . o o
for better information transition. and user adaptability.
Develops and tests a G-BIM framework L .
. L Further testing in real-life
Prototype Development  to enhance process integration in . .
[112] . . . design contexts is needed to
& Focus Group Testing construction projects at the conceptual .
: assess effectiveness.
design stage.
' Integr.ate's genetic algonthms with B.IM Needs industry-scale
BIM & Evolutionary to optimize conceptual design, creating o -
[113] . . . . . . validation to determine
Computing a Revit plug-in for interactive design g s
: feasibility and scalability.
evaluation.
. Further Al-driven
. . Explores automation of urban
Generative & Visual . . . enhancements are needed to
[114] conceptual design using generative

Programming

programming and Al-based evaluation.

reduce human oversight in
decision-making.
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This body of work emerges from a dual narrative: on one hand, computational design
increases design productivity and control; on the other, it reveals persistent fragmentation
in process continuity and platform interoperability. For instance, generative BIM (G-
BIM) frameworks, as discussed by [110,111], aim to embed generative processes into BIM
environments, creating virtual workspaces that enhance collaboration, improve design
iteration, and facilitate seamless information exchange. These frameworks demonstrate
that BIM, when embedded with generative logic, can evolve from a documentation tool
into an intelligent design partner, enabling designers to explore various options early in
the process.

Notably, prototype developments reviewed in the literature have been successful in
mitigating process fragmentation, improving design cognition, and strengthening early-
stage decision-making processes [112]. These efforts reflect the architectural discipline’s
broader ambition to make BIM a repository of information and a computationally intelligent
system capable of driving design synthesis. As described by [113], the incorporation
of evolutionary computing into BIM workflows allows for performance metric-based
optimization. These adaptive workflows enable designers to iterate through increasingly
refined solutions, bringing them closer to their conceptual and environmental goals through
data-informed feedback.

Another promising area is the application of automated generative design in urban
and residential planning contexts. According to [114], these approaches use visual and
generative programming to automate zoning, environmental compliance, and space opti-
mization. Such automation increases efficiency but retains the necessary human oversight,
reinforcing the notion that computational intelligence can enhance—not replace—creative
decision-making.

What this means for the current study is that while generative BIM frameworks show
potential in bridging gaps between data-rich modeling and exploratory design, they still
fall short in capturing the lived, emotional, and cognitive dimensions of spatial experience.
The reviewed literature does not sufficiently address how these automated systems impact
user perception, comfort, or experiential feedback in early-stage environments. This is the
critical gap this research intends to fill.

3.1.3. Theme-3: Human-Centered BIM

The literature under theme-3 as shown in Table 4 reflects an emergent shift in BIM
research toward human-centered and behaviorally responsive design approaches, pri-
marily through the integration of Virtual Reality (VR) and real-time feedback systems.
Several studies affirm that BIM can enhance spatial performance and user experience
by incorporating immersive simulations, behavioral data, and affective evaluation tools
during the conceptual design phase. For instance, body sensor networks (BSNs) and
neurophenomenological techniques have been introduced to support pre-occupancy evalu-
ation, enabling designers to assess cognitive and emotional reactions before construction
begins [53]. However, despite these innovations, literature acknowledges a persistent
resistance to adopting these methodologies and highlights the absence of dedicated tools
to measure affective response within BIM workflows—marking a critical gap that limits
the realization of experiential design evaluation.

This observation reveals that although conceptual BIM design has evolved to sup-
port user well-being, its practical implementation in mainstream design practices remains
limited due to tool deficits and cultural inertia. VR-enhanced BIM is increasingly pro-
posed to bridge this divide. For example, ref. [115] demonstrates how VR-enabled BIM
models improve user interaction and iterative flexibility, reducing the need for later-stage
modifications. Complementing this, ref. [116] proposes an intuitive parametric modeling
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methodology, enabling users to engage more meaningfully with design iterations across all
stages. The use of automated frameworks, such as those described by [117], further shows
how BIM plug-ins can facilitate Universal Design and Age-in-Place requirements, offering
cost-effective pathways for inclusive, accessibility-driven outcomes.

Yet, the benefits of human-centered BIM are not limited to individual user experience—
they also extend to stakeholder collaboration and predictive spatial planning. Tools like
BIMFlexi [52] enable real-time VR collaboration between architects, engineers, and plan-
ners, transforming the traditional communication process. In specialized contexts such
as healthcare design, VR-integrated BIM environments support pre-design evaluation
(PDE), which, according to [118], allows architects to identify design errors and antici-
pate post-occupancy challenges—thereby enhancing facility performance through early
user feedback.

Nonetheless, several challenges continue to inhibit the widespread adoption of these
frameworks. As illustrated by [119], while cloud-based BIM-VR systems integrating
Universal Design and Age-in-Place principles show promise, validation, and scalability
remain unresolved. Similarly, studies such as [120] demonstrate that phenomenological
approaches are being applied in BIM research to uncover socio-political and economic
factors influencing adoption, especially in developing regions, where policy and infras-
tructure remain barriers. This suggests that technical advancement must be matched by
institutional support.

Further literature calls for the development of multi-agent systems and enhanced
user feedback models in immersive virtual environments (IVEs), noting their potential
to improve behavioral simulations and spatial personalization [121]. A prime example
is Safe BIM, a real-time human behavior interaction model developed to analyze user
patterns during iterative design [122], showcasing how behavioral informatics can improve
real-time design responsiveness.

For this research, the reviewed studies signal both the opportunity and necessity of
advancing user-centric design evaluation within BIM environments. While immersive
and sensor-based technologies are being explored, they remain under-validated regarding
real-time cognitive and affective feedback integration.

Table 4. Key journal articles identified under theme-3.

Ref. Methodology Key Findings Research Gaps
Examines BIM in conceptual design for .
. . Resistance to new
user experience and well-being, methodologies and lack of
[53] SLR & e-Delphi Survey hlghllghtlng gaps in pre-occupancy evidence-based design tools
evaluation and advocating for . .
. . for affective responses in BIM.
neurophenomenology integration.
Explores integrating BIM and Universal Lack of automation and
. Design to enhance accessibility in predefined criteria to
[115] BIM & VR Integration conceptual design, using VR for streamline Universal Design
immersive user interaction. in BIM models.
. . Investigates intuitive modeling in BIM’s ~ Limited empirical validation
Parametric Design & . . . s .
[116] . parametric design for architectural of proposed intuitive design
Experimental Study
workflows. workflows.
BIM & Universal Design Deyelops a BIM plug-in for' automating Needs real-world validation in
[117] Universal Design and Age-in-Place . .
Framework . large-scale housing projects.
requirements at the conceptual stage.
Introduces BIMFlexi, a multi-user VR Limited assessment of
[123] BIM & VR Collaboration  environment for interdisciplinary BIMFlexia€™s lone-term
Workflow communication in industrial building &

planning.

impact on design efficiency.
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Table 4. Cont.

Ref. Methodology Key Findings Research Gaps
Examines on how PDE using VR can
[118] Pre-Design Evaluation anticipate design errors in healthcare Needs broader validation

(PDE) & VR Simulation

Cloud-Based BIM & VR

facilities, reducing post-occupancy
issues.
Develops a cloud-based model

beyond healthcare settings.

Scalability concerns and need

[119] Model 1nteg.r ating BIM, U.D’ and .VR to enhance for further industry testing.
Age-in-Place housing design.
{?r\fs:agat}es rﬁﬁcft;idoé):;?;;fggl M Need for policy frameworks to
[120] Phenomenological Study suay, WENISHNg support BIM adoption in
external influences on industry . .
. . developing economies.
implementation.
Explores immersive virtual Further research is required on
[121] VR & User Experience environments (IVEs) for user feedback integrating IVEs with
Study . . . multi-agent systems for
in architectural design. . .
optimized design.
BIM & Human Behavior Develops SafeBIM,.a real-time . L1m1.ted .real—world
[122] Simulation simulation system in BIM for assessing  applications beyond

user interactions with design iterations.

3.1.4. Theme-4: Interoperability, Data Exchange, and Workflow in BIM

The reviewed literature under Theme-4 as shown in Table 5 identifies BIM interoper-
ability and data exchange as critical enablers of collaborative design workflows in the AEC
industry. One of the most consistently emphasized challenges in traditional architectural
processes is the lack of seamless information sharing across disciplinary teams, which often
leads to inefficiencies, miscommunication, and rework. BIM, by contrast, offers a shared
digital environment that facilitates unbroken and coordinated workflows among architects,
engineers, and consultants [124]. However, the transition between design authoring tools
and BIM platforms continues to generate interoperability issues, resulting in data loss and
workflow fragmentation—particularly in the early conceptual stages where fluidity and
flexibility are paramount [125].

To address this, several frameworks and models have emerged to support interoper-
ability, such as the BIM Interoperability Adoption Model (BIAM) [126], which provides
organizations with tools to assess their compliance and improve collaborative integra-
tion. Additionally, studies show that incorporating Al-driven methodologies and digital
platforms into BIM workflows has the potential to improve both information clarity and
real-time decision-making. For example, web-based platforms that support adaptive detail-
ing and live expert input have been shown to enhance early-stage design accuracy [127],
while smart building technologies linked with BIM enable bidirectional interaction between
users and systems, promoting energy efficiency and occupant-centric solutions [128].

The literature also indicates that the future of interoperability lies not merely in data
transfer, but in intelligent, semantic data structuring that supports spatial reasoning and
automated logic-based design decisions. Research demonstrates how semantic knowledge
graphs and Al-enhanced BIM environments can reorganize topological data to improve
analytical depth and reduce human error in complex design coordination [129]. What these
studies collectively show is a movement from BIM as a static documentation system to one
that is dynamic, context-aware, and collaborative. For instance, cloud-based and multi-user
collaborative platforms that integrate tactile and haptic interfaces have improved team
communication, especially in interdisciplinary and international projects [130]. Efforts to
bridge the gap between high-tech BIM environments and low-tech conventional practices
are also gaining traction, suggesting the need for scalable solutions adaptable to various
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organizational capacities [131]. In China’s AEC sector, BIM-assisted workflows are already

demonstrating measurable improvements in project delivery and design efficiency [132],

further underscoring its global relevance.

Table 5. Key journal articles identified under theme-4.

Ref. Methodology Key Findings Research Gaps
Examines how BIM enhances project - .
. . . . Further validation required on
Process Model information flow, fostering collaborative ) )
[124] . . . . BIMs impact in large-scale,
Comparison interactions throughout the project l6-discipli .
lifecycle. multi-disciplinary projects.
.. Investigates challenges in transitioning Limited general.lzablhty
Empirical Study & . . ) beyond academic
[125] from 3D digital design to BIM, focusing . .
Survey . .. . environments; 1ndustry
on data loss and workflow inefficiencies. L.
validation needed.
Interoperability Introdgces the BIM Interoperability Needs further industry-wide
Adoption Model (BIAM) to address . .
[126] Framework & BIM . L . adoption studies to assess
. technical, organizational, semantic, and .
Adoption Model . 1 real-world impact.
legal interoperability challenges.
Develops an online collaborative Cha!lgnges m shlftm.g .
Web-Based . . . . traditional communication
[127] . . platform integrating adaptive detailing . L
Decision-Making Tool : . . practices to digital
in BIM for early-stage decision-making. .
environments.
Explores how smart buildings integrate ~ Limited real-world
Smart Building & User user feedback through a mobile implementation outside
[128] g g P
Interaction Study application to enhance occupant comfort academic and test
and energy efficiency. environments.
. o Pr(?p oses a methosi to stgre topological Further research needed to
Al & Semantic Building building information using knowledge . . .
[129] Fingerprints raphs for Al applications in design and standardize Al-driven spatial
8eTP %onztruc tion PP & analysis in BIM workflows.
. .. Requires further exploration
Examines cloud-based collaboration in ) . ;
Cloud-Based BIM . L . of integration across different
[130] Collaboration Stud early architectural design, integrating BIM platforms and team
y tactile interfaces with BIM workflows. p
structures.
. Compares t.r aéhtlonal ar.lalog tools with Needs broader validation
Interdisciplinary BIM BIM in preliminary design to assess . )
[131] . - . ! . across different project types
Usability Study usability and efficiency in cooperative
workflows. and scales.
Analyzes BIM-assisted workflows in Further studies required to
[132] BIM-Assisted Workflow China’s AEC industry, showing evaluate long-term adoption
Study efficiency improvements over traditional =~ and scalability in complex
methods. projects.
. Requires validation in
Multi-LOD BIM Model & Develops a multi-LOD meta—model' to large-scale projects and
[133] improve early-stage design evaluation

Uncertainty Management

and uncertainty management in BIM.

integration with other BIM
performance assessment tools.

Nevertheless, despite technological advancements, the management of complex design

information in early-stage BIM remains a significant hurdle. Research into multi-LOD

meta-models has introduced structured ways to manage uncertainty and performance

in conceptual phases, laying a foundation for data-informed decision-making [133]. Still,
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the challenge persists in creating adaptable, cross-platform systems that can seamlessly
integrate the exploratory nature of early-stage design with the precision of BIM protocols.
For the current research, these findings reinforce the importance of integrating user-
centric experiential evaluation into BIM workflows without disrupting interoperabil-
ity. While data exchange and Al-enhanced systems have evolved considerably, there
remains a gap in capturing how design decisions affect users’ cognitive and affective
experiences—particularly in immersive, conceptual environments.

3.1.5. Theme-5: Spatial Reasoning and Key Case Study Addressing Early-Stage Design

The literature reviewed under theme-5 as shown in Table 6 underscores the cen-
tral role of spatial reasoning in shaping conceptual design decisions, particularly before
transitioning into BIM environments. Spatial reasoning enables designers to intuitively
and analytically assess spatial relationships, circulation, and hierarchy, which form the
foundation for early-stage ideation. With the advancement of computational design tools,
researchers have developed methods to formalize and optimize spatial reasoning processes,
thereby supporting both intuitive exploration and data-informed design strategies.

One of the most significant contributions comes from non-manifold topology (NMT)
modeling tools like Topologic, which combine geometry, semantics, and topological struc-
ture to preserve design intent over form fidelity, allowing for greater abstraction and
flexibility in early spatial layout planning [134]. Similarly, integrating graph theory into
BIM workflows has enabled quantitative circulation analysis, aiding designers in evaluating
spatial efficiency and connectivity from a systems-thinking perspective [135]. These devel-
opments demonstrate that computational techniques can enhance both cognitive design
processes and rational decision-making in the earliest stages of architectural development.

Further contributions push this idea toward democratization and simplification. For
example, TopoBIM is introduced as a lightweight, topology-driven BIM interface that
simplifies spatial modeling for non-experts and stakeholders, thereby reducing authoring
complexity while preserving data consistency [136]. These efforts reveal a common goal:
to empower all participants in the design process with intuitive, yet structured tools that
facilitate collaboration and early evaluation.

Experimental design studios have also played a key role in testing integrated work-
flows, combining parametric design, digital fabrication, and interactive media to assess
how computational methods perform across different stages of architectural program-
ming [137]. In practice, BIM has shown relevance even beyond structural form-making;
for instance, in interior decoration and public project management, where it supports
more efficient and coordinated design delivery [138]. However, many of these academic
developments still face scalability and usability challenges when transferred to real-world,
high-stakes environments.

To bridge theory and practice, several case studies demonstrate the value of BIM-based
approaches in specialized domains. In healthcare infrastructure, for example, scenario-
based design within BIM environments is used to build flexible, future-proof spaces,
highlighting the importance of adaptability in early-stage planning [139]. Another case
focuses on envelope optimization for high-rise residential buildings, where a BIM-driven
decision support system improves both design confidence and project acceleration during
the conceptual phase [140]. These studies offer compelling evidence that BIM-integrated
spatial reasoning methods can improve architectural outcomes when applied in domain-
specific settings.

The implications of this research are twofold. First, while computational tools have
expanded the capacity for spatial analysis in early-stage design, they still lack integration
with experiential feedback mechanisms—particularly those that reflect users’ cognitive
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and emotional responses. Second, despite the success of case-specific BIM applications, a

universal and scalable framework that combines spatial reasoning, immersive interaction,

and real-time human feedback remains absent.

Table 6. Key journal articles identified under theme-5.

Ref. Methodology Key Findings Research Gaps
Introduces Topologic, a non-manifold Limited empirical validation
[134] Software Development  topology (NMT) modeling library to of Topological impact on BIM
& Usability Study support hierarchical spatial representation ~workflows in real-world
in early architectural design. projects.
Explores th f graph theory in Bl N
forpci(;cisl;tif)rlll saen(e)llygsiz,ppri)pe(;)si}r]lg a tol\(;ll Needs bFoader Val%da'tlon
[135] Graph Theory & BIM that abstracts building layouts into across d'1fferent building
Integration - typologies beyond case
topology graphs for quantitative .
. studies.
evaluation.
Proposes TopoBIM as a lightweight, Further research is needed on
[136] Web-Based Topology &  topology-driven workflow for early its usability and adoption by
BIM Workflow design participation, reducing BIM stakeholders in real-world
authoring complexity. projects.
Explores BIM integration across Further validation needed in
[137] Experimental Design parametric design, digital fabrication, and real-world architectural
Studio interactive technology through an projects beyond academic
experimental studio. settings.
Analyzes BIM's role in interior decoration = Challenges remain in adapting
[138] BIM in Interior for public buildings, highlighting BIM workflows to diverse
Decoration Design improvements in design management and  interior design project
efficiency. requirements.
Investigates BIMAEUR™ s role in Needs broader validation on
[139] Scenario-Based Design  future-proof healthcare design, using balancing flexibility and
& BIM scenario-based design to develop flexible  standardization in healthcare
infrastructure solutions. facilities.
Examines early-stage design for high-rise . .
BIM-Based Decision residential buildings, proposing a Requires further testing on the
[140] ’ scalability and adaptability of

Support System

BIM-based tool for optimizing envelope
designs.

the decision support system.

3.1.6. Findings and Conclusion from SLR

The literature review reveals a sustained effort to evolve BIM workflows beyond

traditional documentation and coordination functions, incorporating cognitive reasoning,

generative algorithms, and performance-based evaluations. Despite these advancements, a

significant gap persists in integrating user-centric experiential feedback—particularly in

the early stages of architectural design, where ideation, perception, and spatial intuition

play a crucial role.

While generative BIM frameworks show promise in enhancing design iteration and

decision-making, they remain predominantly data-centric, often overlooking the emotional,

perceptual, and cognitive dimensions of user experience. Few studies have investigated

how these systems influence or respond to user comfort, spatial cognition, or affective en-

gagement within immersive design environments. This lack of attention to the lived spatial

experience creates a methodological blind spot in current BIM research and development.

Moreover, although immersive and sensor-based technologies—such as VR, EEG,

and BSNs—are being explored in adjacent studies, their integration into mainstream BIM

workflows is still at a nascent stage. These technologies remain underutilized and under-

validated in capturing real-time affective and cognitive responses, particularly in the

context of conceptual design evaluation.
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The findings also emphasize that advancements in Al-enhanced interoperability, data
exchange, and semantic structuring have improved workflow efficiency. However, parallel
affective and experiential evaluation innovations have not matched these developments.
Consequently, existing BIM tools lack the capacity to holistically assess how early design
decisions affect human perception, comfort, and emotional resonance.

Two key implications emerge for the current study. First, while computational tools
have substantially increased the analytical scope of spatial reasoning and layout optimiza-
tion, they still fall short of incorporating experiential feedback mechanisms that reflect user
cognition and emotion. Second, despite successful implementations of BIM in domain-
specific case studies (e.g., healthcare, high-rise residential design), no scalable frame-
work seamlessly integrates spatial reasoning, immersive interaction, and physiological
user feedback.

3.2. Semi-Structured Interview

The analysis of interview data through Kvale’s seven-stage framework [60] showed
architects” BIM experiences during conceptual design. Braun and Clarke’s [74] thematic
analysis method were used for data analysis in this study to achieve analytical rigor and
depth while being embedded in Kvale’s interview inquiry framework. Braun and Clarke’s
method supplied detailed systematic procedures for coding and theme development and in-
terpretation while Kvale’s framework provided a structured design process for conducting
interviews and reporting results. The combined analytical approach enabled researchers to
perform transparent and reflexive analysis, which produced interpretive insights about
the lived experiences of participating architects. The key stages of the analytical process
followed are shown in the Figure 9. The analysis results in this section show the identified
themes and their interpretive narratives.

e p
1. Familiarization
Immerse yourself in the interview diata by reaading and re-reading thanscipts.
> <
2. Generating Codes & Searching for Themes
Systematically code interesting features across the enntire data set and collate these
codes into potential themes, gathering all relevant data under each theme.
> <
3. Reviewing, Defining, and Renaming Themes
Review and refine the list of distilled themes by mapping them across the interview
guestions and participant responses.
> <
4. Charting
Organize the coded data into a suitable medium (such as charts or tables) to identify
§ patterns, relationships, and overlaps. )
e A
5. Interpretation
Interpret the themes, explore connections, and draw meaningful conclusons. )
(.

Figure 9. Visual summary of analyzing stage in semi-structured interview. Source: Authors.
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3.2.1. Familiarization

The researchers started their familiarization process through multiple readings of
interview transcripts to build complete understanding of participant stories. Through
multiple readings researchers developed extensive knowledge about the content along
with tone and context of each participant’s account. The researchers recorded their initial
observations about creative frustration and hybrid tool use, performance bottlenecks, and
strategic workarounds that architects used to overcome BIM limitations during this phase.
The researchers focused on emotional expressions through words that showed frustration
and aspiration and innovation while studying detailed descriptions about workflows and
collaborative routines and perceived tool deficiencies in BIM. The initial stage enabled
researchers to recognize patterns while developing their ability to observe how architects
handled creative freedom versus technological constraints during conceptual design.

3.2.2. Generating Codes and Searching for Themes

This stage systematically examines the interview data to identify meaningful patterns
and recurring ideas. The process begins with coding, where significant words, phrases,
or data segments are labeled based on their relevance to the research questions. These
themes were derived through a systematic coding process using manual coding process.
These codes act as analytical building blocks, capturing the essence of the participants’ re-
sponses [141]. Figure 10 shows a glimpse of some of the codes generated in the preliminary
coding. Figure 11 shows the six major themes that emerged from the text analyzed. Once
the coding is complete, the next step involves organizing and grouping similar codes to
search for broader patterns or emerging themes. This process helps simplify large volumes
of qualitative data by clustering related insights, laying the groundwork for deeper analysis
and interpretation.
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Figure 10. Word cloud depicting some of the codes generated while analyzing the semi-structured
interview. Source: Authors.
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Sub-Themes
B Desire for sketch-like freedom
BIM as too rigid in early design
Workarounds using SketchUp/hand sketches
Desire for Al-generated options
Limited maturity of Al tools
Automating repetitive tasks
Visual scripting (Dynamo/Grasshopper)
Use of Revit, Rhino, Grasshopper
Client misunderstanding conceptual models
simplified communication methods
VR/visualizations to aid clients
VR for immersive presentations
Collaboration limitations in early stages
Use of templates and modular workflows
Parallel workflows due to inefficiency
Poor interoperability between platforms
Software performance issues
Massive file sizes hinder fluidity

Performance and Interoperability

i

Workflow and Collaboration

JH

Visualization and Communication

Major Theme

Tools and Automation

Al and Emerging Tech

"
Creativity and Flexibility ’[
|

I

0 10 20 30 20 50
Frequency

Figure 11. Major and Minor Categories generated by aggregating codes from the semi structured
interview. Source Authors.

3.2.3. Reviewing, Defining, and Renaming Themes

The evaluation process of theme identification along with definition and renaming was
conducted to guarantee that thematic categories effectively represented the fundamental
data patterns and subtle details found in interview results. The initial analysis revealed
six primary themes: Creative Constraints in BIM, Hybrid Workflow Preferences, Client
& Stakeholder Communication Barriers, Workflow Strategies & Templates, Al, VR and
Generative Design Integration, and Vision for Ideal Conceptual Design Workflow. The
thematic categories underwent critical evaluation by reviewing coded excerpts to establish
their alignment with the thematic categories. Participant Al expressed the sentiment
“Sometimes, I feel, uh, BIM, it, uh, limits my creativity” (Participant A1) under Creative
Constraints in BIM, and Participant A5 stated “We rely heavily on parametric modeling
to explore different scenarios quickly” (Participant A5) under Workflow Strategies &
Templates. The review process received additional support from the comparative charts
that were presented. The Comparative Chart of Themes Across Participants (Figure 12)
displays the distribution of themes among the ten interviewees Al through A10. Most
participants discussed Creative Constraints in BIM and Ideal Conceptual Workflow Vision,
thus showing their widespread occurrence, but Al, VR, and Generative Design Integration
received attention only from particular participants who introduced new ideas. The
Theme Mapping Across Interview Questions (Figure 13) showed how different themes
appeared throughout the eleven interview questions. The validation process of theme
relevance emerged from assessing each theme against the corresponding interview guide
components.
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Creative Constraints in BIM - 1 1 il 1 1 , 1 1
Hybrid Workflow Preferences - 1 - 1 it s
Client & Stakeholder Communication Barriers - ! 1 1
3
IS
]
<
Workflow Strategies & Templates - 1 1 1
Al, VR, and Generative Design Integration - 1
Ideal Conceptual Workflow Vision - - 1 1 1
» w o ph o o w v po 0o
Participants
Note: 1 = Theme mentioned by participant (light blue); 0 = Theme not mentioned (dark blue)
Figure 12. Comparative chart of themes across the participants. Source: Authors.
Creative Constraints in BIM
Hybrid Workflow Preferences .
Client & Stakeholder Communication Barriers - 0 0 0 0 1
]
IS
(]
£
Workflow Strategies & Templates 1 0 1 0
Al, VR, and Generative Design Integration- 0 0 0 0 .
Ideal Conceptual Workflow Vision - 0 0 0 1 .
o> ar o o fog a© a ® ®

Interview Questions

Note: 1 = Theme emerged in response to the question (dark green); 0 = Theme not mentioned (light green)

Figure 13. Comparative chart of themes across the questions. Source: Authors.

The repeated review process led to the combination or transformation of some sub-
themes for better conceptual understanding and thematic cohesion. The analyzed thematic
structure delivers a precise and simplified overview of participant perspectives about BIM
implementation during conceptual design. The studied themes became the foundation for
additional interpretation that led to the discussion of this research.

3.2.4. Charting the Themes and Sub-Themes

The process of charting the themes and sub-themes was carried out to visually organize
and quantify the prominence of each thematic category that emerged from the interview
data. This exercise facilitated a clearer understanding of the distribution and frequency
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of sub-themes across the six major themes identified in the analysis. Figure 14 provides a
comprehensive visual summary of the how participants” individual accounts are linked to
the major subject.

“We use templates, uh, with basic parameters, for quickly change things” - A1 lne- 150r there atal”
A6-"BIM feels like... accounting software, not design tool.”

A&-Creative process needs freedom! BIM t0ols force you to think ike engineer too early.™
[A7<Inconceptia s, | e readm, Bextty. B ess 00.. teskicve.”

“Using modular workfows is helpinga
y desig

I

4. Workflow Strategies & ‘ 1. Creative Constraints in
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“With Al integration in BIM 2.0, everything is changing!” ~ Al 5.Al, VR, and Generative | Coding ‘

“VR has proven o be quit valuable, for ou team.” — A10) Design
—At0)

/AS-We start with sketching o simpler tools before puting ideas into BIM.™
‘ /A= prefer to sketch by hand or use simpler tools.”

2. Hybrid Workflow JA7-"With SketchUp, | can quickly y familles.”

| (Interview) ‘ Preferences ‘ >laz- or simpler 3D tools.”

/AT “SkelchUp is much more intuitive.
A10-We sketch ideas, then use Al to inferpret info BIM."

We y "~ A10)

6. Vision for Ideal
Conceptual Design
Workflow

3. Client & Stakeholder
Communication Barriers

“Ideal workflow... it would be, uBh very flexible. You start with, uh, very simple Sketches...” ~ A1] A e Bt e design when s quite basic.”

Ad-Clients often fixate on placeholder elements.”
Ad-Ciients get confused by technical appearance.”

A8-We must export o other formats because clients can't navigate raw BIM.”
AB-“We extrac views or make simpllfid models for presentation.”
A10-Simpified dashboards and VR help, but not seamless.”

T sl
he way we look at BIM must change!” - A10

Note:

+ Atotal of 10 took partin the d interviews. To maintain confidentiality, each participant was znonymized and assigned a unique identifier ranging from A1 to A10.

« Representative excerpts from the interviews are presented under their corresponding major thematic categories, reflecting key insights shared by the participants.

Figure 14. A sample of major categories mapped against the coded narrative from the semi-structured
interview. Source: Authors.

For instance, in Figure 12, under the theme Creativity and Flexibility, sub-themes such
as Desire for sketch-like freedom, BIM as too rigid in early design, and Workarounds using
SketchUp/hand sketches were identified as significant concerns, with high mention fre-
quencies. Similarly, sub-themes like Desire for Al-generated options and Limited maturity
of Al tools were mapped under Al and Emerging Tech, indicating participants” interest in
integrating emerging technologies in BIM workflows. Other prominent sub-themes such
as Use of templates and modular workflows and Parallel workflows due to inefficiency
were grouped under Workflow and Collaboration, while challenges like Client misunder-
standing conceptual models and Simplified communication methods were categorized
under Visualization and Communication. Additionally, interoperability and software per-
formance issues were captured under Performance and Interoperability. Charting these
sub-themes against their respective major themes provided a visual hierarchy of the par-
ticipants” responses and highlighted the concentration of challenges and opportunities
associated with using BIM during the conceptual design phase. This structured represen-
tation enabled a deeper analysis of patterns, overlaps, and unique insights shared by the
interviewees, thereby strengthening the thematic framework for further interpretation.

3.2.5. Interpreting the Themes

The last stage of thematic analysis included explaining the uncovered themes and
sub-themes to capture the meaning of the interview data. This was based on the thematic
patterns that emerged during the charting process and participants’ narratives. The analysis
indicated that BIM is used in architectural practice; however, its usage during the conceptual
design phase is often seen as limiting. This was because Creative Constraints in BIM and
Hybrid Workflow Preferences showed that there is a need for architects to have more
flexibility and freedom in the early stages of design, and, therefore, they would use hand
sketches and other simple digital tools to enhance BIM workflows. Furthermore, the theme
of Client & Stakeholder Communication Barriers revealed the discrepancy between the
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technical nature of BIM outputs and client understanding, thus pointing to the need for
simplified and more immersive communication strategies. The recurring sub-themes under
Workflow Strategies & Templates revealed that participants employed templates, modular
workflows, and automation to solve operational inefficiencies. Also, the theme Al, VR, and
Generative Design Integration captured the growing desire to integrate new technologies to
enhance conceptual design capabilities. The theme Vision for Ideal Conceptual Workflow
captured the participants’ vision of the future BIM environment that is more intuitive,
flexible, and creative and supports early-stage design thinking. The analysis of these
themes provided a thorough understanding of the complex relationship between BIM tools,
design processes, and user experiences, which formed the basis for the discussion and
recommendations of the study.

3.2.6. Verifying

Following Kvale’s framework, the stage of Verifying was aimed at ensuring the
analytic rigor, credibility, and trustworthiness of the thematic analysis. To this end, triangu-
lation was used by combining content analysis frequencies with thematic patterns from the
interview transcripts. This methodological cross checking helped to provide a more robust
validation of the emerging themes. The themes were systematically cross-checked by going
back to the raw transcripts and the frequency of thematic occurrence to ensure that the
analysis was still based on the participants’ actual responses. Also, outlier perspectives
were kept, ensuring diversity and avoiding thematization. For instance, while most of the
participants complained about the inflexibility of Revit during the conceptual design phase,
one participant (A9) provided a contrary view by pointing out the parametric possibilities
of Revit when used with Dynamo, thus adding depth and complexity to the understanding
of BIM tools in design ideation. Furthermore, cross participant validation was performed
to identify patterns of convergence and divergence. Common frustrations such as the
inflexibility of BIM and the technical limitations placed on creativity were identified in at
least eight participants, and there was a clear consensus on using hybrid workflows such
as SketchUp and hand sketching before using BIM. The divergent cases, like Participant
A9’s emphasis on Al driven workflows, were recognized as new and innovative practices
but were noted as being outside the norm. This verification process increased the reliability
of the findings and the analysis outcomes.

3.2.7. Reporting: Thematic Patterns and Knowledge Gap

The thematic analysis of the interview data revealed six dominant patterns reflecting
the lived experiences of practicing architects concerning the use of Building Informa-
tion Modeling (BIM) during the conceptual design phase. These patterns, distilled from
participant narratives, illustrate the persistent tensions between creative ideation and the
structural rigidity of BIM tools, alongside emerging practices that attempt to bridge this gap.
Representative quotations are used here to foreground participants’ voices and highlight
the underlying knowledge deficit in existing BIM workflows.

Creative Constraints in BIM

A recurrent theme in the participants’ narratives was the restrictive nature of BIM tools
in facilitating creative exploration during the early design phase. Participants expressed
frustration over the rigid parameters and precision requirements embedded within BIM
environments, which were perceived as antithetical to the fluid and iterative nature of
conceptual design. Participant A6 noted, “You must decide if wall is 15 or 20 cm before you
even know if wall should be there at all!”. This sentiment was echoed in the metaphorical
comparison of BIM to “accounting software, not design tool” (A6), underscoring the
tool’s technical orientation over creative flexibility. Furthermore, participants highlighted
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how BIM tools prematurely force design decisions, with A6 remarking, “Creative process
needs freedom! BIM tools force you to think like engineer too early”. This rigidity was
perceived as a barrier to design innovation, as captured by A7: “In conceptual phase, I
need freedom, flexibility. BIM feels too. .. restrictive”. The emotional toll of this constraint
was evident in A7’s reflection: “I spent more time fighting with the software than actually
designing”. These reflections reveal a significant gap between the current capabilities of
BIM platforms and architects” cognitive and creative demands in the conceptual design
stage. Existing BIM tools appear ill-equipped to support early design ideation’s open-ended,
iterative nature.

Hybrid Workflow Preferences

In response to these creative limitations, participants described adopting hybrid
workflows that rely on non-BIM tools in the initial design stages. Sketching, physical
models, and intuitive modeling platforms such as SketchUp were preferred to explore and
iterate design ideas without the procedural constraints of BIM. As A5 explained, “We start
with sketching or simpler tools before putting ideas into BIM”, while A6 similarly affirmed,
“I prefer to sketch by hand or use simpler tools”. Participant A7 emphasized the intuitive
advantage of alternative platforms: “With SketchUp, I can quickly test many ideas without
worrying about families”. Many participants indicated that their typical practice involves
moving from analog or flexible digital tools into BIM only after core design ideas have been
resolved: “We often start outside BIM first—sketches, physical models, or simpler 3D tools”
(A7). A10’s comment further exemplified this workflow fragmentation, “We sketch ideas,
then use Al to interpret into BIM”. The prevalence of such hybrid workflows underscores
a knowledge and technology gap: current BIM platforms do not adequately support the
iterative and exploratory needs of early-stage design, compelling practitioners to rely on
disconnected workflows that complicate data continuity and collaboration.

Client & Stakeholder Communication Barriers

Participants also identified persistent communication barriers when using BIM outputs
for client engagement and stakeholder presentations. According to participants, many
clients misinterpret the technical representations generated in BIM models, mistaking
schematic visuals for final design solutions. As A4 observed, “Clients often mistakenly
assume that a 3D model represents a design when it’s quite basic”. This misunderstanding
often leads clients to fixate on placeholder elements or minor visual details: “Clients often
fixate on placeholder elements” (A4), and “Clients get confused by technical appearance”
(A6). Participants routinely resorted to creating simplified visualizations, exporting to other
formats, or using additional tools to bridge this comprehension gap: “We must export to
other formats because clients can’t navigate raw BIM” (A6), and “We extract views or make
simplified models for presentation” (A8). However, these efforts were not always seamless,
as A10 acknowledged: “Simplified dashboards and VR help, but not seamless”.

These findings indicate a critical gap in how BIM models communicate design intent to
non-technical stakeholders, necessitating additional effort, time, and tools to make design
concepts accessible.

Workflow Strategies and Templates

Despite the limitations of BIM in conceptual design, participants shared strategies
to streamline their workflows and maximize efficiency within these constraints. The use
of templates, parametric blocks, and modular workflows emerged as common practices.
Participant Al noted, “We use templates, uh, with basic parameters, for quickly change
things”, while A2 highlighted that “Setting up templates and parametric blocks can speed
up iterations”. Modular approaches were seen as beneficial: “Using modular workflows is
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helping a lot” (A2), and some firms institutionalized this strategy by developing “simplified
template projects for early design” (A4). Parametric modeling was also leveraged to
facilitate rapid scenario testing: “We rely heavily on parametric modeling to explore
scenarios quickly” (A5). Moreover, iterative version control within the BIM environment
was reported: “We maintain multiple design iterations within same BIM environment,
with clear version control” (A10). These strategies reveal how practitioners negotiate the
limitations of BIM tools yet also expose a knowledge gap: current BIM systems require
considerable customization and procedural workarounds to enable even a limited degree
of flexibility.

Al VR, and Generative Design Integration

Several participants discussed emerging technologies such as Al, VR, and generative
design as potential enablers of more flexible and immersive design workflows. VR was
noted for its increasing use in client presentations: “VR is increasingly being used for im-
mersive client presentations” (A5), though preparation time remained a concern: “We tried
VR once for client presentation, but preparation time was too long” (A5). A9 highlighted
the integration of Al-driven design tools: “With Al integration in BIM 2.0, everything is
changing!” Participant A10 elaborated on the practical application of these technologies:
“VR has proven to be quite valuable, for our team” and “Al helps us generate design options
based on project requirements”. Experimental use of Al-powered design assistants was
also mentioned: “We are actively experimenting with Al-powered design assistants” (A10).
These narratives reflect an emerging but underexplored area in practice: the integration of
advanced computational tools to overcome BIM’s conceptual design limitations. However,
the use of such technologies remains experimental and fragmented, pointing to a clear
knowledge and implementation gap in mainstream architectural workflows.

Vision for an IDEAL Conceptual Design Workflow

Finally, participants articulated a vision for an ideal BIM workflow that prioritizes
creative flexibility, intuitive usability, and seamless integration of conceptual and technical
phases. Participant Al envisioned, “Ideal workflow. .. it would be, uh, very flexible. You
start with, uh, very simple sketches...”. A common desire was for BIM tools to align more
closely with the thought process of designers: “BIM should think like an architect and
less like a database” (A4). Automation of transitions from sketch to BIM was suggested:
“Start with sketch—system converts into BIM automatically” (A6), alongside calls for
tools that “inspire creativity while capturing data” (A6). A7 articulated the need for
differentiated modes within BIM: “I wish BIM tools had a conceptual mode with different
rules!”. Participants emphasized that digital tools should augment rather than dictate
the design process: “The tools should serve design vision, not determine it” (A10), and
underscored the need for a paradigm shift: “The way we look at BIM must change!” (A10).
This shared vision illustrates a fundamental knowledge and technology gap in existing
BIM ecosystems. The absence of integrated, flexible, and creativity-oriented workflows
hinders the effective use of BIM during the early stages, necessitating further research and
development to bridge this divide.

3.3. Findings from the Semi-Structured Interview

The findings from the semi-structured interviews reveal that while BIM is increasingly
used in architectural design, it poses significant challenges during the conceptual design
phase. The need for greater creative freedom and flexibility is clear, with many architects
relying on hybrid workflows that combine BIM with other design tools. Additionally, the
integration of Al, VR, and generative design tools into BIM workflows was identified as a
promising direction for addressing these limitations. Finally, the communication barriers
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between BIM-generated outputs and client understanding indicate a need for improved
visualization and communication tools in BIM platforms. These findings underscore the
knowledge gaps in current BIM systems and the importance of developing a more inte-
grated, user-friendly platform that supports both creative ideation and technical accuracy
in the early stages of design. The insights gained through the interviews are founda-
tional to developing the proposed BIM evaluation framework that integrates immersive
technologies and human feedback.

3.4. Design and Development of Framework

The SLR conducted in this study revealed a recurring gap in early-stage BIM-based
architectural design workflows—specifically, the absence of mechanisms for incorporating
experiential, human-centered feedback into digital modeling environments. While ad-
vancements in automation, generative design, and simulation-based performance metrics
have improved technical capabilities, few frameworks account for how users emotion-
ally and cognitively experience space. This shortfall was further substantiated through
semi-structured interviews with practicing architects, who consistently identified BIM’s
limitations in supporting creative ideation, emotional resonance, and intuitive spatial in-
terpretation during the conceptual phase. Participants emphasized the pressing need for
evidence-based and perceptually rich methods that extend beyond visual accuracy and
functional criteria to evaluate spatial quality from a user’s point of view.

In response, this study proposes a three-stage experiential framework as shown in
Figure 15, that directly integrates findings from both the SLR and practitioner interviews.
The framework bridges the gap between design ideation and performance-based refine-
ment, aligning architectural workflows with human-centered design principles.

Stage-1: Experiential Design Ideation responds to the creative constraints in traditional
BIM environments by integrating sketch-based modeling, parametric tools, and Al-driven
generative design platforms. This stage promotes flexible and iterative exploration of
spatial concepts, accommodating emerging WebBIM and openBIM workflows that support
interoperability and early-stage design experimentation.

Stage-2: Immersive Evaluation introduces VR-integrated simulations and neurophysi-
ological feedback [142,143] to assess spatial experiences in real-time. Drawing from both
the literature and interview data, this stage addresses the need for user-centered evaluation
methods. To operationalize this, the study employs Electroencephalography (EEG) [82].
EEG’s high temporal resolution enables moment-to-moment tracking of affective and cogni-
tive responses as users navigate virtual environments. This allows architects to observe how
elements such as form, scale, materiality, and lighting influence user engagement—offering
insights unattainable through traditional performance simulation tools [80,81,83,144-147].

Stage-3: Experience-Informed Evidence-Based Design (EBD) refinement ensures that
insights gained through immersive evaluation are translated into actionable design updates.
This stage uses software like Autodesk BIM 360—software is version 16.14.0.2573—and
other real-time collaboration tools to support iterative modifications and integrated stake-
holder collaboration, thus addressing persistent issues of workflow continuity and cross-
platform interoperability identified in the SLR. By embedding EEG-enabled feedback loops
into the BIM-VR pipeline, the framework introduces a quantifiable, evidence-based ap-
proach to experiential design evaluation. It enables the real-time capture of user-centered
insights to inform conceptual decisions, ultimately supporting the development of archi-
tectural environments that are not only technically optimized but emotionally resonant
and cognitively aligned. This multi-modal framework, thus, lays a foundation for more
adaptive, intuitive, and immersive BIM workflows in early-stage design beyond visual
accuracy and functional criteria to evaluate spatial quality from a user’s point of view.
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Figure 15. Experience evaluation framework for conceptual model in BIM. Source: Authors.

3.5. Pilot Study

A pilot study was carried out to operationalize the proposed framework for human-
centric experiential evaluation in the conceptual design phase by testing the integration
of EEG-based neural data with immersive VR environments and BIM workflows. The
main purpose of the pilot study was to determine the possibility of gathering real-time
user experience data during the early design evaluations and to find out if this kind of
feedback can be helpful for iterative refinements within BIM platforms. This study directly
corresponds to Stage-2 (Immersive Evaluation) of the framework, which highlights the
need for both qualitative and quantitative metrics to assess the affective, cognitive, and
perceptual responses of users when interacting with spatial design concepts.

The pilot study examined how portable neuroelectrical tools, such as the Emotiv
5-channel EEG headset, can be used during immersive VR walkthroughs of six concep-
tual room designs. This approach is in line with the framework’s objective of supporting
evidence-based refinements in Stage-3, by using human validated experiential data to
inform design decisions in BIM. This pilot’s findings are the first step towards integrating
human experience more systematically into architectural workflows, closing the gap be-
tween creative ideation and experiential validation in real-time digital environments. The
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EEG signals were acquired with the Emotiv 5-channel headset which has a sampling rate of
128 Hz and has five electrodes (Anterior F3, T7, Pz, T8 and Anterior F4). Signal acquisition
was performed through EmotivPRO standard software, which gave raw time-series data
for each of the five electrodes. Electrode impedance was checked before recording to
ensure data quality, and only sessions with satisfactory contact quality were included in
the analysis. Each participant’s session involved six 1 min EEG recordings, one per virtual
room. The raw EEG data were examined visually and filtered using a 0.5-30 Hz band pass
filter to eliminate high frequency noise and low frequency drift. Emotiv’s “EmotivPRO
standard” EEG software measures brainwave activity as band power in microvolts squared
(1V?), indicating the strength of signals in each frequency band. These values are calculated
using FFT and reflect the brain’s average power in bands like Delta, Theta, Alpha, Beta,
and Gamma. Table 7 provides an overview of EEG frequency bands, their typical power
values, and associated mental states, which facilitates the interpretation of recorded EEG
signals [148,149].

Table 7. Classification of EEG Frequency Bands with Typical Power Ranges and Associated

Mental States.
Frequency Range Typical Power .
Band (Hz) Range (uV?) Associated Mental States
Deep sleep, unconsciousness (not
Delta 0.5-4 Hz 0.5-5 uv?2 typically active during
wakefulness)
Theta 48 Hy 2-10 V2 Relaxatlon, meditation, creativity,
internal focus
Calm wakefulness, relaxed
— - 2 7
Alpha 8-12Hz 515V alertness, mental coordination
Low Beta 12-15 Hz 412 pv2 Quiet focus, low engagement,
active thinking
High Beta 15-30 Hz 6-20 V2 Ale.r‘mess, stress, hlgh engagement,
active concentration
Gamma 30-100 Hz 3-12 V2 Higher cognitive functions,

learning, memory, and perception

For the analysis, the EEG signals were processed and aggregated in a systematic
manner. First, the data were segmented into 1 min epochs for each of the virtual rooms.
Then, channel-wise preprocessing was performed, in which noise artifacts such as motion or
muscle activity linking to the artifacts were detected and eliminated through thresholding
techniques. The channel-wise data at the participant level were then averaged across all
six virtual room conditions to obtain individual level metrics. Finally, these signal values,
including band power or mean amplitude, were averaged across all participants for each
electrode and room condition to obtain group-level insights. The following subsections
present the detailed analysis of the collected data.

3.5.1. Brain Wave Distribution Across VR Galleries

The box plot in Figure 16 illustrates the distribution of EEG frequency bands recorded
from participants across six VR galleries, each with distinct spatial patterns. The anal-
ysis revealed observable differences in neural activity across environments, suggesting
varied cognitive and emotional responses. In the boxplot, the central box represents the
interquartile range (IQR), encompassing the middle 50% of the data (Q1 to Q3), with the
horizontal line denoting the median. Whiskers extend to data points within 1.5 x IQR from
the quartiles, while values beyond this range are treated as statistical outliers. In this study,
diamond-shaped markers represent EEG amplitude outliers across specific brainwave
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bands (Theta, Alpha, etc.) under six distinct VR room conditions, indicating instances of
elevated or suppressed neural activity outside the normative range.

VR Room Type
50 + [ ROOML1 (Simple Square)
[0 ROOM2 (Artisan Print)
¢ [ ROOM3 (Numerous Flowers)
=3 ROOM4 (Checkers)
[0 ROOMS (4 Square)
[ ROOM6 (Complex Floral)

40 .

30

Amplitude

20 +

P o o1t LITT
10 J_

N I

Theta Alpha Low Beta High Beta Gamma
Brain Wave

Figure 16. Distribution of Brain waves across VR Room:s.

In Room 1 (Simple Square), Theta and Alpha waves showed high variance. This
observation suggests that while some participants experienced a relaxed state (as indicated
by elevated Theta/Alpha), others may have found the environment monotonous or under-
stimulating—leading to inconsistent engagement. Theta wave distributions included
extreme outliers in Room 2 (Artisan Print), indicating that some participants may have
reached intense relaxation or disengagement. Meanwhile, bursts of Beta activity in this
room point to moments of cognitive engagement despite the overall relaxed state.

In Rooms 3 and 4, increased dispersion in Beta waves was observed, likely due to the
visually complex patterns, which suggest heightened cognitive processing and attentional
demand. Concurrently, lower Alpha and Theta levels imply that these rooms evoked
weaker relaxation responses. Room 5 (4 Square) exhibited a more balanced distribution of
Theta and Beta waves, suggesting a spatial experience supporting relaxation and active
engagement. Finally, Room 6 (Complex Floral) displayed stable Beta and Gamma wave
activity without extreme outliers, indicating sustained cognitive engagement without signs
of mental overload or fatigue.

3.5.2. Average EEG Activity in Different VR Rooms

Table 8 displays the EEG band-power values recorded across six immersive virtual
room conditions, highlighting distinct patterns of neural modulation across Theta, Alpha,
Beta, and Gamma frequency bands. A one-factor repeated-measures ANOVA was con-
ducted with room type as the within-subjects factor to assess whether these variations were
statistically meaningful. The analysis revealed no statistically significant main effect of
room type on EEG band power (F = 1.635, p = 0.189). However, the test yielded a moderate
effect size (partial n? = 0.254), indicating that approximately 25.4% of the variance in neural
responses could be explained by spatial condition—a non-trivial proportion, particularly
within a small sample pilot context. While the lack of statistical significance precluded
the execution of post hoc pairwise comparisons, as per standard analytical guidelines, the
magnitude of the effect remains noteworthy. The results suggest an emerging trend of
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room-specific neural differentiation, which may reflect subtle but consistent modulations in
spatial perception or cognitive-affective engagement across environments. Given the sam-
ple size constraints (1 = 10), the study may have been underpowered to detect statistically
significant effects, especially for mid-range differences.

Table 8. Average EEG Band Power (uV?) Across Different VR Room Environments.

S. No Rooms El\l;zta :ilp;ha t(\)/v;' Beta I:\l]gZh Beta S;I;‘lma
1 ROOM1 (Simple Square) 7.37 3,74 6.27 9.18 4.85
2 ROOM2 (Artisan Print) 11.79 8.13 7.14 8.14 3.78
3 ROOM3 (Numerous Flowers)  8.12 7.37 6.58 10.25 4.53
4 ROOM4 (Checkers) 5.34 5.07 5.33 4.71 4,54
5 ROOMS (4 Square) 6.7 6.21 6.05 7.8 9.02
6 ROOMBS6 (Complex Floral) 9.127 8.05 8.27 7.13 5.57

Note: The EEG power values presented in the table represent absolute band power measured in microvolts
squared (1V?). Each value is the average across 10 participants for the corresponding rooms.

To interpret these patterns, EEG power band values were plotted for each room type
(Figure 17). The observed trend shows that Room 2 (Artisan Print) elicited the highest
Theta and Alpha power, frequencies commonly associated with relaxation and inward-
focused attention, implying that participants may have experienced this space as calming
and immersive. Rooms 3 (Numerous Flowers) and 5 (4 Square) showed elevated Beta
activity, with Room 3 peaking in High Beta, which is typically linked to increased cognitive
processing and attentional engagement, suggesting these spaces may have induced higher
mental workload. Gamma activity, observed most prominently in Rooms 5 and 6 (Complex
Floral), is associated with higher-order cognitive integration, possibly reflecting deeper
perceptual or learning-related processing. In contrast, Room 4 (Checkers) consistently
showed the lowest power across all bands, indicating it may have elicited a relatively
neutral or under-stimulating experience. Lastly, the uniform elevation across all bands in
Room 6 suggests a multisensory and cognitively rich environment, engaging both affective
and cognitive neural systems. Together, these observations reinforce the notion that distinct
spatial patterns in VR environments can influence EEG signatures in meaningful ways,
even without statistical significance, supporting the value of this framework for immersive
architectural design research.

EEG Band Power Across Room Types
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Figure 17. EEG band-power across six virtual room types, showing average uV?2 values for five

frequency bands and highlighting spatial variations in neural responses.
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3.5.3. Correlation Between Brain Waves

The heatmap in Figure 18 presents the Pearson correlation coefficients [150,151] be-
tween EEG brain wave bands—Theta, Alpha, Low Beta, High Beta, and Gamma—recorded
while participants experienced various virtual reality gallery environments. The observed
correlation values range from —1 to +1, where +1 indicates a perfect positive correlation,
—1 a perfect negative correlation, and 0 no linear relationship. In the heatmap, red hues
represent strong positive correlations, blue hues denote negative correlations, and lighter
tones indicate weak or negligible associations. The most prominent finding was a moderate
positive correlation between Theta and Alpha bands (r = 0.32), indicating co-activation dur-
ing states characterized by calmness and internalized attention. This pattern is consistent
with prior research associating Theta activity with meditative focus and Alpha with relaxed
wakefulness [152-154]. Additionally, positive correlations between Low Beta and High
Beta (r = 0.21) and between High Beta and Gamma (r = 0.29) were observed, suggesting
that these fast-frequency bands are jointly activated during tasks requiring heightened
attentional control, sensory integration, and executive processing [155-158]. In contrast,
weak negative correlations were found between Theta and Beta bands (ranging from
—0.17 to —0.18) and between Theta and Gamma (r = —0.19), as well as between Alpha
and High Beta/Gamma (r = —0.10 and —0.064, respectively). These inverse relationships
point to a functional trade-off between affective immersion and cognitive arousal: when
individuals are deeply relaxed or emotionally engaged, brain activity associated with exter-
nal task focus tends to diminish, and vice versa [152,159]. These findings are particularly
relevant in the context of VR-based spatial immersion, where design parameters such as
scale, enclosure, color, and ambient qualities can potentially bias the user toward one of
these cognitive-emotional states [160,161]. Moreover, research on neuroadaptive environ-
ments has shown that EEG indicators like Theta, Alpha, and Beta can be dynamically
tracked and modulated in real-time to optimize user experience and attentional balance
in VR contexts [162]. Thus, the heatmap not only quantifies neural synchrony but also
reveals a bifurcation in spatial experience—between spaces that invite reflection, stillness,
and introspection (Theta—Alpha dominant), and those that stimulate action, awareness,
and cognitive load (Beta-Gamma dominant). For architectural designers, these results
underscore the importance of spatial decisions not merely as aesthetic or functional choices,
but as tools to modulate mental states through measurable neurophysiological responses.
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Figure 18. Correlation Matrix of Brain Wave Band Powers.
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3.5.4. Comprehensive Analysis of the Experimental Study

The “Comprehensive Analysis of the Experimental Study” table (Table 9) presents a
synthesized summary of observed EEG responses across six VR room types. It highlights
each room’s dominant neural activity patterns and interprets them into corresponding
cognitive or emotional experiences and design implications. The Simple Square room
was characterized by elevated High Beta activity, an EEG indicator typically associated
with focused attention and mental engagement. This observation suggests that space may
be well-suited for environments requiring concentration and cognitive control, such as
workstations or study zones.

Table 9. Summary of Dominant Experiences, EEG Indicators, and Design Implications Across

Different Room Types.

Dominant . . s

S.No Room . EEG Indicators  Design Implication
Experience

. Cognitive High Beta Suitable for focused,

1 Simple Square . . .
Engagement dominance attention-demanding spaces

’ Artisan Print Deep Relaxation High Theta, Low Ideal for medltahon rooms,

Gamma calm environments
3 Numerous Cognitive High Beta, Low  Use in interactive galleries,
Flowers Stimulation Theta learning spaces

Neutral /Mild Low overall C?n be a.V01ded; lacks.

4 Checkers . o stimulation or relaxation
Relaxation activity .

benefit
Higher-Order Suitable for problem-solving
S Gamma .
5 4 Square Cognitive . spaces, learning
. dominance -

Processing environments

6 Complex Iligls?:ij[elon with High Thetaand  Ideal for wellness spaces that

Floral Gamma require subtle engagement

Engagement

The Artisan Print room showed increased Theta and reduced Gamma activity, a
pattern commonly linked to deep relaxation and reduced cognitive load. This implies that
space could effectively support meditative or calming environments, making it ideal for
wellness areas or rest zones. The Numerous Flowers room elicited high levels of High Beta
and low Theta, indicating heightened cognitive stimulation and alertness. This combination
suggests it would be most effective in interactive settings, such as educational galleries or
creative learning environments.

In contrast, the Checkers room displayed minimal EEG activity across all bands, sug-
gesting a neutral or mildly relaxing response, which lacks strong cognitive or emotional
impact. Based on this observation, it may have limited design value and could be less
effective for environments where targeted user experience is desired. The 4 Square room ex-
hibited dominant Gamma activity, often associated with higher-order cognitive processing,
suggesting its suitability for problem-solving tasks or educational applications.

Finally, the Complex Floral room demonstrated a combination of elevated Theta
and Gamma waves, indicating a blend of relaxation and positive cognitive engagement.
This neural signature implies the room could be particularly effective in wellness-focused
spaces where subtle mental stimulation is beneficial—such as therapeutic environments or
reflective public areas. Overall, these findings offer a bridge between neuroscientific data
and design application, enabling evidence-based spatial planning that aligns emotional
and cognitive responses with intended environmental functions.
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3.6. Validation of Stage-2 and Stage-3 Through Feedback Interviews: Immersive Evaluation and
Experience-Informed Refinement

The proposed framework requires validation of Stage-2 (Immersive Evaluation) and
Stage-3 (Experience-Informed Refinement in BIM) effectiveness in decision-making. The
participants experienced six virtual room environments while answering two open-ended
questions to self-assess their immersive design experience and the effects of design refine-
ments. The participants received anonymous treatment to maintain ethical standards and
protect their privacy. The study required real-time experiential feedback refinement, so
researchers used Revit’s native Twinmotion plugin which integrated with Unreal Engine
for immersive visualization and spatial interaction.

The two questions posed were as follows:

Q1: Can you describe your overall experience of exploring the six virtual rooms?
Which room stood out to you the most and why?

Q2: After your feedback was incorporated, did you notice any meaningful changes or
improvements in the refined design version? Describe what stood out. To what extent did
the refined design feel more aligned with your expectations or preferences compared to the
initial version?

The results from qualitative data analysis of the answers confirm the framework by
showing how immersive simulations produce useful experiential feedback (Stage-2) and
how this feedback combined with collaborative BIM-based refinement (Stage-3) produces
more satisfactory and user-aligned design outputs. The results of Question 1 are presented
in Tables 10 and 11, and those from Question 2 are summarized in Table 12.

Table 10. Results from Question 1: Participant Room Preferences and Subjective reasoning.

Participant Standout Room Subjective Description

P1 Room 3 Engaging and clear.

P2 Room 5 Cognitive clarity and balance.

P3 Room 2 Calming and repetitive.

P4 Room 4 Practical flow but lacked emotion.
P5 Room 6 Emotionally grounded.

P6 Room 5 Definitive arrangement.

pr7 Room 1 Minimalist and less engaging.

P8 Room 3 Balanced, not too complex.

P9 Room 4 Familiar but emotionally flat.

P10 Room 6 Positive ambiance and sensory feedback.

Table 11. Results from Question 1: Participant room preferences, Corresponding EEG-Based Spatial

Design Matches.
Room EEG Pattern Observed Suggested Design Use
Room 1 High Beta >> Cognitive Engagement =~ Focus/Attention-heavy spaces
Room 2 High Theta & Low Gamma >> Deep Calm zones or meditation areas
Relaxation
Room 3 H{gh Bet.a & Low Theta >> Cognitive Interactive/learning spaces
Stimulation
Low Overall Activity >> Neutral/Mild Least stimulating or neutral
Room 4 . -
Relaxation environments
Gamma Dominance >> Higher-Order = Problem-solving or educational
Room 5 . .
Cognition settings
High Theta & Gamma >> Relaxation + Wellness or reflective
Room 6 L .
Positive Engagement environments
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Table 12. Results from Question 2: Participant Feedback on Design Refinements and Resulting

Spatial Alignment.
. . Changes Made as Refinement to the . .
Participant Existing Model Design Alignment
P1 Enhanced spatial proportions. Rgﬁned Room 3 felt more engaging and cognitively
stimulating.
P Adjusted enclosure and openness. Eesflir;ed Room 5 better supported deeper cognitive
P3 Improved flow and calming transitions. Room 2 became more immersive for relaxation
purposes.
P4 Accentuate hierarchy and spatial Room 4 remained less stimulating; preferred more
rhythm. cognitive engagement.
P5 Better materiality and ambient effects. Roqm 6 felt richer in multisensory cues, improving
positive engagement.
6 Better zoning and clarity in layout. ROOI]El .5 supported clearer problem-solving and
cognitive focus.
Py Retained minimal abstraction. Roqm 1 remained suitable for attention-heavy
environments.
P8 Need for Stronger behavioral cues and ~ Room 3 fostered more interactive engagement, as
transitions. desired.
P9 More performance feedback is Room 4 improved in function but still lacked
integrated to reduce monotony. emotional depth.
P10 Need to add texture to enhance sensory  Room 6 was closest to wellness-based experiential
balance and user engagement. intent.

Table 10 reports participants’ subjective responses to Question 1, highlighting which
virtual room stood out most and why. The observed data show that participants expressed a
wide range of preferences—some, like P1, P2, and P8, favored rooms (Room 3 and Room 5)
that they described as offering “engagement”, “clarity”, or “balanced configuration”. These
responses suggest that these rooms were perceived as cognitively stimulating or supportive
of focused thinking. Others, such as P5 and P10, identified emotional and atmospheric
qualities, describing Room 6 as “emotionally grounded” or possessing “positive spatial
feedback”, pointing to a deeper affective resonance with the environment.

In contrast, participants like P4 and P9 mentioned Room 4 (Checkers) as familiar but
emotionally lacking, reflecting a more neutral or underwhelming spatial experience. These
observations imply that participants could discern and communicate nuanced differences
in the experiential quality of each room. The thematic diversity in responses—from mental
clarity to emotional grounding—demonstrates that immersive VR effectively evokes a
range of cognitive and affective impressions. This supports the framework’s validity in
using VR environments to elicit meaningful user feedback in early-stage architectural
design evaluations.

Table 11 presents the observed EEG-based classifications for the six virtual rooms,
identifying their dominant frequency bands and associated cognitive-affective states. For
instance, Room 2 (Artisan Print) showed elevated Theta and reduced Gamma activity—an
EEG pattern commonly associated with deep relaxation and inward-focused attention, sug-
gesting the room induced a calming, meditative experience. Similarly, Room 5 (4 Square)
was characterized by Gamma dominance, which is often linked to higher-order cogni-
tive functions such as problem-solving and integrative thinking, indicating its potential
effectiveness in environments designed to support focused mental tasks.

In contrast, Room 4 (Checkers) exhibited uniformly low EEG activity across all fre-
quency bands, implying the room elicited minimal cognitive stimulation or emotional
engagement. This helps explain participants’ more neutral or underwhelming subjective re-
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sponses to this space. These physiological patterns objectively validate the user-experienced
spatial qualities recorded in Table 11. The match between measurable brainwave activity
and participant-reported experiences reinforces the reliability of the framework, demon-
strating its ability to connect immersive spatial design with real-time biometric feedback.

By aligning neural data with experiential feedback, this EEG-based classification
system supports the broader goal of developing evidence-based, user-centered design
approaches in architecture. It highlights the value of physiological metrics as a rigorous
method for evaluating affective and cognitive responses to space, paving the way for more
responsive and personalized spatial environments.

Table 12 presents observed changes in design outcomes based on participant feedback
during the validation phase. Specific modifications—such as spatial proportion enhance-
ments (P1), enclosure adjustments (P2), and improved zoning (P6)—were implemented
in Rooms 3 and 5. These changes led to clearer spatial organization and heightened cog-
nitive stimulation, aligning these rooms more closely with their intended interactive and
problem-solving functions. Similarly, participants seeking relaxation or wellness (P3, P5,
P10) identified improvements in spatial flow, materiality, and sensory textures. These
refinements enhanced Rooms 2 and 6, making them more immersive and emotionally
resonant for meditative or restorative experiences.

In contrast, feedback from P7 and P8 emphasized maintaining minimalist abstraction
or integrating stronger behavioral cues—reflecting diverse user expectations related to
cognitive engagement and spatial legibility. Room 4, which received layout and feed-
back optimizations from P4 and P9, still failed to evoke a strong emotional connection,
reaffirming earlier findings from immersive evaluation that it was the least affectively
engaging environment.

These results indicate that the feedback-driven refinements were meaningful and
effectively aligned design outputs with user expectations. The findings underscore the
interpretive value of combining immersive VR evaluation with EEG-based tracking, which
captures subtle affective and cognitive responses. As previous research supports, this dual-
method approach reveals experiential patterns that might be overlooked in conventional
design reviews. Consequently, EEG-informed experiential feedback—when integrated into
BIM-based design workflows—can enhance the architectural design process by aligning
spatial intent with end-user experience, advancing the field of human-centered, evidence-
based design.

4. Discussion

This study explores how user-centered neurophysiological feedback can meaningfully
enhance conceptual design evaluation within BIM workflows—an area historically dom-
inated by technical and performance-based metrics. By employing EEG and immersive
VR within a BIM-integrated framework, this research demonstrates a novel, yet feasible,
approach for capturing real-time cognitive and affective responses to spatial stimuli. The
Systematic Literature Review (SLR) and semi-structured interviews were instrumental in
identifying gaps in current BIM workflows, particularly the underutilization of affective
metrics and practitioners’ desire for more intuitive, feedback-driven design tools. These
findings informed the structure of the three-stage framework and ensured its alignment
with both theoretical and professional design practices.

While the pilot study utilized a small participant pool (n = 10), the observed moderate
effect size (partial n? = 0.254) aligns with similar exploratory EEG-VR studies in architecture.
For example, Xia et al. [163] and Banaei et al. [164] reported statistically significant findings
using 10-15 participants, but only under distinct stimulus contrasts. These precedents
affirm that smaller architectural manipulations may not always yield statistically significant
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outcomes, but they can still produce meaningful neural trends worth further investigation.
In this study, the absence of statistically significant differences in EEG band-power across
six rooms (p = 0.189) was accompanied by notable perceptual differentiation. Approxi-
mately 25% of the variance in neural response could be attributed to room type—a result
comparable to previous VR-EEG studies such as Jelic et al. [161], where moderate n? values
were interpreted as indicators of early-stage differentiation. This study, therefore, adopts a
similar interpretation: it views these EEG patterns as exploratory signals that, while not
definitive, contribute to a growing body of knowledge on neuroarchitecture.

This interpretation gains further credibility from Taherysayah et al. [84], who ar-
gue that small-N EEG studies in neuroarchitecture should not be dismissed when ef-
fect sizes are moderate and supported by qualitative convergence. In this research, sub-
jective reports aligned with EEG trends—cognitively stimulating spaces elicited higher
Beta/Gamma activity, while emotionally grounding environments elevated Theta/Alpha
rhythms—supporting the framework’s underlying assumption that architectural stimuli
can be meaningfully linked to measurable experiential feedback.

Furthermore, Stage-2 and Stage-3 of the framework—Immersive Evaluation and
Experience-Informed Refinement—were validated qualitatively through post-experience
feedback interviews. Participants acknowledged improvements in spatial clarity, zoning,
and ambiance following iterative design modifications based on experiential input. This
validation reinforces the practical feasibility of integrating biometric data with subjective
assessment in early-stage BIM design workflows.

This study contributes to the expanding discourse on neurophysiological methods
in architectural evaluation [143,164-166]. The integration of EEG [145,146] into a BIM-VR
framework [41,123,167-169] not only confirms the feasibility of such a workflow but also
emphasizes EEG’s potential in capturing attention, relaxation, and cognitive load in a spatial
context. The framework’s methodological foundations are well-aligned with recognized
design models such as the RIBA Plan of Work [23], the Double Diamond [170,171], and
IDEO’s Human-Centered Design approach [172]. This alignment underpins its versatility
across both architecture and interdisciplinary design domains that prioritize empathy,
iteration, and feedback.

The proposed framework can be selectively adopted depending on project size and
complexity. For smaller projects, the emphasis can be placed on experience prototyping
and rapid iteration to facilitate quick design decisions, with tools like WEBBIM being par-
ticularly useful for such scenarios. In contrast, larger projects benefit from the framework’s
capacity to support multi-stakeholder visualization and collaborative review, leveraging
legacy software to manage more detailed processes. This framework is designed to handle
both scenarios effectively, though it must be tested across various case-based scenarios to
ensure its versatility and scalability.

Lastly, while the framework demonstrates clear adaptability to areas like Wellbe-
ing [165,173,174], Universal Design [117], and Ambient Assisted Living [175], its long-term
impact will depend on addressing social and cultural variability in spatial experience.
Future iterations should account for individual differences in perception shaped by age,
gender, culture, and design literacy. Additionally, incorporating multimodal sensing tech-
nologies such as eye-tracking, GSR, or heart rate variability will improve granularity,
increase validity, and expand the scope of experiential design research.

5. Conclusions

This pilot study presents a novel, interdisciplinary framework that bridges a long-
standing gap in early-stage architectural design: integrating real-time, user-centered ex-
periential feedback into BIM workflows. The framework introduces three interconnected
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stages—experiential Design Ideation, Immersive Evaluation, and Experience-Informed
Refinement—that directly embed affective and cognitive insights into the design process
using immersive VR and EEG data.

Grounded in a Systematic Literature Review and architect interviews, the research
identified recurring limitations in current BIM practices and strong practitioner interest in
intuitive, immersive, and evaluative technologies. To operationalize this insight, a pilot
study was conducted, in which participants experienced six VR-designed room typologies.
While statistical significance was not achieved, the study observed clear neural trends
correlated with subjective spatial impressions, underscoring the framework’s potential for
affective differentiation in architectural stimuli.

5.1. Key Contributions

This study presents a framework combining BIM, VR, and EEG to assess spatial
experience in design. Empirical results show EEG’s sensitivity to cognitive and emotional
responses, while practical insights illustrate how experiential feedback can enhance early
design through data-driven integration. The primary contributions are as follows:

e Proposed a new framework (methods) that unifies BIM, VR, and EEG to evaluate
spatial experience during conceptual design;

e  Demonstrated EEG’s sensitivity to cognitive and emotional responses even in a small-
N, proof-of-concept setting;

e  Practical: illustrated how experiential feedback can be systematically embedded into
early design workflows, offering a data-rich complement to intuitive ideation.

5.2. Limitations

This study, while offering valuable insights into integrating experiential feedback
within BIM workflows, has several limitations, which must be acknowledged to contextu-
alize the scope and applicability of the findings.

e  Exploratory Scope and Sample Size: the study was exploratory in nature, involv-
ing a limited sample size (n = 10) with no control group, which restricts statistical
generalizability.

e Participant Profile: the participant cohort consisted solely of architecture stu-
dents, which may not reflect the responses of professional practitioners or diverse
user groups.

e  Short-Duration and Simulated Exposure: EEG data were recorded during brief sim-
ulated spatial experiences and may not represent long-term or ecologically valid
interactions with built environments.

e Controlled Lab Setting: EEG recordings were conducted with participants seated
in a controlled environment to reduce motion artifacts. This does not fully
replicate real-world engagement scenarios, such as dynamic movement within
immersive spaces.

e  Subjective Feedback Bias: While the study triangulated EEG data with qualitative self-
reports, subjective feedback may be prone to perceptual and reporting bias, despite
reflexive measures adopted during thematic analysis.

e Framework Development Stage: The BIM-VR-EEG integration remains in the proof-
of-concept phase and has not yet been tested in real-world BIM execution workflows
or project team collaborations.

5.3. Future Research Directions

Future work will expand sample diversity, integrate multimodal sensing, and conduct
longitudinal studies in real-world design settings. Developing BIM plug-ins for real-time
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EEG integration will support seamless, iterative evaluation within design tools. The
significant aspects of further study are as follows:

e Increase in sample diversity and size for statistical validation;

e Introducing multimodal physiological sensing (e.g., GSR, HRYV, eye tracking) for richer
feedback integration;

e  Conducting longitudinal studies across diverse typologies and real-world studio
workflows;

e  Developing BIM plug-ins for real-time EEG data integration, enabling seamless itera-
tive evaluation in design tools.

This study offers a compelling proof-of-concept that EEG-informed VR-BIM workflows
can capture experiential data in meaningful ways. It lays a strong foundation for affect-
responsive architectural design and signals a shift toward a more empathetic, user-aligned,
and cognitively informed future in the built environment.
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Abstract: While blockchain technology (BT) has gained attention in the construction indus-
try, limited research has focused on its application in sustainable construction procurement
management (SCPM). Addressing this gap, the present study investigates the key drivers
influencing BT adoption in SCPM using a hybrid methodological approach. This study
includes a systematic review of academic and grey literature, expert consultations, and
quantitative analysis using advanced fuzzy-based algorithms, k-means clustering, and
social network analysis (SNA). Data were collected through an online survey distributed
to professionals experienced in SCPM and blockchain implementation. The Fuzzy DE-
MATEL results identify “high quality”, “decentralization and data security”, and “cost
of the overall project” as the most critical drivers. Meanwhile, SNA highlights “stability
of the system”, “overall performance of the project”, and “customer satisfaction” as the
most influential nodes within the network. These insights provide actionable guidance
for industry stakeholders aiming to advance SCPM through blockchain integration and
contribute to theoretical advancements by proposing novel analytical frameworks.

Keywords: blockchain technology; sustainability; procurement management; industry 4.0;
fuzzy logic; artificial intelligence

1. Introduction

The construction industry (CI) has been recognized as one of the most environmentally
unfriendly industries, with a substantial environmental footprint stemming from the extrac-
tion and processing of raw materials, transportation, and waste disposal [1]. These activities
contribute significantly to greenhouse gas emissions, pollution, and ecosystem degradation.
However, the integration of Industry 4.0 technologies such as 3D printing, robotics, drones,
BIM, and IoT has created new opportunities for adopting more sustainable construction
practices [2-4]. Among these, blockchain technology (BT) has emerged as a promising
solution to enhance transparency, accountability, and operational efficiency within construc-
tion supply chains. Its application enables better tracking of raw materials and logistics,
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helping to curb illegal or unsustainable practices such as mining in restricted areas and
deforestation. Furthermore, BT can facilitate efficient resource management, minimize
construction waste, and support environmentally responsible decision-making [5].

Past research has increasingly emphasized BT’s potential to promote sustainability
within the construction industry. For instance, studies by Zhong et al. [6] and Perera et al. [7]
demonstrate how BT can improve traceability of sustainable materials, foster trust among
stakeholders, and reduce procurement fraud. These findings support the argument that BT
is not merely a digital tool but a strategic enabler of sustainable construction transformation.
Despite such advances, the integration of sustainability goals into procurement practices
remains underexplored.

Originally conceptualized by Satoshi Nakamoto in 2008 with the release of Bitcoin [8],
BT has since expanded beyond financial systems into various sectors, including agriculture,
logistics, healthcare, and construction. Recent studies have examined BT’s potential to
improve transparency, efficiency, and trust in construction procurement, particularly within
the scope of sustainable construction procurement management (SCPM) [9-12]. SCPM
refers to procurement processes that incorporate sustainability principles—such as environ-
mental stewardship, social responsibility, and economic viability—into decision-making.

Unlike conventional procurement, SCPM introduces additional expectations such
as environmental certifications, responsible sourcing, and lifecycle impact assessments.
Although BT has been widely acknowledged for improving transparency and reducing
transaction costs [13,14], prior studies have primarily focused on general procurement
applications. Consequently, the literature offers limited insights into how BT can be
strategically leveraged to meet the distinct sustainability objectives of SCPM, leaving a
crucial research gap that this study aims to fill.

To address this gap, this study aims to explore and evaluate the key drivers influencing
the adoption of blockchain technology in SCPM. Specifically, this study formulates the
following research objectives (ROs), designed in a logical progression.

The novelty of this research lies in its comprehensive approach to addressing the
identified research gap. To fill this gap, this study explores the following research
objectives (RO):

(RO1): To conduct a comprehensive literature review to identify a set of potential
drivers for adopting BT in SCPM.

(RO2): To identify the relative influence of these identified drivers using the modified
Fuzzy Decision-Making Trial and Evaluation Laboratory (FDEMATEL) method, thereby
determining which drivers have the most impact in the SCPM context.

(RO3): To analyze the relational structure and prominence of these influential drivers
through Social Network Analysis (SNA), thereby identifying those with the greatest strate-
gic potential for facilitating BT adoption.

These objectives are sequential: first, identifying a comprehensive list of drivers
(RO1), then quantifying their influence (RO2), and finally mapping their interrelationships
and strategic significance (RO3). This layered approach ensures that the analysis is both
data-driven and context-specific to SCPM, providing a comprehensive understanding of
the subject matter. The novelty of this study lies in its integrative methodology, which
combines FDEMATEL and SNA. These two advanced analytical tools have not been
extensively applied in this domain to unravel the interdependencies and centrality of BT
adoption drivers in sustainable procurement. Moreover, by focusing on SCPM rather
than general procurement, this study advances theoretical understanding and provides
actionable insights for aligning emerging technologies with sustainability goals in the
construction sector. The findings are expected to support both academic inquiry and
practical policy formulation by offering a framework for decision-makers and practitioners
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to prioritize interventions that foster BT-enabled sustainable procurement systems in the
construction industry.

2. Literature Review
2.1. BT and SCPM

Blockchain Technology (BT) enhances transparency, efficiency, and trust in information
sharing through its decentralized, encrypted ledger system. BT has four key characteristics.
First, it allows businesses to share data seamlessly across networks, making it particularly
valuable for multi-organizational settings, such as financial consortia and procurement
systems, because it is distributed and synchronized among all participants [15]. Second, BT
incorporates smart contracts, which are pre-defined agreements stored on the blockchain
before execution. These contracts are automated computer protocols designed to facilitate,
verify, and enforce terms digitally, enabling trustworthy transactions without the need
for third-party intermediaries. Depending on the protocol, specific operations such as
payments are automatically executed. Smart contracts can also define non-monetary
conditions, providing stakeholders with assurance that all actions within the network
adhere to agreed-upon rules [16]. Third, BT operates on a peer-to-peer (P2P) network where
consensus among participants is required for validating transactions, thereby preventing
inaccuracies or fraudulent records. Lastly, the immutability of blockchain data ensures that
validated transactions cannot be altered [17].

Traditional construction procurement primarily focuses on the “iron triangle” of
cost, time, and quality. In contrast, sustainable construction procurement management
(SCPM) integrates environmental, social, and economic dimensions into procurement
decisions. SCPM emphasizes reducing environmental impacts through practices such
as lifecycle assessments, the use of low-carbon materials, and minimizing construction
waste. It also promotes social equity (e.g., ensuring fair labor practices and supporting local
employment) and long-term economic resilience. Unlike conventional procurement, which
often prioritizes immediate project deliverables, SCPM demands transparency, traceability,
and accountability across the entire supply chain. BT supports SCPM by enabling end-to-
end material traceability, verification of sustainability claims, and real-time performance
monitoring, which are essential for achieving SCPM’s holistic objectives.

Any asset recorded on a blockchain can be traced to its origin, journey, and final
status, offering complete provenance tracking. BT can operate as either public (e.g., Bit-
coin) or private (permissioned) networks, with the key difference being who is allowed
to participate in the network. Public blockchains are open to anyone and typically use
incentive mechanisms to encourage participation, as seen with Bitcoin [18]. However,
public blockchains require high computational power due to consensus mechanisms like
proof-of-work (PoW). Alternatives such as Proof of Stake (PoS) or Proof of Authority (PoA)
may be used depending on the network design. Private blockchains, on the other hand,
require invitations and validation before participants can join, making them particularly
suitable for business supply chains (SCs) where controlled access and confidentiality are
critical [19]. The adoption of BT can significantly expand business horizons by enabling
decentralized, “trustless” transactions, removing intermediaries, and facilitating coordi-
nation among diverse supply chain members. For example, Maersk, a global logistics
leader, reported saving billions of dollars in maritime container management through its
partnership with IBM on BT [20].

For BT to operate effectively in procurement or broader economic systems, trust must
be established among participants in generating, storing, and sharing critical records. In
traditional settings, industries such as banking, healthcare, and education rely heavily
on third-party entities for record-keeping and maintenance. In contrast, BT-based digital

90



Infrastructures 2025, 10, 207

systems reduce the risk of human error or corruption by ensuring secure, tamper-proof
record-keeping [21]. Within procurement, particularly SCPM—BT, enhances coordina-
tion and collaboration across various stakeholders engaged in planning, monitoring, and
executing projects [22].

While BT offers multiple advantages, it also brings challenges. On the positive side, it
enables procurement to achieve traditional objectives—such as cost reduction, risk miti-
gation, and quality control while improving sustainability. For example, logistics services
that are critical for delivering customer value can be streamlined and authenticated us-
ing BT-supported quality assurance mechanisms. Although conventional quality audits
remain necessary, BT accelerates processes and makes transactional records more robust
and reliable [12,23]. BT also provides a solid foundation for resolving global procurement
challenges through its ability to enhance transparency, traceability, and security. Its architec-
ture, based on cryptographically timestamped and immutable records, ensures that every
transaction event is verifiable [24]. These features not only improve the trustworthiness
of smart contracts but also facilitate stronger stakeholder relationships. Despite these
benefits, many SC networks have encountered technical, organizational, behavioral, and
policy-related barriers during the adoption of BT [25].

Recent research has explored the intersection of BT and sustainability. Studies indicate
that BT’s tracking and tracing capabilities can support more sustainable procurement by
improving resource monitoring, waste reduction, and compliance with environmental stan-
dards [26]. BT has applications in sustainable water management, agriculture procurement,
and product decarbonization, reflecting its growing potential in industries committed to
reducing their environmental footprint. Companies are becoming increasingly aware of
the need for traceability and sustainability, not only for regulatory compliance but also
to maintain public trust and build stronger relationships with environmentally conscious
consumers. These considerations often take precedence over traditional cost-cutting mea-
sures. However, sustainability and cost efficiency are sometimes perceived as conflicting
priorities, making SCPM a complex yet crucial focus area [27].

2.2. Past Studies on BT Adoption in SCPM

The existing literature highlights the transformative potential of blockchain technol-
ogy (BT) in addressing procurement challenges such as improving transparency, ensuring
integrity and compliance, resolving disputes, and managing stakeholder expectations.
By maintaining immutable records of product origins, procurement members, and op-
erational processes on blockchain ledgers, BT can enhance traceability, authenticity, and
chain-of-custody management [26]. Numerous studies emphasize the positive impact of BT
procurement sustainability; however, research on the specific challenges of integrating BT
into sustainable procurement programs—such as resource constraints, inter-organizational
coordination, and technological limitations—remains limited [23]. This study aims to
address these gaps by examining the drivers of BT adoption in SCPM, offering action-
able insights to help organizations navigate the complexities of integration and enhance
sustainability practices in construction procurement.

Much of the existing research explores firms’ intentions to adopt BT rather than
identifying the critical success factors (CSFs) influencing implementation. Transaction
Cost Theory (TCT) is frequently employed to evaluate the impact of BT procurement, with
studies highlighting its ability to reduce opportunistic behavior, minimize uncertainty,
and lower transaction costs [28]. Several studies have employed Decision-Making Trial
and Evaluation Laboratory (DEMATEL) techniques to investigate factors influencing the
adoption of BT in agriculture and other supply chains (SCs). These studies primarily
assessed interrelationships among adoption barriers in industrial and service sectors.
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However, such research often focuses on cryptocurrency-related challenges in public
blockchain contexts, with limited attention to private BT applications or SCPM-specific
issues, reducing their relevance to construction procurement [29].

BT’s potential to enhance supply chain performance by improving quality, reducing
costs, and increasing transparency has been widely recognized. In manufacturing, BT
combined with radio frequency identification (RFID) has been proposed for tracking
agricultural goods during early adoption stages. Parmentola et al. [30] emphasized that BT
can create accurate, tamper-proof, and secure systems that improve sustainability.

However, reviews of digital supply chain (SC) technologies often overlook BT entirely,
suggesting a lack of academic focus on its role in procurement transformation. Studies
on SC traceability have examined both the practical applications of blockchain and the
challenges associated with its implementation in trade-related SCs [31].

BT has been extensively discussed as a tool for enhancing data security, access control,
and records management. However, much of the literature overlooks the exploration
of how blockchain-based structural frameworks and architectures can be implemented
effectively. Research has highlighted the potential of BT in sustainable and innovative cities,
considering environmental, economic, and social governance perspectives [29]. Popular
platforms such as Ethereum and Hyperledger Fabric are widely cited for blockchain
deployment. In supply chain contexts, BT is considered a critical technology for achieving
efficient logistics operations through approaches such as mean-variance optimization [32].

Similarly, studies in the gem industry emphasize BT’s ability to ensure ethical sourcing
and sustainability, particularly in sectors facing reputational risks due to unethical prac-
tices. In agri-food supply chains (ASCs), blockchain-based traceability has been extensively
studied. For instance, BT has been applied to Indian food-retail SCs to monitor product
authenticity [33], while the integration of IoT, HACCP, and blockchain has been proposed
to improve real-time food safety and transparency [34]. A blockchain-based quality man-
agement framework was also suggested to address issues of centralized trust, information
asymmetry, and inspection costs in SCs [35].

Sharma et al. [36] developed a blockchain-enabled IoT supply chain management
system to monitor environmental parameters, including humidity, soil moisture, and air
temperature, in real-time, thereby achieving high levels of transparency and security in
procurement operations. Their system also leveraged barcodes and QR codes to enhance
traceability in the mango and pork value chains [23]. Moreover, BT’s potential to contribute
to the United Nations Sustainable Development Goals (SDGs) has been explored, with
experts emphasizing its ability to improve transparency, build trust, and ensure secure
information sharing in procurement [37]. Some studies even propose that BT could allow
firms to develop proprietary cryptocurrencies and protect sensitive data [38].

Despite its promise, BT adoption in construction and SCPM faces significant barri-
ers. The absence of clear norms and regulatory guidelines is a major impediment, pre-
venting seamless integration into existing systems in the highly regulated construction
industry [39,40]. Establishing standardized protocols is necessary to boost organizational
confidence and avoid legal or governmental conflicts [41]. From a technical perspective,
construction projects necessitate complex, multi-party data exchanges, which raises con-
cerns about trust in decentralized systems and the protection of sensitive data [42]. Studies
also emphasize the need for stronger security and privacy frameworks to ensure effective
adoption [43].

Furthermore, the high implementation costs of BT pose challenges for small- and
medium-sized enterprises (SMEs). There is also a widespread lack of understanding of BT’s
operational and strategic potential, combined with the absence of well-defined technical
standards [11]. Therefore, further research is needed to address these gaps, particularly in
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identifying SCPM-specific drivers, barriers, and success strategies to enable widespread
adoption and maximize BT’s potential to enhance transparency, sustainability, and cost
efficiency [44].

2.3. Research Gaps

The existing literature highlights the transformative potential of BT in enhancing
transparency, traceability, and operational efficiency across various sectors, including
supply chain management, agriculture, and logistics [45,46]. In the construction domain,
studies suggest that BT can reduce transactional friction, mitigate information asymmetry,
and ensure the immutability of records [7,46]. These capabilities are particularly relevant
to construction procurement, which often suffers from fragmented processes and a lack of
trust among stakeholders.

However, several important gaps remain in the scholarly discourse:

e  While BT has been widely discussed in general supply chains [47], there have been
limited empirical studies specifically addressing its application within SCPM. Existing
research often centers around public blockchains or cryptocurrency-focused systems,
with insufficient emphasis on the potential of private or consortium blockchains
tailored for construction procurement with sustainability mandates [6,48].

e Although studies have examined BT adoption in construction [49,50], many focus
on perceived benefits or general intentions. Few have systematically identified and
evaluated the critical drivers that influence adoption in sustainability-driven procure-
ment environments, where environmental, social, and governance (ESG) goals play a
central role [51,52].

e The current literature lacks robust analytical models that employ Multi-Criteria
Decision-Making (MCDM) techniques, such as Fuzzy Delphi, AHP, or DEMATEL, to
prioritize BT adoption factors in SCPM. Most contributions remain at a conceptual
level or offer generalized roadmaps, without presenting structured frameworks that
can support practical implementation and policymaking [53,54].

Based on these observed gaps, this study aims to provide a grounded and method-
ologically robust framework for identifying and evaluating key drivers of BT adoption in
SCPM. By combining expert input with integrated MCDM techniques, this research aspires
to inform both theoretical understanding and practical decision-making in sustainable
construction procurement contexts.

3. Research Methodology

The research methodology for this study is structured into three sequential phases,
as illustrated in the research flow chart (Figure 1). The first phase involves identifying the
drivers for the adoption of BT in SCPM through a comprehensive literature review and
expert consultations. The second phase focuses on data collection to validate and refine
the identified drivers. The third phase involves data analysis using a hybrid approach
combining fuzzy DEMATEL, k-means clustering, and social network analysis (SNA) to
evaluate the drivers and their interrelationships. This phased approach ensures a systematic
pathway from conceptualization to empirical analysis.
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Figure 1. Research framework.

3.1. Phase 1: Identification of Drivers

This section outlines the process of identifying and validating the drivers for BT
adoption in SCPM. Initially, a comprehensive review of academic literature and grey
literature (including government, industry, and project reports) was conducted to extract a
preliminary list of 32 potential drivers [55]. To ensure robust validation, a panel of 13 experts
was formed, with selection criteria requiring each expert to have at least 3 years of direct
experience in construction procurement and a professional background in the construction
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industry or academia [56]. The number 13 was chosen following recommendations from

expert elicitation studies, which suggest that panels of 10-15 participants are sufficient to

ensure diversity and reliable feedback while maintaining feasibility for in-depth discussions.

An expert discussion was conducted via Zoom Meeting to evaluate and refine the identified

drivers [9]. During the session, experts assessed the relevance and clarity of the 32 drivers

and proposed organizing them into broader thematic categories. For example, the driver

“Stability of the system” was expanded to include related elements such as transparency,

security, elimination of intermediaries, and trustworthiness [11,57]. Based on iterative

consensus, the 32 drivers were consolidated into 12 overarching categories to enhance

clarity and usability. This refined set of 12 drivers forms the foundation for subsequent

analysis in this study (Table 1).

Table 1. List of drivers with description.

Drivers Code

Description

References

Stability of the system D1

The four variables in assessing system robustness
are transparency, security, removing intermediaries,
and trustworthiness. After integrating BT into the
SCPM, all of these characteristics made the SCPM
and system more robust and sustainable, due to the
transparency in information flow, stability of data,
and peer-to-peer transactions that did not involve a
third party.

[2-5,58]

Cost of the overall project D2

Three variables are combined to form the overall
cost, energy, and project costs. The overall SCPM
cost encompasses all financial investments,
including documentation fees, stationery expenses,
human resources costs, electricity costs, facility
costs, and documentation incurred during
production, among other expenses.

[15-18]

The overall performance of

the project b3

The project’s overall performance is measured by
the efficiency, effectiveness, and speed with which
the job is performed, characterized by low response
times, high standardization, and reduced
complexity of the work. A composite of five
variables is built by examining the correlations
between efficiency, speed, automation,
simplification of current paradigms, and sharing
demand in SCPM.

[9,37,59-62]

Decentralization and

data security i

By experts under the name data safety and
decentralization, a group of four variables is
grouped. All people involved directly or indirectly
in the system need records and information
regarding standardization, production, and supply.
It is only on BT-integrated SCPM that it is possible
to hack, change, control, or lose data for any reason.

[12,21,63-65]

Adaptability D5

Regarding adaptability, three variables—traceability,
visibility, and identifying issues—form an ordinary

driver. Using loT/Industry 4.0, adaptability means

tracking causes, goods location, accidents, and fraud
between a SCPM’s manufacturing and

end-use processes.

[24-27]
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Table 1. Cont.

Drivers

Code

Description

References

Policies and laws

Dé

A significant amount of time and effort is required
to document laws and policies. Documentation
plays a crucial role in all contracts, but public ledger
technology provides transparency, speeds up work,
checks for corruption in government, and also helps
identify scams within any organization. The
importance of data records for any legal action
cannot be overstated. This technology does not
allow for the deletion or modification of data,
ensuring that there can be no fraud. Laws and
government policies have been taken into account in
the design to ensure accessibility.

[23,26,28,29,61]

The system with
innovative features

D7

With the intelligent system, smart contracts are
implemented, invoicing is simplified, and inventory
levels are improved. By eliminating fraud in
documentation, ensuring timely tax payments, and
ensuring the timely delivery of goods from the
shipyard area, the system eliminates documentation
fraud.

[29-32]

Satisfaction of customers

D8

Feedback and customer centricity are the basis of
customer satisfaction. The customer is satisfied
when they provide positive feedback and respond
positively. To achieve this, it is necessary to deliver
the right product with the correct information at the
right time, place, and in the right hands and commit
to providing periodic service after the sale.

[23,33,34,36-38]

The system with
high reliability

D9

Four key drivers determine the Reliability of
Systems: Scalability, Reliability, Durability, and the
ability to withstand data loss. A record of the raw,
semi-finished, and finished material is kept at every
BT location. By maintaining accurate information
about goods, IT saves time and money.

[19,20,23,34,59]

Detailed documentation

D10

Auditable, accounting, and ecosystem
documentation are part of the documentation. In BT,
integration is preferred for several reasons,
including smooth auditing processes, simplified
financial systems, and seamless currency flow.

[3,12,23,33,34]

A data
management system

D11

A data management system controls access to data
from end-users, simultaneously manipulates
transactions from a single account, eliminates
human error in documentation and other tasks, and
enables real-time information flow. Three variables
are considered in data management: data quality,
flow and control of information, and access control.

[4,5,37,38,58]

High-quality

D12

Quality assurance and quality fairness are drivers
that affect quality. Any irregularity in the process,
transportation, raw material specification, or the
final product is considered a quality issue. The
availability of complete information and the
elimination of human error are key.

[2,23,66,67]
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3.2. Phase 2: Data Collection

The second phase involved a broader expert group to evaluate and assign weights to
the 12 drivers. The study population consisted of professionals with substantial expertise
in BT and SCPM. While the Phase 1 panel (13 experts) refined the driver list, Phase 2 relied
on a separate, larger group of 27 experts to assess the relative importance of each driver.
This clarification directly addresses the reviewer’s query: the same 13 experts were not
reused but were complemented by a more diverse pool of academics and practitioners
for this phase. The sampling method began with a pilot study involving four SCPM
specialists to refine the questionnaire and ensure its relevance to the local context (see
Appendix C). Following this, 40 experts were invited to participate in the survey, from
which 27 were selected [57,68]. This group comprised 16 academics actively involved
in blockchain and SCPM research, as well as 11 practitioners with management or tech-
nical roles in the construction and procurement industries (see Table 2). The selected
experts had over 3 years of experience in their respective fields, with academics averaging
16.14 years of experience (standard deviation: 9.11 years) and practitioners averaging
19.08 years (standard deviation: 7.12 years). Before the survey, all participants underwent a
briefing session on BT and SCPM concepts to ensure a uniform understanding of the study’s
objectives and criteria. The weights assigned by experts reflect the perceived significance of
each driver relative to SCPM goals such as cost efficiency, transparency, and sustainability.
To ensure all participants had a solid understanding of the study’s context, they received
training on BT and SCPM before completing the questionnaires. This approach aimed to
enhance the reliability of the data and ensure a thorough understanding of the research
objectives [69-72].

Table 2. Details of the experts participating in this study.

Years of Experience

Categories Size of the Company Occupations Degree -
Construction Procurement
More than 3000 employees Technical specialist M.Eng More than 15 Between 6 and 10
More than 5000 employees Project Manager M.Eng More than 15 Between 6 and 10
More than 5000 employees Technical specialist M.Eng More than 15 Between 6 and 10
More than 4000 employees Legal Manager M.Eng More than 15 Between 6 and 10
More than 5000 employees Senior engineer M.Eng More than 15 Between 6 and 10
More than 10,000 employees Quality Manager B.Eng More than 15 Between 1 and 5
Practitioner More than 5000 employees Project Supervisor B.Eng Between 6 and 10 Between 6 and 10
More than 5000 employees Technical specialist B.Eng Between 11 and 15  Between 6 and 10
More than 10,000 employees  Project Supervisor M.Eng More than 15 Between 6 and 10
More than 5000 employees Project Supervisor M.Eng Between 11 and 15  Between 6 and 10
More than 5000 employees Technical specialist B.Eng More than 15 Between 6 and 10
More than 5000 employees Project Manager M.Eng Beween1land 15  Between 6 and 10
More than 5000 employees Consultant M.Eng Between 11 and 15  Between 6 and 10
More than 1000 employees Professor PhD More than 15 Between 1 and 5
Academic More than 5000 employees Professor PhD More than 15 Between 6 and 10
More than 2000 employees Professor PhD More than 15 Between 6 and 10
More than 5000 employees Professor PhD More than 15 Between 6 and 10
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Table 2. Cont.

Years of Experience

Categories Size of the Company Occupations Degree -
Construction Procurement
More than 1000 employees Professor PhD More than 15 Between 6 and 10
More than 7000 employees Assistant Professor PhD Between 6 and 10 Between 1 and 5
More than 6000 employees ?rssg:;i PhD Between 11 and 15 Between 1 and 5
More than 5000 employees Professor PhD More than 15 Between 6 and 10
Academic More than 5000 employees ?:j;csisa;i PhD Between 11 and 15 Between 1 and 5
More than 2000 employees Assistant Professor PhD Between 6 and 10 Between 1 and 5
More than 2000 employees Assistant Professor PhD Between 6 and 10 Between 1 and 5
More than 5000 employees ?:Osfoecsi:(t; PhD Between 11 and 15 More than 10
More than 5000 employees Assistant Professor PhD Between 6 and 10 Between 1 and 5
More than 7000 employees Assistant Professor PhD Between 6 and 10 Between 1 and 5

The research was conducted in Tamil Nadu, a large state located in the southern part of

India. In recent years, people from rural areas have migrated to cities due to their moderate

climate. Many construction projects have been launched to meet this increased demand.

In this study, this region is an ideal case study since it has a high number of construction

projects, and there are several reported fatalities. The researchers conducted additional

interviews with several experts who had not been previously selected to validate the find-

ings obtained through the advanced fuzzy-based algorithm, k-means clustering, and social

network analysis technique. To enhance the reliability of findings, this study was con-

ducted in Tamil Nadu, a region with high construction activity and reported procurement

challenges. Nine additional experts (distinct from the earlier groups) were interviewed

in a semi-structured format to validate the identified drivers and assigned weights us-

ing advanced fuzzy-based algorithms, k-means clustering, and social network analysis.

Their profiles, which include experience levels exceeding 15 years in civil engineering and

procurement, are provided in Table 3.

Table 3. Description of the experts for validation.

Interviewees Degree Years of Experience Occupations
1 M.Eng 21 Civil Engineering
2 B.Eng 26 Civil Engineering
3 B.Eng 18 Civil Engineering
4 M.Eng 24 Civil Engineering
5 B.Eng 19 Civil Engineering
6 B.Eng 17 Civil Engineering
7 M.Eng 20 Civil Engineering
8 M.Eng 25 Civil Engineering
9 B.Eng 16 Civil Engineering
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3.3. Phase 3: Data Analysis
3.3.1. Modified Fuzzy DEMATEL Method

Traditional DEMATEL cannot directly convert qualitative judgments in the linguistic
variables into crisp numbers due to the inherent vagueness of human thought. This
makes assigning an accurate and reasonable threshold value challenging because experts’
experiences determine it. Two aspects of the DEMATEL method are improved using
IT2TrENs: (1) Experts’ evaluations are represented through IT2TrFNs, allowing for more
efficient information transfer. (2) K-means clustering is used instead of subjective judgment
to optimize the threshold value. The modification of the DEMATEL technique is derived
from the IT2TrFN theory. A detailed explanation of the modified fuzzy DEMATEL approach
(proposed by [73]) and the use of Trapezoidal Fuzzy Number Type-II Interval is provided
in Appendix C, along with the complete computational framework. The following steps
are involved in the modified fuzzy DEMATEL.

Step 1. Establishing expert-driven matrices of direct impact.

To make impact judgments, decision-makers should conceptualize drivers as semantic
values. Assuming they are responsible for analyzing the relationship between drivers [73],
decision-makers can provide the impact matrix directly as semantic values [74]:

dll d12 e dln
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b= . : : . (1)
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The mapping between semantic values and IT2TrFN is complete when aij = LVij Pij
describes the effect of driver i on driver j, where LVij represents the semantic value and
Pij represents the decision-maker’s membership. Celik et al. [75] present the mapping
relations in Table 4. The following is the matrix of direct influence:
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Table 4. Linguistic variables are presented along with their corresponding IT2TrFNs.
Linguistic Terms IT2TrFNs
No influence (NI) (0.1,0.1,0.1,0.1;,1,1,0.1,0.1,0.1,0.1,1,1)
Very low influence (VL) (0.1,0.2,0.4,0.5;1,1,0.12,0.22,0.38,0.48;0.8,0.8)
Low influence (L) (0.3,0.4,0.6,0.7,1,1,0.32,0.42,0.58,0.68;0.8,0.8)
High influence (H) (0.5,0.6,0.8,0.9;,1,1,0.52,0.62,0.78,0.88;0.8,0.8)
Very high influence (VH) (0.7,0.8,0.9,0.9;1,1,0.72,0.82,0.8,0.9;0.8,0.8)

The overall averaged matrix should be calculated based on a determined weight for
each expert. Due to the varying backgrounds of each expert, including their professional
titles and job experience, this is more challenging in practice. The ordered weighted av-
eraging operation (OWD) [76] was considered for this study. A fuzzy number of interval
type-II can be expressed in the following manner with the OWA operator [77]:
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OWD(ehy e, et ) = é @ 3)

An expert k decides to weigh the weight of driver i based on their decision; bk ij
represents the influence of driver i on driver j due to that expert’s decision.

Step 2. Creating the matrix of direct influences that are normalized.

Criteria are selected based on the maximum value:

n n
Maxvar = max( max Zi:l Cij, MAX ) iy eii) @)

1<i<n 1<j<n

As a result, let us look at the normative matrix directly:

_ Yij
M= (Maxvar)nm ©)
Step 3. The total-relation matrix can be calculated by using the formula below.
T=(M+M 4 M M) =0 ME = M- M) ©)

T— [Cij]nxni’j S {1,2,3, s ,Tl} (7)

When there are n units in I, IT2TrFN is used to express Cj;.

Step 4. Estimating influence severity and prominence.

The total-relation matrix shows the degree of influence for each row and column.
Calculations are based on the following formulas:

Dif ;1:1Cijr(i:112r3r”'rn) (8)

Ri = Z;l:l Cji/ (Z = 1/2/3/ e /n) (9)

Step 5. By using K-Means clustering, confirm thresholds.

Using the k-means clustering algorithm, CIJ is determined. The clustering of all C;;
is set to 2 when the parameter of cluster number is set to 2. The objective function is then
calculated by using Equation (1). Once both center point sets are equal, the algorithm
terminates, which means |[SSEn — SSEn — 1|< ¢ (e is selected). If this is not the case, the
distance calculation should be repeated with the updated centroids.

Step 6. A map of impact digraphs is constructed.

Follow step 4 to calculate Di 4 Ri to determine the centrality of the evaluation driver
list, which indicates the importance of each factor; Di — Ri for determining the cause
importance of an element. Obstacle elements with a positive cause degree are classified
as cause elements. Classification will be made if the result element group does not meet
the criteria. The weight of a driver indicates its importance within the driver system. To
calculate the results, follow the formula below.

\/D? + R?
Wy=—~ (10)
) /DF+ R

The selection of the modified fuzzy DEMATEL approach using IT2TrFN was motivated
by its ability to handle higher-order uncertainties and capture the vagueness inherent in

expertjudgments, which traditional Type-I fuzzy sets cannot adequately represent. IT2TrFN
effectively models both primary and secondary uncertainties, providing a more reliable
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representation of subjective evaluations [78-81]. Furthermore, k-means clustering was
integrated to objectively determine the threshold for constructing the NRM, replacing
the conventional reliance on subjective expert opinion. By grouping influence values
(Cij) into statistically distinct clusters, k-means ensures that the threshold reflects the
natural separation within the data. To validate the robustness of this selection, a sensitivity
analysis was conducted by testing alternative cluster numbers (K = 2, 3), which yielded
consistent results. Additional diagnostics, such as within-cluster sum of squares (WCSS)
and silhouette scores, confirmed the quality of the clustering. This hybrid approach thus
enhances both the precision and objectivity of the causal mapping process.

3.3.2. Social Network Analysis

The analysis of social networks using network and graph theory, known as social
network analysis (SNA), examines various social networks that impact their actors differ-
ently [82]. As reported by Sodhro et al. [83], the nodes and edges within social networks
have predefined content. Depending on how the edges interact, actors can have “directed”
or “undirected” relationships. Through several metrics, SNA reveals complex relationships
between nodes. SNA is used in this study in the following way:

Step 1: NRM (Network Relation Map) generation: This diagram provides a clear
understanding of the problem by simplifying a complex system into manageable segments.
A threshold is established during the development of the NRM to reduce complexity and
identify significant obstacles. Thus, only relationships with a threshold value greater than
the T-relation matrix must be mapped to the graph. There are two options to determine
the threshold for creating the NRM. In the total relationship matrix, the average can be
calculated based on the opinions of expert consultants [84]. If a relationship was more
significant than the threshold, the relationship between the main drivers was filtered.
The network and the critical links between the drivers are then imported into Gephi
(version 0.10) for examination and visualization.

Step 2. Analysis: The complex interrelationships among potential drivers are explored
using several metrics:

(1) Network density: Divide the total number of connections by the maximum number
of connections to obtain the network density. The potential density of drivers can vary from
0 (no connections) to 1 (all possible connections), depending on the number of connections.
Node networks become denser and more cohesive as the motus value increases. A dense
network allows for better communication than a sparse network.

(2) Modularity: Groups, clusters, or communities are defined as modules by their
modularity [85]. Modularity is used to optimize network methods for detecting community
structures. Internal components are complex in clusters with high modularity, and there
are dense connections between potential drivers. In a network with high modularity, there
is a significant degree of connectivity between potential drivers.

(3) Nodal weighted degree: Drivers are sized according to how many connections
(edges) they have with other drivers, forming the 12 potential drivers. Adding the weights
of all the edges of the drivers determines their weighted degree. A network’s weighted
degree of nodes can give more significance to inward edges than outward edges. Specifi-
cally, the inward edges are weighted based on their total weight. A net weighted degree
is calculated by subtracting an in-degree score from an out-degree score. Weighed edges
show that a driver with the greatest impact on its neighbor has a greater likelihood of
having a negative effect on it than a driver with a smaller impact.

(4) Betweenness centrality: As a driver appears on the shortest path between other
drivers, it is said to have betweenness centrality. As indicated by this indicator, some of
the 12 potential drivers in the network function as “bridges”. A driver in a network with

101



Infrastructures 2025, 10, 207

high betweenness centrality holds significant power and control over the network, as more
information passes through it, assuming that data is transmitted along the shortest path.

(5) Closeness centrality: Measurement of the closeness centrality of the network can be
conducted using the distance centrality indicator. Based on this measure, one can compute
the average distance between all drivers in the network. When two drivers are located close
to each other, they can easily communicate and influence one another without involving
multiple intermediaries.

(6) Eigenvector centrality: Using the number of connections within the network, one
can determine an eigenvector driver’s centrality. High-scoring drivers require higher scores
on the eigen centrality analysis than those that do not.

4. Results
4.1. Analysis Results

Table 5 presents the results of the fuzzy DEMATEL analysis, which utilizes the fol-
lowing Equations (6)-(10) to compute each driver’s prominence (Ri + Ci), net influence
(Ri — Ci), and relative importance (weight). Here, Ri represents the total influence a driver
exerts on others, while Ci represents the total influence it receives from others. The values
of Ri + Ci indicate the centrality of each driver in the system, whereas Ri — Ci distinguishes
cause factors (positive values) from effect factors (negative values). The weight column
reflects the normalized importance of each driver within the network, derived through the
defuzzification process applied to the fuzzy influence matrix.

Table 5. Values of Ri, Ci, Ri + Ci, and Ri — Ci for the driver.

Ri Ci Ri+ Ci Ri — Ci Weight
D1 6.801543 6.720673 13.52222 0.08087 0.093236
D2 5.631987 5.284317 10.9163 0.347671 0.083007
D3 6.707044 7.107573 13.81462 —0.40053 0.114555
D4 6.315886 5.939657 12.25554 0.376229 0.114775
D5 5.093696 5.136026 10.22972 —0.04233 0.108224
Dé6 6.459117 6.58895 13.04807 —0.12983 0.154793
D7 5.358921 5.22465 10.58357 0.134271 0.14855
D8 6.87887 7.254008 14.13288 —0.37514 0.232977
D9 6.344795 6.570017 12.91481 —0.22522 0.277563
D10 5.745256 5.714912 11.46017 0.030344 0.34093
D11 5.595075 5.77906 11.37413 —0.18398 0.513407
D12 5.583879 5.196229 10.78011 0.38765 1.00000

The comprehensive influence factors obtained from the fuzzy DEMATEL total-relation
matrix were further classified using the k-means clustering algorithm to differentiate
between significant and negligible influences. This step refines the fuzzy DEMATEL output
by objectively determining the thresholds for “effect” and “no effect” relationships, rather
than relying on subjective expert judgment. The clustering analysis identified the upper
and lower bounds of the “no impact” range as [0.0729, 0.1719] and [0.1745, 0.3035], as
illustrated in Figure Al. Based on this analysis, a threshold value of 0.50358 (Figure 2)
was derived, where 88 total-relation indices below this threshold were classified as “no
effect”, and 63 indices above this value were classified as “effect”. This threshold-based
classification provides the foundation for constructing the Network Relation Map (NRM),
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which is subsequently analyzed through Social Network Analysis (SNA) to uncover the
interrelationships and centrality of drivers.
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Figure 2. Total-relation index classification by the k-means clustering algorithm.

Figure A2 illustrates how the investment drivers interact with one another intuitively.
A digraph map is presented in Figure 3, where the horizontal axis represents the centrality
degree (i.e., the overall importance of each driver in the network), and the vertical axis
represents the cause degree (i.e., the extent to which a driver influences others). Drivers
located in Quadrant I are considered cause factors, meaning they exert a strong influence on
the system and should be prioritized for intervention. Conversely, drivers in Quadrants III
and IV are effect factors, which are more reactive and influenced by others. The priority for
strategic focus follows the order: Quadrant I (most important), then Quadrant II, Quadrant
IV, and finally Quadrant III.

To further explore these relationships, the Network Relationship Map (NRM) is con-
structed using Gephi, as shown in Figure 4, based on a threshold value of 0.50358, derived
from the average total influence score. This filtering ensures that only the most meaningful
interactions are included. The network consists of 12 drivers and 213 connections, with
each node representing a driver and arrows indicating influence pathways. The network’s
density is calculated to be 0.818, suggesting that most drivers are directly connected. The
average path length of 1.27 and a network diameter of 2 imply that communication or
influence flows easily between drivers, which is ideal for coordinated implementation
strategies in firms.
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Figure 3. Diagraph map of impact (note: dashed-line arrows indicate two-way relations; solid-line
arrows indicate one-way relations).
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Figure 4. Clusters of the 12 drivers.

Furthermore, the modularity value of 0.013, derived from community detection algo-
rithms, suggests low clustering, indicating that the drivers form a highly integrated network
rather than fragmented subgroups. In practice, this suggests that Indian construction firms
adopting blockchain may encounter challenges in forming cohesive implementation teams
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or silos. However, the low modularity also implies strong communication and alignment
across various drivers, which could be leveraged to implement blockchain in a more unified
and strategic manner across departments and functions.

Several measures can be used to analyze the impact of each driver on the entire NRM,
including betweenness centrality, closeness centrality, and eigenvector centrality. The scores
for these measures are listed in Table 5, while the driver network maps for each measure
are displayed in Figure 5a—d. As indicated by their highest closeness centrality scores, the
drivers with the shortest path to other drivers are D1, D3, and D8. These drivers are at
the center of the network, as demonstrated in Figure 5b, with the highest betweenness
centrality scores indicating their control over the relationships among drivers. In addition,
D3, D8, and D1 had the highest eigenvector centrality scores, as shown in Table 6 and
Figure 5¢, due to their connections with highly influential nodes. It is essential to note that
although D5 does not directly impact other drivers, its connections and susceptibility to the
impact of other drivers make it crucial to the entire network map. Indian construction firms
have utilized BT to hinder the development of clusters within their networks, as illustrated
in Figure 5, where colors denote groups of clusters.
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Figure 5. The NRM is created by considering the following drivers: (a) the betweenness centrality,
(b) the closeness centrality, (c) the weighted degree, and (d) the eigenvector centrality status.
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Table 6. Ranking of drivers based on different measures.

Drivers  Closeness Rank  Betweenness Rank Eigenvector =~ Rank

D1 1.0000 1 0.9074 1 0.97632 2
D2 0.7143 4 0.0000 5 0.00000 8
D3 1.0000 1 0.0907 2 1.00000 1
D4 0.8333 3 0.0111 4 0.58782 5
D5 0.0000 7 0.0000 5 0.00000 8
D6 0.9091 2 0.0389 3 0.87358 3
D7 0.5882 6 0.0000 5 0.14895 7
D8 1.0000 1 0.0907 2 1.00000 1
D9 0.8333 3 0.0111 4 0.87205 3
D10 0.7143 4 0.0000 5 0.39117 6
D11 0.7143 4 0.0000 5 0.67801 4
D12 0.6250 5 0.0000 5 0.00000 8

The nodal degree has traditionally been measured by measuring the number of direct
ties between nodes in social network analysis (SNA) [10]. However, these studies did not
consider the relative weight of each node’s influence on the entire network. To address
this limitation, FDSNA was developed, which leverages the driver’s influence weight
calculated by DEMATEL in SNA analysis. By doing so, FDSNA can compute both the
nodal and the weighted nodal degrees.

A weighted nodal degree is derived by summing up the weighted in-degrees and
weighted out-degrees of the nodal drivers in Figure 5d. Those drivers with stronger
connections, such as D1, D3, and DS, are centrally placed, while those with weaker ones
are located at the sides of the graph. The thickness of the arrows represents the influence of
the interconnections between the drivers. A net weight degree and a net degree value are
also presented in Table 7. The effect factor D3, however, is considered to have a high net
degree value despite its high net degree value. The net weight degrees of D3, D8, and D1
are the highest in Table 7, whereas the three nodal degrees are D3, D8, and D1. Accordingly,
higher net nodal degrees are not necessarily associated with more significant net influences
on others. Therefore, the FDSNA approach is given preference over the SNA approach.

Table 7. A description of the net weight degree status.

Label g:;%?et Rank Ovzf-i%}:;r:e Net Weight Rank  Out-Degree  Degree Net Degree Rank
D1 5.7553 3 5.34147 11.0968 3 9 19 10 2
D2 0.0000 10 2.64692 2.6469 9 5 5 0 9
D3 6.6165 2 4.81892 11.4355 1 8 19 11 1
D4 2.1848 7 4.04860 6.2334 6 7 11 4 4
D5 0.0000 10 0.00000 0.0000 12 0 0 9
D6 5.1674 4 3.58322 8.7507 4 6 15 3
D7 0.5060 9 1.04772 1.5537 11 2 3 1 8
D8 6.7520 1 4.36891 11.1209 2 7 18 11 1
D9 4.6335 5 3.53429 8.1678 5 6 14 8 4
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Table 7. Cont.

Label g:;%:: Rank O‘Z:-ig}el;‘:e Net Weight Rank  Out-Degree  Degree Net Degree Rank
D10 1.5858 8 2.72950 4.3153 7 5 8 3 7
D11 2.6659 6 1.64290 4.3088 8 3 8 5 5
D12 0.0000 10 2.10489 2.1049 10 4 4 0 9

A network can be analyzed using SNA metrics and statistics to identify key influencers.
The SNA metrics closeness and betweenness centrality, eigenvector centrality, and weighted
degree give more weight to drivers scoring high in these metrics. Based on the results of
SNA metrics, Table 8 displays the top three drivers for five SNA indicators. Five times
more frequently than the remaining top three SNA metrics, D3 and D8 are the most critical.

Table 8. Key drivers for the five SNA indicators.

Driver ID Key Drivers SNA Indicator

D1 Stability of the system Betweenness centrality
D3 The overall performance of the project Betweenness centrality
D8 Satisfaction of customers Betweenness centrality
D1 Stability of the system Closeness centrality
D3 The overall performance of the project Closeness centrality
D8 Satisfaction of customers Closeness centrality
D3 The overall performance of the project Eigenvector centrality
D8 Satisfaction of customers Eigenvector centrality
D1 Stability of the system Eigenvector centrality
D8 Satisfaction of customers Weighted degree
D3 The overall performance of the project Weighted degree
D1 Stability of the system Weighted degree
D3 The overall performance of the project Net weighted degree
D8 Satisfaction of customers Net weighted degree
D1 Stability of the system Net weighted degree

4.2. Sensitivity Analysis

A sensitivity analysis was conducted to test the proposed NRM'’s strength. To assess
the network’s sensitivity to the removal of crucial drivers, D3 and D8 were excluded
as the main drivers, resulting in a new network consisting of nine nodes and 29 edges,
as depicted in Figure 6. After thoroughly analyzing the new network, three notable
observations emerged. Firstly, the new network exhibits a reduced level of complexity,
boasting a density of 0.403, considerably lower than the original network’s density of
0.818. Secondly, there was an increase in the network diameter and average path length,
which now stand at 2 and 1.17, respectively, in contrast to the original network’s 2 and
1.27. Table 9 illustrates the significant impact on the SNA metrics for the entire network
resulting from the exclusion of D3 and D8. Consequently, several nodes can have a negative
impact on the new network. Based on the results of this research, it appears that removing
D3 and D8, which displayed the strongest interconnections with other drivers, led to
reduced network complexity and more significant challenges when sharing information.

107



Infrastructures 2025, 10, 207

This underscores the effectiveness and robustness of the proposed FDSNA approach in
visualizing the intricate interrelationships between drivers and identifying key drivers.

Figure 6. Results of the sensitivity analysis.

Table 9. Sensitivity analysis of the SNA new metrics score.

Drivers Cl(l)\?eness Original B‘g;ii;ri‘:; ’ Original Net Weighted Original Eége:::aelci:;r Original
ew New Degree New New

D1 1.000000 1.0000 0.345238 0.9074 8.41425 11.0968 1.000000 0.97632
D2 0.636364 0.7143 0.000000 0.0000 1.54058 2.6469 0.000000 0.00000
D4 0.857143 0.8333 0.014881 0.0111 3.84807 6.2334 0.452504 0.58782
D5 0.000000 0.0000 0.000000 0.0000 0.00000 0.0000 0.000000 0.00000
D6 0.666667 0.9091 0.041667 0.0389 6.14765 8.7507 0.863759 0.87358
D7 0.000000 0.5882 0.000000 0.0000 0.50602 1.5537 0.243604 0.14895
D9 0.666667 0.8333 0.026786 0.0111 5.59116 8.1678 0.861323 0.87205
D10 0.666667 0.7143 0.000000 0.0000 2.63279 4.3153 0.352672 0.39117
D11 0.545455 0.7143 0.000000 0.0000 2.10011 4.3088 0.564159 0.67801
D12 0.583333 0.6250 0.000000 0.0000 1.02211 2.1049 0.000000 0.00000

4.3. Reliability and Validity

Several measures were employed to assess the reliability of the responses. To deter-
mine the dependability of the FDSNA results, raw numerical data were used, following
the suggestion of Durdyev et al. [86], rather than relying on linguistic factors provided by
specialists. The consistency of responses was deemed acceptable if the calculated value
exceeded 0.70 for all experts. The experts were requested to re-evaluate their responses
if this threshold was not met. On average, the selected experts achieved a consistency
value of 0.7479, indicating that the results were reliable. The CR value of each pairwise
evaluation had to be greater than 0.1 to guarantee the reliability of the FDSNA findings.
In cases where the added CR value was less than 0.1, the expert was required to complete
a new survey. The average CR values for all experts who evaluated the FDSNA results
were above the threshold value of 0.093, indicating significant differences between their
responses.
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This investigation aimed to verify construction engineering and management forecasts
in line with Durdyev et al. [87]’s conclusions. Four validation techniques were employed
to achieve this objective. Firstly, competent experts participated in identifying obstacles, as
suggested by Mohandes et al. [70], to ensure excellent internal validity. Secondly, qualified
specialists were involved throughout the research, resulting in robust face validity. Thirdly,
four expert panels reviewed and tested the survey questionnaires, enhancing the study’s
face validity. Lastly, the study objectives were assessed based on the framework provided
to ensure the research goals were achieved.

A semi-structured interview was conducted with an experienced expert to obtain
external validation for this study. According to Table 10, the validation process is viewed
from the perspective of the selected specialists. As a result, the generalization of the findings
to a broader context was enabled after comparing the results between the primary and
validation studies.

Table 10. Validation of results based on expert interviews.

Interviews Experts’ Involvement in Validation Aggregation of
Drivers Expert1  Expert2  Expert3  Expert4  Expert5  Expert6  Expert7  Expert8  Expert9 Responses
D1 2 5 3 4 5 3 3 2 2 3.222
D2 5 2 5 5 2 1 2 1 2.889
D3 5 5 5 3 4 3 4 4 3 4.000
D4 1 5 2 2 5 3 3 2 4 3.000
D5 4 5 4 5 4 4 2 1 3 3.556
D6 5 5 3 3 5 4 4 3 2 3.778
D7 3 5 5 3 4 5 3 5 1 3.778
D8 3 4 4 5 4 2 5 5 5 4111
D9 2 5 5 4 2 3 4 5 5 3.889
D10 2 2 4 2 1 3 5 5 4 3.111
D11 3 1 3 3 2 4 3 5 3 3.000
D12 3 2 3 3 4 4 5 4 5 3.667

5. Discussion

A new technique, referred to as modified FDSNA, was proposed in this research
to identify significant connections between drivers and establish an NRM. The findings
indicate that not only did the SNA strategy corroborate the outcomes obtained from
DEMATEL, but it also provided supplementary insights to decision-makers and man-
agers to effectively identify potential drivers for the successful execution of BT in the
Indian SCPM.

A DEMATEL analysis was conducted to measure the direct/indirect influence of
drivers (Table 1) and categorize them as cause or effect factors (Figure 1). Based on the
causal diagram, D3, D6, and D8 are the most likely drivers since they interact most with
other drivers. In addition, they have a high rate and a positive value, making them net
drivers of causation. Moreover, D12, D4, and D2 have the highest positive values and
the greatest influence on other drivers, indicating that they are the most causal drivers.
According to these results, CI experts in India believe that BT adoption requires attention
to “the overall performance of the project”, “customer satisfaction”, and “stability of the
system”. The market is still in its infancy, and there is no straightforward recipe for success
yet. Numerous companies fail to realize returns on their investments as they overlook the
significance and feasibility of blockchain solutions, as there exists no methodical assessment
of the value at stake [88-90].
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In this context, what are the most effective ways for companies to evaluate if blockchain
is a viable option for strategic purposes, warranting significant investments? Several
blockchain functions must be utilized for SCPM to be more trustworthy, transparent,
resource-efficient, and traceable. Several functions contribute to SCPM adoption. By
integrating IoT, BDA, and cloud computing technologies, these blockchain technologies can
be remedied [22,66,91]. Moreover, governments have adopted oppressive policies towards
Bitcoin, thereby hindering the development of other blockchain-based solutions [92].

SCPM/BT integration and procurement collaboration are the most prominent chal-
lenges related to specific procurement challenges. It is possible to overcome these obstacles
by developing a collaborative ecosystem. To establish proficient governance frameworks
for adopting blockchain, it is imperative to identify suitable collaborators [93]. The protec-
tion of sensitive and proprietary information requires clear disclosure policies. Promoting
adoption by sharing less sensitive details on effective sustainability techniques is advisable,
rather than disclosing negative or critical sustainability practices. Collaborating and ex-
changing information on social and environmental practices, progress, and developmental
information may also prove beneficial. Positive experiences from sharing SCPM informa-
tion can lead to more positive practices and collaborations between companies, ultimately
bringing about greater competitive advantages.

The relationships between the drivers were revealed using the NRM constructed with
SNA based on the recognition of influential correlations between them (Table A1). Analyz-
ing the NRM using different SNA metrics revealed the following remarkable findings:

1. Strong relationships were found among the three clusters of identified drivers, facili-
tating the flow of information through the network. As a result, treating a single driver
can have an immediate impact on the entire NRM. BT cannot be successfully used
within Indian construction companies if one driver is selected and solved without
considering the effect of other drivers on that driver.

2. The flow of information and communication in a network is influenced by drivers
such as “stability of the system”, “overall performance of the project”, and “customer
satisfaction”. These factors are most influential on the flow of information in a network.
Due to this, it is crucial to understand aspects with a high degree of closeness because
they play an imperative role in facilitating the timely availability of competitive
information [94]. This means that the three drivers mentioned above are crucial to the
rapid transformation of the entire driver network.

3. There are several key drivers with the highest weighted degree, including “stability
of the system”, “the overall performance of the project”, and “customer satisfaction”.
These drivers interact the most with other drivers and have the largest net weight and
influence over them. It is evident from the causal diagram that these three drivers
have the most significant impact on other drivers.

4. SNA analysis showed that although the “adaptability” and “high-quality” drivers
scored the lowest among the four SNA static factors, they remain significant drivers
with strong eigenvector centrality; therefore, they can influence the entire NRM.
“Adaptability” and “quality” are key drivers since they are inextricably linked to
decisive factors. As revealed by the NRM, addressing and treating all other drivers
wisely can increase “adaptability” and “high-quality”.

5. Table 8 summarizes the main drivers for the successful implementation of BT in
Indian construction companies, including “stability of the system”, “overall project
performance”, and “customer satisfaction”.

Blockchain has been less prevalent in the CI due to its naive nature [90]. BT adoption
in the construction industry is driven by three key success factors: system stability, overall
project performance, and customer satisfaction. A survey conducted by Deloitte and PwC
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in 2018 also confirmed this study’s findings. In addition to these drivers, blockchain can
support SCPM by promoting the use of more environmentally friendly materials and
practices [14]. In addition to enabling procurement teams to make informed decisions
about which materials to purchase, blockchain can also be used to track the carbon footprint
of various materials and products. It can also be used to create digital certificates of origin
and quality for materials, promoting the use of sustainably sourced materials and reducing
the potential for fraud and misrepresentation [15].

Despite the many potential benefits of BT in SCPM, some challenges and barriers must
be addressed. One of the key challenges is the need for interoperability between different
blockchain platforms and systems. This can be a particular issue in the CI, where many
different stakeholders and systems are involved in the procurement process [62]. Another
challenge is the need for standardization and regulation of BT in the CI [23]. Ensuring
that all parties use the technology consistently and responsibly without clear standards
and regulations can be challenging. This raises concerns regarding data privacy and
security issues.

Alternatively, all nations could sign a cooperative international agreement. Interna-
tional trade connects most procurements. Therefore, blockchain adoption can facilitate
international adoption since most procurements are not geographically isolated [9]. More-
over, using blockchain will help construction stakeholders build trust, which can mitigate
any uncertainty surrounding its use. India’s Andhra Pradesh government acquired land
for the state’s new capital, Amaravati, to develop it. This is a great example. To increase
the adoption rate of blockchain technology in the construction industry, the government
can play a crucial role by implementing suitable measures. Along with addressing privacy,
security, and interoperability concerns, blockchain systems must overcome stakeholder con-
troversies. Addressing these issues can enhance the user experience, improving consumer
satisfaction [59,61].

Lastly, it is worth noting that government agencies and their affiliated organizations
actively endorse such endeavors. Public-private partnerships (PPPs) between the govern-
ment and the private sector are expected to accelerate the adoption of blockchain in the
construction industry [25]. Since several developing countries share comparable conditions
with India, this study’s findings may apply to other nations without requiring modifications
based on their respective contexts and requirements.

Overall, the use of BT in SCPM can revolutionize the industry’s operations. By
promoting greater transparency, accountability, efficiency, and sustainability, blockchain
can help to create a more responsible and environmentally friendly CI. However, it is
essential that the challenges and barriers to adoption are addressed and that the technology
is used responsibly and ethically.

Implications for Practice and Policy

The findings from fuzzy DEMATEL and SNA reveal that drivers such as overall
project performance (D3), customer satisfaction (D6), and system stability (D8) hold central
positions within the network, exerting significant influence on other factors. For firms,
this highlights the importance of prioritizing performance-driven blockchain applications
that enhance transparency, streamline processes, and facilitate real-time data exchange.
These drivers should be treated as critical focus areas when integrating blockchain into
construction procurement workflows.

This study offers actionable insights for construction project managers, procurement
professionals, and policymakers seeking to implement blockchain in sustainable construc-
tion procurement management (SCPM). The ranked drivers allow organizations to allocate
resources strategically, design targeted training programs, develop supportive regulatory
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frameworks, and adopt blockchain-based tools aligned with specific sustainability goals.
For example, drivers such as system stability and data management emphasize the impor-
tance of secure and transparent procurement operations, while policies and laws highlight
the role of governance in enabling smoother implementation. These findings bridge the
gap between theory and practical applications of digital procurement transformation.

From a managerial standpoint, firms can optimize blockchain adoption by first focus-
ing on system stabilization (D8), followed by enhancing performance (D3), and improving
client engagement and satisfaction (D6). This structured approach fosters adaptability, cost
efficiency, and long-term digital maturity. Additionally, training and capacity-building
initiatives should align with these central drivers to maximize their effectiveness.

For policymakers, the findings suggest a targeted approach to regulation and incen-
tives. Policy measures should prioritize transparent procurement protocols, support the
development of digital infrastructure, and promote blockchain-based pilot projects with
measurable performance outcomes. Furthermore, regulatory bodies could establish na-
tional digital standards and data-sharing frameworks to enhance systemic stability and
facilitate the scalable implementation of blockchain technology in the construction sector.

6. Conclusions

This study investigates the drivers promoting the adoption of BT within SCPM using a
hybrid methodological approach. Several methods were utilized in this study, including a
systematic literature review, expert interviews, and a questionnaire survey. According to the
data collected from the pool of qualified experts, the following conclusions can be drawn:

1.  The drivers that act as stumbling blocks to adopting BT-based technologies were
identified through a comprehensive literature review and expert interviews.

2. Analyzing the effect and intensity of interrelationships among drivers as a function
of their causal interrelationships using the modified FDEMATEL method, the study
results indicate that decision-makers must deal effectively with drivers by addressing
potential “causal” drivers.

3.  Created an NRM of potential drivers and determined their complex relationships
using SNA. The most potential drivers for BT adoption in SCPM are “stability of the
system”, “overall project performance”, and “customer satisfaction”.

This study contributes to the body of knowledge and practice by providing detailed,
novel insights that benefit stakeholders in the construction industry, policymakers, and
those involved in sustainability practices. Examining the drivers of BT towards promoting
SCPM can potentially revolutionize how the CI operates. By leveraging blockchain’s unique
features, such as transparency, immutability, and decentralization, sustainable procurement
practices can be effectively implemented, reducing environmental impact and increasing
social responsibility. While examining the potential drivers of BT in promoting SCPM,
some limitations become evident. One such limitation is the lack of clear guidelines and
standards for blockchain integration into construction procurement practices. Additionally,
there is a need for further research into the financial implications and cost-benefit analysis
of implementing BT in construction procurement. Also, comprehensive case studies will
be conducted to assess real-world financial impacts, develop clear guidelines for seamless
integration, and explore regulatory challenges to overcome legal barriers.

Furthermore, research should address barriers to blockchain adoption in SCPM by
analyzing socio-economic, technical, and organizational hurdles. Developing blockchain-
based tools tailored to construction procurement systems is crucial, as is exploring the
broader potential of blockchain in project and supply chain management to optimize work-
flows and enhance transparency. By focusing on these areas, future research can provide
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actionable insights for industry stakeholders and policymakers, facilitating the adoption of
blockchain technology and advancing sustainability practices in the construction sector.
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Appendix A

This appendix comprises three invaluable tables: Table A1l showcases a matrix that

normalizes direct influences, while Table A2 presents a matrix of total relationships. Lastly,

Table A3 elucidates the influence relationships for the construction network relation map.

Table Al. Matrix normalizing direct influences.

Drivers D1 D2 D3 D4 D5 Deé D7 D8 D9 D10 D11 D12
D1 1.550637 0.494392 0.676472  0.55752  0.477099 0.635608 0.506017 0.693607 0.639211 0.538975 0.543418  0.488587
D2 0.510831 1.356655 0.552925 0.469006 0.420286 0.512895 0.408399 0.553412 0.516858 0.447933 0.453823 0.428966
D4 0.647963 0.4886 0.576108  0.550039  0.459983 0.635327 0.472641 0.704186 0.633554  0.52914  0.542604 0.466899
D5 0.583205 0.456752  0.626832  1.44955  0.447396 0.579505 0.459817 0.644215 0.572374 0.517687 0.524791 0.453763
D6 0.471377 0.3941 0.491027 0.435406 1313745 0.443896 0.381754 0.502049 0.450448 0.406439 0.418881 0.384574
D7 0.623938 0.476413  0.650388 0.526864 0.451429 1513981 0.456224 0.668061 0.609097 0.501166 0.517754  0.463804
D9 0.493992  0.392909 0.520716 0.444065 0.402508 0.480994 1.335391 0.526996 0.487231 0.442977 0.428138  0.403003
D10 0.664488  0.501779 0.708183  0.56422  0.494287 0.649222 0.494248 1.601897 0.643516 0.539576 0.537379  0.480074
D11 0.612839  0.466955 0.643667 0.513004 0.440147 0.605077 0.465483  0.655943 1.503768 0.482427  0.49977  0.455716
D12 0.535598  0.418495 0.573169  0.485252 0.412343 0.525368 0.415376 0.5802 0.515165 1.393589  0.472225 0.418475
D1 0.514149 0.414434 0.557952 0.476893 0.404528 0.496627 0.405884 0.570797  0.49938  0.462008 1.387718  0.404704
D2 0.511656  0.422834 0.530134 0.467837 0.412276 0.510451 0.423415 0.552645 0.499415 0.452995 0.452558 1.347663

Table A2. Matrix of total relationships.

Drivers D1 D2 D3 D4 D5 Deé D7 D8 D9 D10 D11 D12
D1 0.550637  0.494392 0.676472  0.55752 0.47710  0.635608 0.506017  0.693607 0.639211 0.538975 0.543418  0.488587
D2 0.510831 0.356655 0.552925 0.469006 0.420286 0.512895 0.40840  0.553412 0.516858 0.447933 0.453823 0.428966
D3 0.647963  0.48860  0.576108 0.550039 0.459983 0.635327 0.472641 0.704186 0.633554  0.52914 0.54260 0.46690
D4 0.58320  0.456752 0.626832  0.44955 0.44740 0.57950  0.459817 0.644215 0.572374 0.517687 0.524791 0.453763
D5 0471377  0.39410  0.491027 0.435406 0.313745 0.44390 0.381754 0.502049 0.450448 0.406439 0.418881 0.384574
D6 0.623938 0.476413  0.650388 0.526864 0.451429 0.513981 0.456224 0.668061  0.60910  0.501166 0.517754  0.46380
D7 0.493992  0.392909 0.520716  0.444065 0.402508 0.480994 0.335391 0.52700  0.487231 0.442977 0.428138  0.40300
D8 0.664488  0.501779 0.708183  0.56422  (0.494287 0.649222 0.494248 0.60190  0.643516 0.539576 0.537379  0.480074
D9 0.612839  0.466955 0.643667  0.51300  0.440147 0.605077 0.465483 0.655943 0.503768  0.482427  0.49977  0.455716
D10 0.53560  0.418495 0.573169 0.485252 0.412343 0.525368 0.415376  0.58020  0.515165 0.393589  0.472225 (0.418475
D11 0.514149 0.414434 0.557952 0.476893  0.404528 0.496627 0.405884  0.57080 0.49938  0.462008 0.387718  0.40470
D12 0.511656  0.422834 0.530134 0.467837 0.412276 0.510451 0.423415 0.552645 0.499415 0.45300 0.452558 0.347663
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Table A3. Influence relationships for the construction network relation map.

Drivers D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12
DI 055064 000000 0.67647 055752  0.00000 0.63561 050602  0.69361  0.63921 053897 054342  0.00000
D2 051083 000000 055293  0.00000 000000 051289  0.00000 055341 051686  0.00000  0.00000  0.00000
D4 064796 000000 057611  0.55004 0.00000 0.63533 0.00000 070419 063355 052914 054260  0.00000
D5 058320 0.00000 0.62683 0.00000 0.00000 057950  0.00000 0.64422  0.57237 051769 052479  0.00000
D6 000000 000000 0.00000 0.00000  0.00000  0.00000 0.00000  0.00000 0.0000  0.00000  0.00000  0.00000
D7 062394 000000 065039 0.00000 000000 051398 000000 0.66806 0.60910  0.00000 051775  0.00000
D9 000000 000000 052072 0.00000 0.00000 0.00000 0.00000 052700  0.00000  0.00000  0.00000  0.00000
DI0 066449 0.00000 070818 056422  0.00000 0.64922  0.00000 0.60190  0.64352  0.00000 053738  0.00000
DIl 061284 000000 0.64367 051300 0.00000 0.60508  0.00000  0.65594  0.50377 ~ 0.00000  0.00000  0.00000
D12 053560 0.00000 057317  0.00000 0.00000 0.52537  0.00000 058020 051516  0.00000  0.00000  0.00000
DI 051415 000000 055795 0.00000 000000 0.00000 0.00000 057080  0.00000  0.00000  0.00000  0.00000
D2 051166 000000 053013  0.00000 000000 051045 000000 055264 0.00000 0.00000  0.00000  0.00000

Appendix B

This appendix comprises Figures Al and A2, which provide a vivid depiction of both

the degree of causation and centrality, as well as the intricate interplay between drivers

and their corresponding levels of influence.
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Figure A1. Visual representation of the cause degree and the center degree.
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Figure A2. Relationship between drivers and their influence.
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Appendix C

“Development of Fuzzy-DEMATEL-based survey”

Section A: Experts need to answer the following questions:

How many construction projects are done using blockchain technology

Size of the company

Occupations

Degree

Years of experience

Section B: Questionnaire survey:

Table A4. Variables and codes to be used.

The Extent of the Impact  Code

Explanation

There is no influence between the

No influence NI :
two drivers

Very low influence VL One driver has a very low influence on the
other one

. One driver has a low influence on the

Low influence L
other one

High influence H One driver has a high influence on the
other one

Very high influence VH One driver has a very high influence on the
other one

Examples:

e Based on your expertise, if you believe that D1 has no effect on D2. Please fill in NI in

the box.

e Based on your expertise, if you believe that D3 has a “very high impact” on D4. Please

fill in VH in the box.

With the above in mind, please fill in the boxes highlighted in YELLOW using the
CODE shown in Table A5 based on variables in Table A6.

Table A5. Sample of variables to fill in the questionnaire.

Drivers

D1

T .

D1 D2 D3 D4 D5

D6 D7 D8 D9 D10 D11

D12

D3

D4

D5

D6

D7

D8

D9

D10

HI

D11

D12
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Table A6. List of drivers with description.

Drivers

Code

Description

Stability of the system

D1

Transparency, security, removing intermediaries, and
trustworthiness are four variables considered in
assessing system robustness. After the integration of
BT into construction procurement management
(CPM), all of these characteristics made the CPM and
system more robust and sustainable due to the
transparency in information flow, stability of data,
and peer-to-peer transactions without involving a
third party.

Cost of the overall project

D2

Three variables are combined to form the overall cost:
cost, energy, and overall project costs. The overall
CPM cost includes all financial investments like
documentation fees, stationery expenditures, human
resources costs, electricity costs, facility costs,
documentation incurred during production, etc.

The overall performance of the project

D3

The overall performance of the project is the efficiency,
effectiveness, and speed of doing the job effectively
with low responses, high standardization, and
reduced complexity of the work. A composite of five
variables is built by examining the correlations
between efficiency, speed, automation, simplification
of current paradigms, and sharing demand in CPM.

Decentralization and data security

D4

By experts under the name data safety and
decentralization, a group of four variables is grouped.
All people involved directly or indirectly in the
system need records and information regarding
standardization, production, and supply. It is only on
BT-integrated CPM that it is possible to hack, change,
control, or lose data for any reason.

Adaptability

D5

Regarding adaptability, three variables, traceability,
visibility, and identifying issues, form a common
driver. Using IoT/Industry 4.0, adaptability means
tracking causes, goods location, accidents, and fraud
between a CPM’s manufacturing and end-use
processes.

Policies and laws

D6

A ot of time and effort is involved in documenting
laws and policies. Documentation plays a crucial role
in all contracts, but public ledger technology gives us
transparency, speeds up work, checks for corruption
in government, and also helps to find out scams in
any organization. The importance of data records for
any legal action cannot be overstated. This technology
does not allow the deletion or modification of data, so
there can be no fraud; laws and government policies
have been factored together to form accessibility.

The system with innovative features

D7

With the smart system, smart contracts are
implemented, invoicing is simplified, and inventory
levels are improved. By eliminating any fraud in the
documentation, paying taxes on time, and ensuring
that goods are delivered on time from the shipyard
area, the system removes any fraud in

the documentation.
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Table A6. Cont.

Drivers

Code

Description

Satisfaction of customers

D8

Feedback and customer centricity, based on expert
opinion, is the basis of customer satisfaction. The
customer is satisfied when they provide positive
feedback and respond positively. In order to achieve
this, it is necessary to deliver the right product with
the correct information at the right time, at the right
place, and in the right hands, and to commit to
providing periodic service after the sale.

The system with high reliability

D9

Reliable systems are determined by four drivers:
Scalability, Reliability, Durability, and the ability to
lose data. A record of raw, semi-finished, and finished
material is kept at every BT location. By keeping the
correct information about goods, IT saves not only
time but also money.

Detailed documentation

D10

Auditable, accounting, and ecosystem documentation
are part of the documentation. In BT, integration is
preferred for several reasons, such as smooth auditing
processes, simplified financial systems, and smooth
currency flow.

A data management system

D11

A data management system controls access to data
from the end-users, manipulates transactions from a
single account simultaneously, eliminates human
error in the documentation and other tasks, and
allows real-time information flow. Three variables are
considered in data management: data quality, flow
and control of information, and access control.

High-quality

D12

Quality assurance and quality fairness are drivers that
affect quality. Any irregularity in the process,
transportation, raw material specification, or the final
product is considered poor quality, due to the lack of
availability of complete information and the need to
eliminate human error.

Section C: Additional questions

From your perspective, what would be the ways/strategies/suggestions/solutions

(in terms of policy, regulation, engineering, application, etc.) for promoting the adoption of

blockchain in the construction industry?

Suggestions/Strategies

1.

2
3
4.
5
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Appendix D
Appendix D.1. Fuzzy-DEMATEL

The modification of the DEMATEL technique is derived from the IT2TrFN theory.
Within the next phase, we will introduce a modified fuzzy DEMATEL approach, which was
proposed by [91,92]. This chapter concludes with a description of the analysis framework
that has been constructed.

Appendix D.1.1. Trapezoidal Fuzzy Number Type-II Interval

Members of IT2TrFN describe a method in which personal information remains fuzzy,
subjective, and uncertain despite the freedom and flexibility provided by the process.

Defining 1. Fuzzy sets of type 11 can be expressed in two ways.

Z = {((a,b),b5 (a,b)) | Vx € X,¥b € J; C [0,1],0 < b5 (a,b) < 1} (A1)
A faex fhe]ﬂ b (a,b)
2= (a,b)dbda (A2)

where bfx Z has a type-11 affiliation function, J, C [0,1].

Defining 2. The fuzzy set Z (a,b) that is described as Z (a,b) is an interval type-1I fuzzy set, which
takes the form of

5 Jaex [vep 1

(a,b)dbda (A3)

where Ja C [0, 1].

Defining 3. Since the upper and lower bounds of IT2TrEN are trapezoidal fuzzy numbers shown in
Figure A3, it is a trapezoidal fuzzy number. The following is the result:

~Uu ~U
~ ~U ~L (z}{,zg,z%,z}i;H1 (Zz ),Hz (Zl )),
Z-(2.2:) -

= ~L ~L
(zh,zfz,zé,zﬁl; H; (Zi >, H (Zi ))

Z,Z, (A4)

Hy(27)

H,(Z{)
Hy(Z{)

H,(Z})

v

0

Figure A3. Schematic diagram of IT2TrFN.
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The Hj(U i) becomes a member of the aU i(j + 1), and the Hj(Li) becomes a member of
~U ~L
theaLi(j+1),1+j+2.Z; Z;.

Sets of interval trapezoids with constant k are interval trapezoidal type-II fuzzy sets:
& = ~U ~L ~U ~L
Z1®Zy = <Z1 121) S2) (Zz /ZZ)
~Uu ~Uu ~Uu ~Uu
(zﬁ + 250, 21y + 25, 255 + 25, 2} + 25y min (H1 (zl) ,Hy (z2 ) ) ,min (Hz (zl ),Hz (zz ) ) (A5)

= ~ ~L ~L ~L
(z%1 + 25,25 + z%z,zf3 + 2k, 2k, + 2b min (H1 (Zl ) , Hy (Z )), min (HZ (Zl ) , Hy (Zz) ))

2
~U ~U ~U ~U
(z%[1 X z%,zyz X zgz,z% X z%,z%{1 X zgl; min| Hy <Z1L>,H1 Z, ,min (Hz Z ),Hz Zy , (A6)

= ~ ~L ~L ~L
(Z%1 x zby, 2k, x 2y, 2 x 2hy, 2hy x 2y min (H1 (Zl ) ,H; (Zz> ) ,min (Hz (Zl ) ,Hy (Zz) ) )

~U ~U
(kz%,kz%,kz%,kzﬁ; H; <Z1 >, Hy( Z4 ,

kzy = L ~L (A7)
<sz1, kzby, kzks, kzk,; Hy (z1 ) ,Hp <21 ) >
According to Herrera-Viedma [74], IT2TrEN is defuzzed as follows:
~U ~Uu
(f-at)+ (10 (2 )l ) o (12 ) el 24
1 +zjf

Lol P I P A (A8)
( i4 11)+<Hl (Z’ > 2 11>+<H2 <ZZ ) i3 ll) +Zl.Ll

Defuzzified (Z) =X 4

Appendix D.1.2. Algorithm for Clustering Using K-Means

K-means clusters data based on their mean values in a non-hierarchical manner.
Clustering data into K categories is achieved by optimizing the mean distance values
iteratively. Its unsupervised machine-learning algorithm can improve the objectivity of
threshold values.

Definition 1. A sample data set of x; would be compared to a cluster centroid set of c; [93,94].
The distance between the sample data and the centroid is calculated using the Euclidean distance
formula, which is derived from the Pythagorean theorem:

. 2 2 2
dis (x;, ¢j) = \/(xil —cin)”+ (xi2—cpp)” -+ (Xim — ) (A9)
where x; = (X1, Xip,* * *, Xim),Ci = (Cj1, Cj2, =+ +, Cjon) and M represents the dimension.

Definition 2. A sample cluster’s centroid is determined in each iteration by following the steps
below [93,94]:

o _{ Y oxn ¥ xme, Y xim} (A10)

N((p]) xiG(p]' xiE(pj xiegoj

where N(yj) measures how many data points are within the cluster ¢j.
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Definition 3. Based on the definition of the clustering criterion function, when | SSEN + SSEN — 11 <,
the clustering criterion function has converged [93,94]

K

SSE =YY dis(x;c;) (A11)

]':1 xieq)j

where n denotes the number of iterations, the discriminant condition, etc.
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Abstract

This paper discusses the evolution of convolutional (CNN) and recurrent (RNN) artificial
neural networks in applications for Building Information Modeling (BIM). The paper out-
lines the milestones reached in the last two decades. The article organizes the current state
of knowledge and technology in terms of three aspects: (1) computer visualization coupled
with BIM models (detection, segmentation, and quality verification in images, videos, and
point clouds), (2) sequence and time series modeling (prediction of costs, energy, work
progress, risk), and (3) integration of deep learning results with the semantics and topology
of Industry Foundation Class (IFC) models. The paper identifies the most used architec-
tures, typical data pipelines (synthetic data from BIM models, transfer learning, mapping
results to IFC elements) and practical limitations: lack of standardized benchmarks, high
annotation costs, a domain gap between synthetic and real data, and discontinuous inter-
operability. We indicate directions for development: combining CNN/RNN with graph
models and transformers for wider use of synthetic data and semi-/supervised learning, as
well as explainability methods that increase trust in AECOO (Architecture, Engineering,
Construction, Owners & Operators) processes. A practical case study presents a new
application, Bimetria, which uses a hybrid CNN/OCR (Optical Character Recognition)
solution to generate 3D models with estimates based on two-dimensional drawings. A
deep review shows that although the importance of attention-based and graph-based
architectures is growing, CNNs and RNNs remain an important part of the BIM process,
especially in engineering tasks, where, in our experience and in the Bimetria case study,
mature convolutional architectures offer a good balance between accuracy, stability and low
latency. The paper also raises some fundamental questions to which we are still seeking
answers. Thus, the article not only presents the innovative new Bimetria tool but also
aims to stimulate discussion about the dynamic development of Al (Artificial Intelligence)
in BIM.

Keywords: Building Information Modeling; CNN; RNN; OCR; IFC; AECOQO; Artificial
Intelligence; Bimetria

1. Introduction

Over the last two decades, Building Information Modeling (BIM) has emerged as
the fundamental paradigm for the digitization of the broadly understood construction
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industry-AECOO (Architecture, Engineering, Construction, Owners & Operators) [1]. BIM
combines geometric data, semantics (high-level relationships), and non-graphical data into
coherent, shared models that support decision-making from the concept and design stage,
through project implementation, to the maintenance and operation stage [2,3]. At the same
time, there has been a strong evolution in artificial neural networks [4]. Convolutional Neu-
ral Networks (CNNs) have become the standard in spatial-visual tasks [5], and Recurrent
Neural Networks (RNNs) in sequence and time series modeling [6]. The convergence of
the relative maturity of BIM ecosystems with the maturity of CNNs/RNNs has triggered
a wave of applications that promise automation, scalability, and greater efficiency of en-
gineering processes. In recent years, the notion of “active BIM” has emerged to describe
BIM environments augmented with optimization and decision-making capabilities that
dynamically update project information during design and construction

Despite significant progress, the evolution of Artificial Intelligence (Al) is still ongoing,
and new obstacles are being overcome [7]. However, there is a lack of standardized
benchmarks dedicated to BIM tasks [8], the cost of annotation in native environments is
high, and the differences between synthetic data (generated from models) and real data
(from construction sites, scans, photos) make it difficult to transfer new solutions into
practice [9]. In addition, the lack of seamless interoperability and different versions of
IFC (Industry Foundation Class) standards complicates the replicability and comparability
of results [10], and the limited “explainability” of Al models undermines confidence
in applications critical to key costs or schedules [11], which are most important in the
construction investment process. At the same time, the only source of truth, the so-
called CDE (Common Data Environment), does not always function well in investment
processes [12], which hinders the development of SaaS (Software as a Service). These
barriers point to the need for work that will not only present existing solutions but also
organize the evolution and ask questions to which we still do not know the answers.

The aim of this article was to conduct a synthetic review of the literature related to
the evolution of CNNs and RNNs in BIM applications and to organize the current state
of knowledge in three complementary perspectives: (1) computer visualization coupled
with BIM models (detection, segmentation, and quality verification in images, videos, and
point clouds), (2) sequence and time series modeling (prediction of costs, energy, work
progress, and risk), and (3) integration of deep learning results with the semantics and
topology of IFC models. In each of these areas, the dominant architectures, typical data
flows (including the use of synthetic data and learning methods), and a set of evaluation
metrics used in practice were identified. At the same time, limitations and gaps that hinder
the large-scale implementation of BIM-AI were pointed out.

The article is not only review-oriented but also discussion-oriented. Several funda-
mental questions are posed that will determine the direction of research and practice in the
coming years. The research questions are as follows:

1.  When are classic CNNs/RNNs sufficient for BIM tasks, and when do models that
explore relationships and attention (transformers) give an advantage?

2. How can model predictions be linked to IFC elements and relationships so that they
are operationalizable in workflows and CDE systems?

3. What balance between synthetic and real data minimizes the domain gap while
reducing the already high cost of annotation?

4. What XAI (Explainable AI) mechanisms are practically useful for engineers and how
can their value be measured?

5. What are the minimum requirements (data schemas, APIs, metrics) needed to make
results comparable and transferable between tools?

https://doi.org/10.3390/infrastructures11010006
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The contribution of this work is threefold. (1) We provide a structured synthesis of
scattered results on the evolution of CNN and RNN approaches for BIM-related tasks, high-
lighting typical data flows, model architectures and integration patterns. (2) We describe
Bimetria as a concrete implementation of these ideas in an industrial setting, showing
how Al-based perception can be linked with IFC structures and quantity takeoff in a
repeatable way. (3) We adapt and extend the concept of “active BIM”—previously used
mainly in the context of optimization-based construction management and logistics to an
Al-perception-driven workflow in which CNN/RNN models automatically construct and
update IFC-based building models and bills of quantities from 2D drawings. The structure
of the article is as follows: Section 1 covers the Introduction, Section 2 presents theoretical
background and terminology, as well as the origins and evolution of CNN/RNN. Section 3
discusses the new Bimetria (CNN) tool—its operation and pipeline. Section 4 discusses fu-
ture research directions, identifies limitations, gaps, and challenges, and attempts to answer
the fundamental questions posed. Section 5 presents recommendations and conclusions.

2. Evolution of CNN/RNN
2.1. Literature Search Protocol

To make the review reproducible, a transparent literature search protocol was applied.
Two major bibliographic databases, Scopus and Web of Science, were queried, focusing
on original research articles at the intersection of BIM and deep learning. The core query
combined BIM-related terms with CNN/RNN-related terms, such as (“Building Informa-
tion Modeling” OR BIM OR “Industry Foundation Classes” OR IFC) AND (“convolutional
neural network” OR CNN OR “recurrent neural network” OR RNN OR “deep learning”).

The time window was restricted to 2012-2025, corresponding to the period in which
deep learning methods became practically relevant for BIM applications. The search was
limited to peer-reviewed journal and conference papers in English. In the first screening
stage, titles and abstracts were checked against the following inclusion criteria: (i) explicit
use of BIM or IFCs in the problem formulation or data structures; (ii) use of CNNs, RNNs
or closely related deep architectures; (iii) focus on AECOO-relevant tasks such as detection,
segmentation, quality control, forecasting or model integration. Papers that only mentioned
BIM tangentially, purely theoretical Al work without a BIM context, and non-archival
publications such as position papers or theses were excluded.

In the second stage, full texts were assessed to confirm that BIM/IFC structures
were effectively used and that quantitative evaluation was reported. Methodologically,
the paper is based on an in-depth narrative review rather than a fully protocol-driven
systematic review.

For each paper identified in the search, the primary task (e.g., object detection, se-
mantic segmentation, defect detection, progress estimation, cost or energy forecasting),
model family (e.g., 2D/3D CNN, U-Net/HR-Net, LSTM/GRU, graph neural networks,
transformers), data type (raster drawings, 3D point clouds, IFC graphs, time series, video)
and main evaluation metrics (e.g., IloU/Dice, mAP, accuracy/F1, MAE/RMSE) were noted.
On this basis, papers were assigned to one or more of the three analytical lenses used in
the article: computer visualization coupled with BIM models, sequence and time series
modeling, and integration of deep learning outputs with IFC semantics and topology. The
synthesis presented in Section 2 follows this structure.

2.2. Three Eras of Evolution

The first concepts of neural networks dominated until the 1990s, but computational
limitations and the vanishing gradient problem hampered the development of deep archi-
tectures. Convolutions became standard in images (LeCun/LeNet-5 ideas) [13], but their
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potential only fully revealed itself in the era of GPUs and big data. In 2012, a major mile-
stone was reached with the “AlexNet” network by Krizhevsky, Sutskever, and Hinton [14].
Their model outperformed the competition in ImageNet, demonstrating that deep CNNs
radically improve image classification quality through scaling. Since then, we have seen an
avalanche of similar architectures. The following can be considered further milestones in
the development of CNNs and RNNs:

e  2013—word2vec by Tomas Mikolov et al. [15];
e  2014—seq2seq Sutskever, Vinyals, Le [16];
e 2016—AlphaGo (DeepMind) [17];
e  2017—Transformer (“Attention Is All You Need”) as a milestone in the architecture
behind GPT-x [18];
o  2018—GPT1—the first LLM from OpenAlI [19];
o  2019—GPT2 — (described in the media as “too dangerous to release”) [20];
o  2022—GPT3.5—public debut of ChatGPT on 30 November 2022 [21];
o  2023—GPT4—"Sparks of Artificial General Intelligence” [22];
o  2025—GPT5—with a built-in “thinking” mode, whose approach corresponds to the
concept of System 2 (Kahneman) [23] used in the description of reasoning models.
Key events are mapped on the timeline in Figure 1.
2013 2017
tokens and vectors in attention
embedding space mechanism |
word2vec >O seq2seq > O transformer > O .
sequence mapping learning from

texts, images, etc.

2018-2025

Figure 1. Timeline and milestones in the development of RNNs/CNNs (source: own work).

For BIM practice, the most direct implications of these milestones are the emergence of
attention-based architectures and transformers for point clouds and graphs, enabling richer
reasoning over IFC topology, as well as the use of large language models to support tasks
such as code compliance checking, automated documentation and conversational access to
project data. In this article, we focus on CNN/RNN architectures but briefly discuss how
attention and transformer-based models can complement them in Sections 2 and 4.

As a result, BIM has access to CNN components that enable the detection and seg-
mentation of structural elements, quality control in images or videos, and the integration
of results with IFC models. At the same time, RNNs were also developing. For example,
LSTM/GRU models (2014) established the standard for modeling time series and event
sequences, and seq2seq (2014) showed how to map variable-length sequences to other
sequences. The introduction of the attention mechanism (2014) shifted the emphasis to
dynamic weighting of time steps, which improved performance and stability. For BIM, this
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translated into forecasting delays, costs, energy, and analysis of operational logs/records
throughout the life cycle of a building.

With the advent of AlphaGo (a system combining deep CNN with reinforcement
learning and tree search, which defeated champion Lee Sedol), it was proven that the
combination of perception (CNN), memory/planning, and expert data scales to tasks with
astronomical state space. AlphaGo Zero went even further, learning “from scratch” solely
through self-play. Although Go has nothing to do with BIM, these milestones have changed
the mental model of system design, as instead of solely supervised pipelines, the role
of feedback, simulation, and decision policies is growing, which in turn translates into
planning, scheduling, and active learning on synthetic data in AECOO.

The evolution can be seen as three eras in the development of BIM-AI (Figure 2):

1. 2D perception (2012-2016) including CNNs (AlexNet—ResNet, U-Net) and detec-
tion/segmentation of elements in images and videos, including the first linking
to BIM.

2. Sequences and decisions (2014-2017) including LSTM/GRU with attention mecha-
nisms and cost/deadline forecasting, as well as the integration of predictions with
decisions and policies.

3.  Geometry and relations (2017 to present) covering PointNet/GNN/sparse-3D solu-
tions and the important HR-Net [24], including direct work on point clouds and IFC
graphs, and the maturation of self-supervised methods.

1. 2D perception 2. Sequences and decisions 3. Geometry and relations
2012-2016 2014-2017 2017-present
detection/segmentation covering LSTM/GRU along with covering
of elements in images attention mechanisms and Point-Net/GNN/sparse-3D
and videos, including cost/deadline forecasting, as solutions, including direct work
initial linking to BIM well as the integration of on point clouds and IFC
predictions with decisions and graphs, and the maturation of
policies self-supervised methods
From For From > For low extensive
error recognising stochastics attention memory and
structures level long-term
memory

Figure 2. Three eras in the development of BIM-AI (source: own work).

In many current industrial deployments, CNNs remain the backbone choice for vi-
sual tasks, especially where stability and low latency are important, although systematic
comparisons with transformer-based alternatives are still limited. RNNs (LSTM/GRU)
are still practical for time series and event logs, although some tasks are being taken over
by attention architectures. Geometric DL (GNN/3D) is crucial when predictions must be
topologically and semantically consistent with IFC. Self-/semi-supervised + synthetics are
the most effective response to benchmark deficiencies and high annotation costs.
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3. Example of Bimetria

This chapter presents a practical implementation of the previously discussed concepts
of deep learning in the context of BIM, namely the Bimetria system. The aim is to show how
the combination of convolutional neural networks (CNNs) and optical character recognition
(OCR), supported by domain rules and a geometric reconstruction stage, can automate the
transition from 2D drawings in the form of scans or PDF files to structured information
about a building object and to an IFC model ready for use in AECOO processes. This
example complements the literature review with a practical dimension, highlighting the
trade-offs between accuracy and stability, limitations due to data quality and diversity, and
architectural decisions dictated by engineering design requirements. Conceptually, Bimetria
can be seen as a specific form of “active BIM”. In existing research, active BIM usually
refers to BIM environments enriched with optimization or decision-making capabilities
that dynamically update project information, for example to optimize crane locations, site
logistics or building energy performance [25-27]. In our case, the “activeness” of BIM
is driven primarily by Al-based perception: CNN/RNN models interpret 2D drawings,
construct and update an IFC-based model, and populate quantitative attributes that feed
downstream cost estimation and model management. This shifts active BIM towards
workflows where automated recognition and model generation are tightly coupled with
BIM/IFC structures and quantity takeoff.

At a high level, Bimetria implements a processing chain that includes preliminary
cleaning and normalization of drawing sheets, detection and segmentation of graphic
elements such as symbols, lines, and dimensions using CNN models, extraction of de-
scriptive content and dimensional numbers using OCR methods, merging of geometric
and semantic information, reconstruction of three-dimensional elements along with their
parameterization, mapping to [FCs and relations, followed by data integrity validation and
export of results. The system in question takes a pragmatic approach that includes transfer
learning, semi-supervised labeling, and consistency checking rules, which together allow
for repeatable results in production conditions.

3.1. Input Data

The starting point for the Bimetria pipeline is a single 2D drawing sheet (Figure 3),
which is the source of geometric and semantic information used to reconstruct the 3D model.
A 2D drawing usually contains layers of a mixed nature: construction graphics, installation
symbols, dimensions, text descriptions, legends, and title blocks. In practice, both vector
PDF files and raster PDF, PNG, and JPEG files (including scans and photos of sheets) can be
fed into the system. The goal of the actions embedded in the system is to obtain an image
with stable visual properties, in which the topological relationships between lines, symbols,
and text are not blurred.

To obtain results that are as close to reality as possible at the outset, the user defines
information about the storeys by adding or subtracting records and entering the necessary
data. For each storey to be analyzed, the ordinates of the base and top of the structural and
partition walls should be assigned.

In the circulation of documentation, it often happens that projections are transmitted
in the form of scans or photographs of printed sheets, which are captured in a perspective
that distorts the drawing. Therefore, the first step is to straighten the image. This is done
using a dedicated straightening tool, which, after the user has marked four corners of a
known rectangle, gives the projection an appearance like the original drawing.

The next step in preparing the image is to improve its readability using ESRGAN [28],
a machine-trained model for improving the quality of raster images. This stage involves
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correcting the sharpness of lines and characters, and for scans or photos with uneven
lighting, brightness adjustment is used.

To later map to IFC, it is crucial to preserve information about units and scales, so the
user first assigns a scale to the drawing by calibrating the design using dimensions in two
perpendicular axes.

Figure 3. Image uploaded to the model at the input (source: own study).

This set of input data is standardized, described with metadata, and enriched with reli-
able annotations, thus providing CNN models and the OCR component with the conditions
for stable detection of 2D elements and for subsequent deterministic transfer of information
to 3D space in the BIM environment and IFC structures. The resulting representation can
be mapped to an IFC-based parametric model used in further stages of the design process,
following the Industry Foundation Classes (IFC) schema (ISO 16739-1:2018) [29] and re-
lated standards for BIM-based data exchange. As a result, a single 2D drawing becomes a
fully fledged knowledge carrier that can be transformed into a coherent, parametric model
used in further stages of the design process.

From a methodological perspective, the data used to train and evaluate Bimetria come
from 250 real design projects, involving buildings with reinforced concrete, masonry, or
mixed wall structures. A representative floor plan in raster format with a resolution of
96 to 300 DPI was selected from each project. A segmentation mask was created for each
drawing using a consistent labeling protocol that distinguishes between classes of elements,
e.g., masonry walls, reinforced concrete walls, doors, windows. The annotations serve as
ground truth for training and validation of the image recognition model. In the next step,
an extensive system of image augmentation and corresponding masks was prepared in
terms of scale, rotation, deformation, and blurring. After the class labeling stage, this was
the most crucial stage in terms of the final quality of the model being built.

The images prepared in this way, together with the corresponding masks, were divided
into tiles of a size that allowed for efficient learning on limited hardware resources with
optimal context coverage for the classes sought. After dividing into tiles, tiles with zero
participation of classes other than the background were selected and removed. The final
number of fragments of projections prepared in this way and used for model training
exceeded 16,000 images. For the entire model, mloU ~85% was obtained, and none of the
classes achieved less than 72 IoU.
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3.2. Image Recognition Model

The image recognition process begins with dividing the image into square tiles, which
optimize the model’s performance and are used to calculate the number of times the
application is used by the user. From this point on, the processes related to the recognition
of elements in images take place on separate parts, thus minimizing the risk of failure
of the operation due to the large size of the input data. The core of the system is an
encoder—decoder convolutional network with skip connections, which predicts a semantic
segmentation map of the drawing together with auxiliary masks needed for post-processing.
The model is trained to classify each pixel into 5 classes corresponding to the object
categories used in Bimetria (masonry walls, reinforced concrete walls, doors, windows)
and background. The loss function combines a standard cross-entropy term with to handle
class imbalance between large background regions and relatively small structural elements.

Bimetria is a two-stage image recognition model tailored to the specifics of technical
drawings. The first part is segmentation based on a network that allows for the stable
separation of three types of regions: walls with columns, openings, and the background
constituting the rest of the drawing. The direct results of image recognition have imperfec-
tions resulting from the prediction process, which is why they are immediately subjected
to automatic analysis and correction to generate output data in the form of rectangles with
appropriate dimensions and angles while maintaining the relationships between elements
(Figure 4).

background

- load-bearing and partition elements

openings

Figure 4. The first stage of image recognition (source: own work).

The model was trained in a multi-task scheme. The model’s performance was designed
for production use. The model uses quantization and agile convolution blocks, which
enables the processing of large sheets in a time acceptable to the user using appropriate
GPU (Graphics Processing Unit) cloud resources. Stability between drawing versions
was achieved through input normalization and color calibration mechanisms. In the
second stage of image recognition, the model separates masonry walls from reinforced
concrete elements and distinguishes between windows and doors (Figure 5). The network
is implemented in Python + deep-learning framework and trained on a standard GPU-
equipped workstation. It should be noted that no formal, large-scale quantitative evaluation
or systematic ablation study of the Bimetria model is reported in this paper. The case study
is intended to illustrate a feasible integration of CNN-based perception with BIM/IFC
workflows in an industrial setting, rather than to provide a comprehensive benchmark of
model performance.
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The third stage of data recognition uses OCR, which analyses the image for text data.
The model recognizes letters and numbers that carry information and then selects those
that are relevant to the recognized elements. Information is filtered based on both content
and geometric position. Ultimately, parameters such as the height and width of openings
and the height of windowsills are selected.

parameters

- brick walls

reinforced concrete elements

windows

doors

Figure 5. The second stage of image recognition (source: own work).

After the data in the images have been recognized, the coordinates of the elements
in the form of the beginning and end of the axes and the thickness of the elements are
generated based on the generated raster data on walls, reinforced concrete elements,
windows, and doors. The elements are assigned parameters read by OCR, and a JSON file
is created to store all this information in a specific structure.

3.3. Verification of Results

After completing all stages related to the recognition of elements and information on
the input data, the user has the option to verify the results. This is done based on vector
data displayed on the input image. At this stage, the user has the option to add missing
elements, remove redundant elements, and edit parameters. Once the user approves the
design, the data in the JSON file is updated.

3.4. Intermediate [SON Layer and IFC Mapping

All recognition results are stored in an intermediate JSON representation that decou-
ples perception outputs from the target BIM model. Each JSON record corresponds to a
single building element and contains at least the following fields:

‘id’ (string): unique identifier of the element within a project;

‘type’ (string): semantic category, e.g., ‘wall’, ‘opening’, ‘column’, ‘door’, ‘window’;

e ‘geom_2d’ (object): 2D geometry in sheet coordinates, including the coordinates of
endpoints or polygon vertices in sheet coordinates;

o ’level id’ (string): identifier of the storey/level the element belongs to;

e ’params’ (object): dictionary of scalar parameters such as thickness, height, sill eleva-
tion, material code;

e ‘text_refs’ (array): references to OCR tokens that provided the parameter values;

e ‘confidence’ (float): model confidence score for the detection/segmentation of

the element.

During IFC export, each JSON record is mapped to an IFC entity according to a set
of deterministic rules. For example, elements with ‘type = wall’ and a non-zero thickness
are converted to ‘IfcWall” or ‘IfcWallStandardCase’; openings in walls are mapped to

https://doi.org/10.3390/infrastructures11010006
132



Infrastructures 2026, 11, 6

‘IfcOpeningElement’; doors and windows are represented as ‘IfcDoor” and ‘IfcWindow’
inserted into the corresponding openings. Quantitative attributes such as length, area and
volume are computed from the 2D geometry and level information and stored in quantity
sets (e.g., ‘Qto_WallBaseQuantities’), while descriptive attributes such as material and fire
rating are stored in property sets (e.g., ‘Pset_WallCommon’). The use of a JSON layer makes
the pipeline robust to changes in perception models and facilitates exporting to different
BIM authoring tools that consume IFC.

3.5. Quantity Takeoff

Based on the verification data, an IFC model containing all recognized elements is
generated. The model is displayed in the application for better visual verification.

Quantities are calculated based on the approved data contained in the JSON file. The
values that are calculated are areas, volumes, and numbers of elements. They are exported
to tables in CSV/XLSX format, which can be downloaded and used for any calculations
and analyses.

The application also generates a downloadable PDF report, allowing for quick printing
and transfer of information if paper documentation is used in the process. It contains a
3D view of the BIM model and tables with quantities (Figure 6). Quantity surveying in
Bimetria is the stage of converting image recognition results into measurement values
used for cost estimation and planning purchases or construction works. The starting
point is a structured graph of elements obtained from masks and object detection with
neighborhood relations and links to OCR readings. On this basis, the system determines
the base quantities (lengths, areas, volumes) in accordance with a set of measurement rules,
then converts them to target units and combines them with the classification of elements.

e e s

St e e |
—— e et
—

P—

Figure 6. BIM model with bill of quantities values (source: own study, Bimetria, 2025).

The process begins with the normalization of units and versioning of the sheet: all
dimensions are converted to SI metrics, and the sheet is given an identifier and scale
signature, which guarantees the repeatability of calculations between successive revisions.
Recording relationships allows for the distinction between gross and net values, which is
crucial for most standard catalogs (subtracting openings, including/excluding recesses,
treating columns in floors, etc.).

For masonry and reinforced concrete walls, the system calculates lengths from align-
ment and developed areas from thickness determined based on the legend or layer caption;
if the thickness is not explicitly stated, inference rules based on symbols and line scale are
used, and the result is marked with a certain degree of uncertainty. Openings are subtracted
from the net areas according to a minimum area threshold to avoid interference from small
marker recognition artifacts. The measurement values are accompanied by a margin of un-
certainty resulting from error propagation: the system aggregates segmentation deviations,
OCR reading quality, and scale calibration accuracy.
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The result of this stage is a bill of quantities organized according to the classification
of elements. At the BIM level, the data is transferred to IFC structures. At the same time,
CSV/XLSX reports and filter views are generated, enabling the mapping of items to cost
estimate items, with the system able to use assignments to industry dictionaries and codes
used in cost estimation. This integration allows for direct feeding into 5D processes, and
thanks to input versioning and deterministic measurement rules, the lists are comparable
between project revisions and suitable for tracking changes.

3.6. Scope and Limitations of the Case Study

It should be noted that no formal, large-scale quantitative evaluation or systematic
ablation study of the Bimetria model is reported in this paper. The case study is intended
to illustrate a feasible integration of CNN-based perception with BIM/IFC workflows in
an industrial setting, rather than to provide a comprehensive benchmark of model perfor-
mance.

4. Discussion

In interpreting the results, a distinction is made between observations that are directly
grounded in the described pipeline and case study, and broader reflections informed by
experience and the reviewed literature. Statements that refer to specific mechanisms or
design choices in Bimetria should be understood as practice-oriented and illustrative,
whereas more general claims about trends in BIM—-AI are based on the narrative review
rather than on new quantitative experiments.

The U-Net network was the starting point for the development of Bimetria and, in
general, should be considered a breakthrough. In turn, thanks to the HR-Net network, i.e.,
its application to the analysis of documentation and details, much better results (accuracy)
were obtained than in the case of U-Net. Due to its high resolution throughout the network,
only HR-Net allows for the determination of, among other things, wall polygons in a
manner acceptable from the point of view of quantity surveying.

The results of the literature review and the Bimetria case study allow us to look at the
evolution of CNNs/RNNs in BIM from a more nuanced perspective than a simple exposure
to “old” networks vs. “new” transformers. On the one hand, there is a clear shift in the
focus of research towards attention-based architectures, graphs, and point clouds, which
better capture 3D geometry and topological relationships in IFC models. On the other hand,
practice shows that mature and well-understood components are still crucial for many
critical tasks: convolutional networks segmenting 2D images, classic RNNs/LSTM for time
series, and simple language/embedding models that can be relatively easily integrated into
existing engineering processes. Bimetria fits into this logic of “reasonable conservatism”:
instead of chasing the latest benchmarks, it uses the proven HR-Net network and OCR
modules to solve a specific, business-critical problem—the transition from 2D drawings to
BIM models and bills of quantities.

An analysis of Bimetria’s pipeline provides a partial answer to the question posed in
the introduction about when classic CNNs/RNNs are “sufficient.” For a highly structured
domain such as technical drawings, with well-designed pre-processing (scale normalization,
distortion correction, resolution improvement) and a limited but precise object dictionary,
convolutional networks still provide stable segmentation and element detection. The
key is not so much the architecture itself, but rather its integration with domain rules
(e.g., inferring missing wall thickness based on context) and rigorous user-level quality
control woven into the verification process. From this point of view, more complex graph
models or transformers could improve some marginal cases (complex details, non-standard
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symbols), but they are not a prerequisite for achieving production usability in typical
building designs.

An important conclusion that emerges from a comparison of literature and the Bimetria
example is the central role of the intermediate layer between prediction and the BIM /IFC
world. In the proposed solution, this function is performed by a structured description in
JSON format, which stores both the coordinates and semantics of the recognized elements. It
is this layer that enables the mapping of CNN/OCR results to IFC objects, their subsequent
use in quantity surveying processes, and tracking changes between revisions. The literature
often assumes that an “intelligent” model will find the right representation on its own,
but from an AECOQ practice perspective, explicit, auditable bridges between input data,
prediction, and the BIM model are key. This approach also promotes explainability: the
designer or user not only receives a numerical result, but also the ability to trace which
parts of the drawing generated specific IFC objects and what the quantity survey values are.

The issue of balance between synthetic and real data and the problem of domain gap
manifests itself in Bimetria in a slightly different way than in typical scientific research.
Instead of building huge synthetic corpora, the system relies on so-called dirty documenta-
tion from real projects, and the diversity of drawing styles, formats, scanning artifacts, and
human errors is treated as a natural problem. While this limits the possibility of precise
comparison with other solutions (lack of public benchmarks), it better reflects the actual
conditions of implementation. In the broader context of BIM-AlI, this suggests that it may
make sense to build smaller, “local” data ecosystems around specific applications and
organizations, rather than striving for a single correct and universal reference set.

The final topic of discussion concerns explainability and trust in Al systems in BIM. In
literature, XAl is often reduced to general techniques for visualizing attention or feature im-
portance, while experience with Bimetria indicates that from the user’s perspective, simple
but well-integrated mechanisms are key: overlaying segmentation results on the original
drawing, the ability to manually correct and immediately recalculate measurements, and
versioning of input data and results. “Operational explainability” understood in this way
may be less impressive than advanced XAI methods, but it better addresses the real needs
of designers and cost estimators. It seems that in the coming years, it will be precisely such
pragmatic solutions, combining mature CNN/RNN architecture with well-designed data
semantics and user interfaces, that will determine whether AI becomes an integral part
of everyday BIM workflows or remains mainly the domain of research experiments. This
observation is consistent with experiential learning approaches in BIM education, where
direct, hands-on interaction with BIM and Al-augmented tools is seen as a prerequisite for
developing trust and deep understanding of digital workflows [30].

Given the current lack of public benchmarks dedicated to BIM-specific tasks, it seems
useful to outline at least a minimal open protocol aligned with the three lenses used in this
article. As a starting point, such a protocol could include a set of varied 2D sheets with
ground-truth segmentation masks and quantities for key structural and architectural ele-
ments, a small number of annotated site videos capturing construction progress, and several
time-series datasets (e.g., cost, schedule, energy) with standard train/validation/test splits.
For each lens, a core set of baseline metrics (e.g., loU/mAP for perception, MAE/RMSE
for forecasting, and topology-aware measures for IFC integration) should be agreed upon.
The typology and case study presented here are intended as a conceptual blueprint for
designing such community benchmarks rather than as a complete specification.

5. Conclusions

The article provides a synthetic overview of the evolution of convolutional and recur-
rent neural networks in BIM applications against the backdrop of the broader development
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of deep learning methods, showing how the community has progressed from simple
2D perception tasks to models that operate directly on point clouds, IFC graphs, and event
sequences in the object lifecycle. The authors organize the current state of knowledge
into three complementary perspectives: computer visualization coupled with BIM mod-
els (detection, segmentation, and quality control in images, videos, and point clouds),
sequence and time series modeling (cost, energy, work progress, and risk forecasts), and
the integration of deep learning results with the semantics and topology of IFC models
and CDE environments. Based on a review of the literature from the last two decades,
the dominant architectures (including the U-Net and HR-Net family, LSTM/GRU, 3D
and graph networks, transformers), typical pipelines, and main implementation barriers
have been identified, among which the key ones are: the lack of standardized benchmarks
dedicated to BIM tasks, the high cost of annotation in native environments, the domain
gap between synthetic and real data, the limited interoperability of the IFC standard, and
the insufficient explainability of Al models in cost- and schedule-critical applications. The
literature review is supplemented by a case study of the Bimetria system, which uses a
hybrid processing chain based on CNNs, OCR, domain rules, indirect representation in
JSON format, and geometric reconstruction to strongly automate the transition from 2D
drawings (scans, PDF) to an IFC model integrated with quantity takeoff and cost estimation
processes, while illustrating that mature and well-understood CNN/RNN architectures
can be “sufficient” in many tasks if embedded in a carefully designed workflow and user
verification mechanisms. Conceptually, Bimetria can be seen as an example of “Active
BIM”. In such workflows, Al models are not limited to recognizing objects in drawings,
but they actively construct and update a BIM/IFC model and its quantitative attributes.
This means that the output of perception directly drives quantity takeoff, cost estimation
and model management, instead of remaining a separate analytical layer detached from
the BIM environment. The need to align advanced CNN/RNN-based workflows with the
broader digital transformation of the AEC sector is also emphasized by Zawada et al. [31],
who argue that the potential of BIM and 4.0 technologies, including Al is still far from
being fully exploited in everyday engineering practice [31]. Thus, the article proposes a
framework typology of BIM-AI tasks and methods, formulates a set of fundamental ques-
tions concerning, among other things, the role of classical CNN/RNN models in relation
to attention-based models, the balance between synthetic and real data, practically useful
explainability, and minimum interoperability requirements, and indicates directions for
further development aimed at building scalable, explainable, and comparable tools that
can become a permanent part of everyday practice in the broadly understood construction
industry—AECQOO.
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Abstract

Conventional uses of building information modeling (BIM) in existing-building represen-
tation tend to prioritize geometric consistency and efficiency, but often at the expense of
interpretive depth. This paper challenges BIM’s tendency to promote epistemic closure by
proposing a method to foreground relational ambiguity, transforming view reconciliation
from a default automated process into a generative act of critical inquiry. The method,
implemented in Autodesk Revit, introduces a parametric reference frame within BIM sheets
that foregrounds and manipulates reciprocal relationships between orthographic views
(e.g., plans and sections) to promote interpretive ambiguity. Through a case study, the pa-
per demonstrates how parameterized view relationships can resist oversimplification and
encourage conflicting interpretations. By intentionally sacrificing efficiency for epistemic
resilience, the method aims to expand BIM’s role beyond documentation, positioning it
as a tool for architectural knowledge production. The paper concludes with implications
for software development, pedagogy, and future research at the intersection of critical
representation and computational tools.

Keywords: parametric; BIM; computational; representation; resilience

1. Introduction

The epistemological position of digital modeling software in representing existing
buildings seems to differ fundamentally from its position in the design of new buildings. In
the former case, a referent building exists, and software in combination with remote-sensing
technology can be used to achieve a precise and efficient form of documentation [1]. In
the latter case, there is a prevailing assumption that the act of architectural representa-
tion, particularly when executed iteratively, can be used as a designerly mechanism for
generating new knowledge [2]. Thus, the act of digitally modeling existing buildings ap-
pears to prioritize knowledge display over the knowledge production that is more typical
of new-building design. In a wider context, ref. [3] articulates the distinction between
knowledge display and knowledge production. For [3], knowledge display is associated
with a concealment of the decisions and processes on the basis of which it was produced.
Similarly, ref. [4] introduce a distinction between “models of” and “models for,” wherein
the former are concerned with representations that map a presumably objective reality, and
the latter are concerned with how models and their interrelationships “serve an epistemic
purpose beyond depiction.” Traditional applications of BIM for existing buildings typically
function as devices for knowledge display, in that they present geometrically resolved
models while concealing the interpretive decisions made during model construction. In
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contrast, the methodology proposed in this paper leverages BIM for knowledge production
by directly exposing ambiguity within models.

Conventional uses of Building Information Modeling (BIM) software for representing
existing buildings tend to treat architectural representation as depiction, with a heavy
emphasis on achieving precision and geometric accuracy, resulting in “models of” build-
ings [5]. Nevertheless, digital models of existing buildings are not neutral containers of
information but are instead the consequence of representational acts structured by con-
text [6]. To paraphrase [7], architects do not make buildings; they make digital models
of buildings, and interpreting those models is not the same as interpreting the buildings
to which they refer [8]. It follows that digital models of existing buildings should not
be viewed as transparent or neutral reflections of reality, but as situated constructs that
actively shape what can be seen, how what can be seen is understood, and whether certain
dimensions of knowledge are foregrounded, marginalized, or actively omitted. In the case
of BIM, we suggest that its conventional use encourages a form of epistemic closure, or in
other words, a false sense that the model both constitutes and represents a complete and
finished reality.

Rather than reinforcing that conventional emphasis, this paper argues for BIM-based
practices that encourage interpretive openness—where relationships between views become the
source of architectural meaning, and where a BIM model’s role expands its core function
(namely, the efficient production of coordinated documentation) to encompass active
and critical inquiry. In this way, existing-building BIM is positioned as a process that
can approach the productive ambiguity of new-building design referred to above. The
primary implication is that BIM’s conventional emphasis on geometric consistency and
epistemic closure can be productively disrupted to foreground relational ambiguity, which
in this context means highlighting uncertainties between views. This has the effect of
transforming BIM into a tool for epistemic resilience, which we define as a model’s capacity
to sustain multiple, conflicting interpretations without collapsing into false certainty.

Our approach differs from dominant trends in existing-building BIM research,
which generally focuses on the problems of efficiency and accuracy in automated
reconstruction [9,10]. Instead, this paper’s emphasis is on knowledge effects as understood
to derive from a plurality of representational modes. These effects may align with forms
of sociopolitical and economic resilience, particularly in contexts where representational
control is contested, as shown, for example, in the work of critical cartography [11,12].
More specifically, representational methods that foreground ambiguity can enable mul-
tiple narratives, which are critical in contexts where histories are contested [13]. Thus,
the method introduced here offers a means for participatory and pluralistic architectural
discourse. In this context, we see our proposed method as potentially valuable for inves-
tigative actors: heritage conservationists, architectural historians, and researchers generally.
Unlike a professional BIM user in the new-building industry, these investigative actors do
not necessarily measure the effectiveness of their methods by speed or efficiency: they can
value the visualization of conflict and subjectivity as methodological ends in themselves.

While the method we describe prioritizes the need for critical interpretation over
computational efficiency, the outcomes also carry practical implications for the creation
of “digital twins” for existing structures. Specifically, the concept of epistemic resilience
can be positioned practically as a strategy for managing uncertainty in contexts where
documentation is often incomplete or conflicting. By foregrounding ambiguity rather than
working to conceal it, our method can help to expose potentially costly assumptions while
providing a more nuanced representation of a building’s complex history.
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1.1. Reciprocal Relationships

Like other representational artifacts, digital models function as epistemic tools, medi-
ating architectural knowledge by means of culturally specific representational practices [2].
Existing buildings participate in architectural discourse through being represented in ar-
tifacts like drawings and models. These drawings and models trigger and sustain an
interpretive process of conceptual negotiation [14]. This interpretive process is neither
simple nor immediate [15]. It involves, inter alia, the mental construction of spatial rela-
tionships that may not be explicitly depicted in drawings or models. An example may be
found in the paired plan and section drawings of an existing building (Figure 1).

.
— —

L o

Figure 1. Paired plan and section as an example of a typical reciprocal relationship between ortho-

graphic views.

The two drawings (plan and section) reciprocally interpret each other in contribut-
ing to the mental formation of spatially coherent understandings. This complementary
relationship is precisely what [16] identify as “reciprocity and ... [mutual] dependence.”
As [7] emphasizes, orthographic projections are “never exhaustive”-they always invite a
kind of mental synthesis or what is referred to in this paper as reconciliation. Reconciliation
is fundamentally generative, reflecting what [17] describe as the “hopeful possibility of
plan, section and elevation being ... reversible.” The transformative work involved in
mentally relating drawings and the thoughts they initiate enables what [18] describe as
“allowing a three-dimensional presence to form in the viewer’s mind” as architectural
understanding unfolds.

The idea of mentally reconciling projections (e.g., orthographic views) is linked to the
capacity of representation to absorb and proliferate “ambiguities and inconsistencies” [7].
This assertion goes beyond any technical concern. It assumes that different architectural
representations, such as orthographic views or perspectives, will be differently relevant
to diverse stakeholders, and that processes of mentally relating representations into a
coherent whole will operate in specific and culturally grounded contexts, perhaps even
idiosyncratically. Reconciliation is also not something that can trivially be achieved by
presenting photorealistic views of buildings or immersive walkthroughs, both of which
are inseparable from perspectivism [17]. Instead, manual reconciliation is contingent on
the idea that architecture and its representations operate on a level that “barely initiate[s]
thought” [14]. For these reasons, architectural representation must be skeptical of any
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attempt to provide totalizing views, or to remove or sideline the importance of mental
reconciliation as a process.

1.2. BIM'’s Effects of Knowledge Production for Existing Buildings

Choosing to engage BIM in existing-building representation implies acceptance of
a way of organizing work, the knowledge-effects of which include increased specializa-
tion [19]. Moreover, consistency among representations—precisely, BIM’s default position—is
a long-recognized criterion for information-visualization validity [20,21]. Nevertheless,
digitally modeling an existing building is an interpretive act [22,23], one that begins with
a choice of approach, e.g., between geometric, parametric, or semantic approaches, or
between parametric, geometrically accurate, or knowledge-generating ones [24-26]. More-
over, digital modeling inherently involves tacit judgment [6,27]. As such, digital modeling
considered broadly has the capability to operate as an ambiguity-foregrounding method
accommodating multiple knowledge domains.

BIM’s most obvious and significant knowledge implication lies in the software’s
ability to provide an arbitrarily large number of consistent, coordinated representations of
a geometrically complex reality, e.g., a building. This concept is referred to here as automatic
reconciliation to emphasize its difference from the manual process of mental reconciliation
described above. Automatic reconciliation takes place without any active engagement by
the modelmaker; it is simply a consequence of BIM’s central model being made visible by
means of distinct projections (e.g., plan and section). It is in part due to this ability that
BIM derives its obvious utility within architectural and engineering practice in support of
new-building design. What in a pre-BIM context constituted a tedious process of manually
coordinating two-dimensional drawings (e.g., plans with sections) becomes, within BIM, a
banal consequence of the software’s ontology. In the context of new-building design, the
omission of this manual coordination process has had clear positive effects on production
and efficiency [28].

So much is obvious within contemporary practice as it relates to the design of new
buildings. However, BIM’s relevance to representing existing buildings remains an active
and contested area of research [29-34]. In large part, research in this area examines distinc-
tions between BIM’s ability to support objective documentation (e.g., through point-cloud
scanning or photogrammetry) and semantic enrichment (i.e., the addition of meaningful
relationships to a model). For example, ref. [35] introduce a distinction between “black box”
and “white box” modeling approaches, in which the former treats the referent building
as a coherent structure of scanned points modeled in 3d space, and the latter treats the
referent building as a consequence of parametrically informed modeling decisions, with
the potential to incorporate predefined element libraries. These two approaches result
not only in two distinct kinds of models but in two different affordances for conceptu-
ally understanding the architecture. Similarly, ref. [36] raise the possibility of different
model construction processes leading to differing interpretations, i.e., “different modes of
critical re-reading.” Model construction processes are further complicated in the case of
demolished buildings, where a distinction arises between a “theoretical” model, that is, a
model based on documentary sources, and an “as-built” model representing field-verified
geometry [37]. That a building no longer physically exists means that any verification
of its elements introduces a unique kind of ambiguity, i.e., among interpretations of an
incomplete or internally contradictory documentary record [38,39]. Failure to observe
the distinction between document-based and field-based models can result in reduced
applicability to applications like structural health monitoring [37].

Fundamentally, BIM’s hierarchical, component-based knowledge structure risks con-
flict with open-ended, interpretive approaches to representing and modeling built heritage.
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In part, this is simply because BIM’s ontology, to the extent that it depends on parametric
relationships and predefined elements, can struggle to capture the formal and material
idiosyncrasies of existing buildings [40]. The epistemological consequences arise in at least
two ways. First, there are uncertainties regarding BIM standardization in heritage and
conservation contexts [41]. Second, there is a risk to marginalizing or excluding culturally
specific practices, e.g., construction and living patterns that defy BIM’s expectations for
clarity of organization and geometric consistency [42].

1.3. Cultural Assumptions and Epistemic Bias in BIM

Existing-building BIM aims for efficiency in producing complete, accurate, and com-
prehensive models. These aims have the effect of prioritizing dominant knowledge sys-
tems, i.e., the standards of the AEC industry [43]. Such standards are often positioned as
epistemologically neutral, aimed at making interoperability between software platforms
“seamless” [44]. For example, consider how an existing masonry building with sagging
floors or out-of-plane walls could become “homogenized” in BIM. To maintain geometric
consistency, a modelmaker might simplify observational data into the level planes and
vertical walls encouraged by the software’s internal logic [1,10]. Such an approach would
result in an “interpretive homogenization” where the building’s idiosyncrasies are flattened
into a standard, industry-compliant representation. Even apparently objective standards
such as IFC may carry specific Western, industry-centered logics that risk marginalizing
nuanced or conflicting understandings of space [45,46]. For example, the IFC entity IfcWall
refers to “a vertical construction that may bound or subdivide spaces” [47]. This apparently
straightforward definition assumes dichotomies (e.g., container versus contained) and hier-
archies (e.g., subdivisions) that arguably make more sense when applied to buildings like
factories and offices rather than to nomadic shelters, reed mudhifs, or cave housing. Within
a context informed by sharp dichotomies and clear hierarchies, BIM’s major conceit is that
ambiguity and conflict cannot exist, or rather that alignment and coordination between
representations of the model are incontestable because all views refer to a single central
model. This is the case for orthographic and perspective views as well as exploded or

“displaced” views (Figure 2).

Figure 2. Displaced view in BIM, illustrating the possibility of producing views of BIM model
components ‘displaced’ from their known positions.
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The central-model assumption guarantees alignment of BIM with Cartesian frame-
works reflecting a Western privileging of geometric objectivity, marginalizing non-metric
knowledge systems [17]. Yet even apparently neutral concepts such as geometric accuracy
have different meanings, different degrees of relevance, and different extents of subjectivity
within different cultural contexts [14,48].

1.4. Devices of Reciprocity in BIM

Apart from the software’s ontological focus on automatic reconciliation, BIM relies
on certain formal mechanisms to explicate reciprocal relationships. These mechanisms,
referred to here as devices of reciprocity, may be categorized into model-based devices and
sheet-based devices. The categories reflect important technical and conceptual differences
between two modes of producing modeled or drawn information. Model-based devices
include coordinate systems, reference planes, level lines, and parametric relationships that
are explicitly coded to relate parameters to modeled form. Sheet-based devices identify or
relate views to each other. While both model-based and sheet-based devices are designed
to streamline automatic view coordination, they have the side effect of constraining the
modelmaker’s ability to engage a model’s spatial ambiguity. The following section outlines
a method for repurposing these mechanisms to prioritize manual reconciliation as a site of
critical inquiry.

2. Materials and Methods

This section of the paper highlights a specific method for problematizing reciprocal
relationships in a case-study BIM model. The method is explicitly not designed as an
automated process but as a manual workflow intended to introduce subjective and critical
ambiguity. In this way, the method is not positioned solely as a technical process but as a
philosophical reorientation of how meaning is constructed through modeling.

The project relies on Autodesk Revit 2026 to particularize its argument. However, the
underlying logic broadly reflects capabilities that are inherent to BIM software generally
(e.g., ArchiCAD, Vectorworks): namely, the software’s automated reconciliation of ortho-
graphic projections derived from a parametrically driven database. We consider a BIM
model of a recently demolished building in Winona, Minnesota (USA), constructed by this
paper’s corresponding author (Figure 3). The case study is selected as an example of the
kind of building susceptible to our method: that is, any one where some form of interpretive
friction exists between as-built reality, traditional documentation, and digital model. The
construction of such existing-building models implicates multiple sources of evidence [38].
In this case, the building’s demolition introduces a specific kind of interpretive ambiguity,
because it is no longer possible to conduct the kind of field verification or validation that
an existing building would present.

Figure 3. Two perspective views illustrating BIM model of recently demolished building, Winona,
Minnesota (USA).
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2.1. Construction of Reference Frame

To counter BIM’s default automation of view reconciliation, this method introduces
an intentional layer of ambiguity and relationality by foregrounding reciprocal relation-
ships between orthographic views. The ambiguous nature of orthographic views may be
highlighted by deliberately juxtaposing and superimposing them, calling their presumed
existence as independent registers of the model into question. Stated somewhat differently,
reciprocal relationships between views can be problematized: that is, relations between views
can be considered as an open question requiring active investigation, rather than as a fixed,
automatic linkage. Our method establishes relationships graphically and then positions
views relative to that drawn relationship. More specifically, we begin by identifying a
possibly critical relationship, such as between two orthographic views. We then graphically
deploy an armature or frame that provides a kind of intentional superimposition between
those views. The resulting superimposition is then open to a process of manual reconcilia-
tion. To illustrate, suppose that a rectangular armature or frame f is produced in a Revit
sheet, and that f is understood to signify a reciprocal relationship between two graphic
elements positioned, respectively, at a and b (Figure 4).

a
1

1

b
Figure 4. A rectangular, parametric armature f placed on a Revit sheet can be used to define and
regulate the reciprocal relationship between views positioned, respectively, at a and b. Lines a and b

indicate the respective positions of two views. The dashed (vertical) lines indicate an “imaginal joint
between them.

f’s rectangular frame and its use of dashed lines respond to the reciprocity mechanisms
described above. The frame provides a fixed reference against which misalignment can
be measured. Dashed lines, as non-material indicators of spatial relationships, build upon
conventions of projection: they indicate what [49] calls an “imaginal joint between two
realms,” i.e., the graphic elements positioned at a and b. For example, paired plan and
section views can be positioned at a and b, aligned positionally and at a consistent scale
to emphasize formal and spatial relationships that exist between the two views. Figure 5
illustrates how f can emphasize a formal relationship between a space as it appears in plan
and the same space as it appears in section.

The premise of Figure 5 is that the reference frame f initiates the possibility of a
meaningful visual relationship between views. Once the frame is in place, the first view
(plan or section) is placed relative to f, and then the second view (section or plan) is selected
and positioned relative to the first, using f as a guide.

There is no reason that f needs to remain an inert or fixed element. Instead, like other
elements in Revit-or in BIM software generally—f could incorporate parameters, enabling
variation in visible features such as proportion, position, and size. More specifically, f may
be implemented as a parametric family; its dimensions (length, height) and position on the
sheet controlled by user-defined parameters. The crop regions of the plan and section views
may be manually aligned and constrained to its edges. This technique effectively transforms
the sheet into a dynamic modeling environment, allowing f to become a sheet-based device
for explicating reciprocal relationships.
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L

Figure 5. The parametric reference frame f (shown in red) is used to spatially organize a plan and

11111

a section view of the same architectural space within a Revit sheet. As in Figure 4, the solid red
lines indicate the respective positions of the two views, and the dashed (vertical) lines indicate an
“imaginal joint” between them. Aligning the views to a common visual framework highlights their
formal and spatial reciprocity.

Adjusting the parameters enables iterative exploration of spatial ambiguity as the
individual views become visually superimposed to a greater or lesser extent (Figure 6).
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Figure 6. Parametric manipulation of f’s vertical dimension causes the plan view (shown in black)
and the section view (shown in red) to increasingly overlap. Increased superimposition leads to visual
ambiguity, demanding heightened interpretive engagement. This superimposition is deliberately
created to provoke interpretive engagement with the spatial relationship between plan and section.

Traditional documentation relies, at least in part, on the visual juxtaposition of views—
that is, placing plan and section side-by-side to encourage the mental construction of spatial
relationships. In contrast, this method utilizes superimposition to force a collision of spatial
information. By parametrically reducing f’s vertical dimension, the modelmaker collapses
the orthogonal distance that typically separates these views. Critically, this transition is not
merely graphical; it causes a shift from observation to active resolution of visual conflict.
To state this idea somewhat more precisely, when the constituent views are separated
and visually juxtaposed in the conventional manner, the modelmaker can rely on BIM's
automatic reconciliation, implicitly trusting that the software has coordinated the model
geometry to produce each view. However, as the modelmaker compresses f vertically,
and the views increasingly overlap (superimposition), this implicit trust is disrupted by
visual interference. Lines belonging to the floor plan overlap and intersect with lines in the
section, leading to a visually dense mesh of information that cannot be passively read as
reflecting certain knowledge. In turn, this requires that the modelmaker engage in manual
reconciliation to mentally disentangle plan from section. In this way, superimposition acts
as a heuristic device: by obscuring the easy readability of plan and section, it discloses
latent logics that connect them to each other.
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As an information visualization strategy, visual superimposition is conventionally
understood to have certain advantages, such as efficiency of comparison within a shared
visual space, as well as apparent disadvantages, notably occlusion and clutter [50,51]. The
iterative approach to overlapping in Figure 6 inverts those conventional assumptions. In
this case, visual ambiguity is not presented as an obstacle to resolve but as a deliberate visual
provocation. By parameterizing visual superimposition, the method makes new demands
on interpretive labor, i.e., demanding active interpretation rather than passive consumption.

2.2. Expanding to Other Views

A similar approach can be followed using other views. Suppose that instead of address-
ing reciprocal relationships between plan and section, relationships are to be emphasized
between a section and an oblique projection (Figure 7). A volumetric reference frame, f ’,
establishes the possible relationship; views are placed in alignment with f ’. Parametric
adjustments to f ” allow for variable investigation of the reciprocal relationships between
the section and the oblique.

-
—
-

Figure 7. A volumetric variant of the reference frame, f’, is used to position and relate a section view
to an oblique projection. Here, the reference frame (shown in red) extends into a pseudo-3D spatial
volume within the Revit sheet, emphasizing formal correspondence between the component views
(shown in black). Parametric adjustment of f” enables iterative control over view relationships.

Introducing reference frame f has the effect of focusing modelmaker attention on a
reciprocal relationship that exists between two views. This shift in prioritization adds an
important function to BIM's representational capabilities. Rather than treating the central
model as the primary source of knowledge, this approach recognizes the epistemological
value of relationships between views. Consequently, understanding emerges from the
active process of establishing important relationships using reference frame f and then
attaching views, rather than simply deriving individual views from a central model.

3. Results

This method challenges BIM’s default prioritization of geometric consistency by
foregrounding dynamic relationships between views, such as plan-section reciprocity. A
conventional set of drawings, with its focus on clearly distinct, separated views, implies a
singular, coordinated reality. In contrast, variably superimposed views as discussed here
lead to an ambiguity demanding interpretive labor. Reference frame f actively highlights
relationships between different views rather than treating them as isolated derivatives of
the central model. By parameterizing the reference frame, users can dynamically adjust
the visual proximity and overlaps between views (as shown in Figure 6). Overlapping
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views can highlight contested spatial relationships. The visual ambiguity generated by the
superimposition of views functions as a mechanism for knowledge production by resisting
what we call epistemic closure.

Our approach acknowledges two fundamentally distinct aspects of BIM. First, BIM
centers an underlying database containing information susceptible to meaningful (building-
related) queries. Second, BIM provides a mechanism for producing meaningfully useful
“views” of the information in that database. Conventionally, those “views” take the form of
individual orthographic projections or tabular displays (e.g., room finish schedules). Sim-
ply, our method manipulates BIM’s viewing mechanism to uniquely reveal the qualities of
information in the database. Our manipulation, taking the form of visual superimposition,
generates new knowledge in two ways. First, it demands the capacity of spatial synthesis
from viewers. That is, visual overlap forces a simultaneous perception of section and
plan, confounding the viewer’s ability to reconcile the building planimetrically. Vertical
readings (e.g., of height, daylight, and structure) must be directly tested against the floor
plan. Second, in a related way, superimposition promotes a kind of relational visibility. By
utilizing f’s parametric controls to overlap views, the modelmaker can identify and visually
problematize spatially critical relationships. Conflicts and misalignments, along with unex-
pected but latent relationships (e.g., between the structural grid and the spatial enclosure),
not obvious in isolated views, can become apparent in the form of visual interference.

This shift from static to dynamic representation creates new cognitive challenges,
e.g., in the need to interpret visually overlapped drawings. Ambiguity is increased at the
expense of clarity and objectivity, inviting contemplation. That is, the method intention-
ally sacrifices efficiency for deeper engagement in the form of active disambiguation, i.e.,
manual reconciliation. In its shift from defining individual views to establishing relation-
ships, the workflow encourages new kinds of critical thinking about spatial meanings.
Rather than assuming spatial ambiguity must always be resolved, the method encourages
conflicting interpretations, thereby calling into question hidden frameworks structuring
architectural knowledge (e.g., Cartesian systems). These trade-offs between efficiency and
engagement challenge BIM’s conventional assumptions of consistency, stability, and fidelity
to referent geometry.

The method identifies the concrete problem of source ambiguity within existing-building
model construction, namely, that such models implicate multiple sources of evidence,
typically including drawings or photographs alongside some form of field verification [38].
As a recently demolished building, the Winona case study permits no field verification
whatsoever, complicating the concrete issue of source ambiguity, and opening space for our
method to play an important role. This attitude toward ambiguity engages critically with
uncertainty visualization, a well-established concern in heritage studies [38,39]. Uncertainty
visualization conventionally assumes that ambiguity is a consequence of incomplete data,
and that better tools will result in increasingly accurate and comprehensive representations
of a fixed referent. By contrast, the method proposed here rejects the possibility of a fully
knowable referent building. Superimposition, with its inherent occlusion and clutter [50,51]
demands active interpretation and departs from a search for technical certainty, opening
new space for multiple voices and contested histories. Undoubtedly, similar methods
could be implemented in other (non-BIM) software. However, the method described
here is notable, insofar as by working within the BIM environment, it effectively subverts
BIM’s inherent drive for clarity from within. The method uses BIM’s own tools against its
default tendencies.

The method’s interpretive flexibility aligns with a broader sociopolitical context. The
flexibility that comes with ambiguity means that the method is open to shifting cultural
contexts, and treating ambiguity as generative gives new support to developing pluralistic
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narratives. Expanding opportunities for different forms of knowledge production also
implies an opportunity for improving a diversity of voices and constituents, i.e., fore-
grounding contested or community-reclaimed narratives. Relational ambiguity in BIM is
thus able to disrupt conventional workflows; the implications extend beyond technique,
with a potential to redefine BIM's cultural role. Nevertheless, while this method offers new
opportunities for critical engagement, it will certainly be less efficient in practice, requiring
a level of interpretive labor that challenges typical workflows.

Ultimately, the method demonstrates that BIM’s value in existing-building repre-
sentation extends beyond its conventional commitment to the efficient production of
geometrically consistent and coordinated views. By parametrically enabling the collision
and overlap of views, BIM can become a tool for epistemic resilience, where the difficulty of
reading the drawing leads to a deeper engagement with the referent, i.e., the building itself.

Practical Implications

Renovation projects are complex, and risk management is essential to success [52].
Various methods exist to manage risk in renovation projects [53,54]. The method proposed
here, precisely because it is idiosyncratically capable of highlighting ambiguity, provides a
unique mechanism for anticipating expensive errors. For example, consider a hypothetical
retrofit of an existing masonry structure with an out-of-plane wall. A standard BIM
workflow would model the wall as a vertical element, consistent with software constraints.
The resulting floor plan would be geometrically consistent with plan measurements, but
epistemically false with respect to the existing as-built conditions. Consequently, precision
interventions (i.e., renovations) made on the basis of the plan would inevitably conflict
with on-site irregularities. Because the plan and section appear perfectly coordinated by
the software, the modelmaker (and the retrofit contractor) may not realize the wall is out-
of-plane. The software’s drive for consistency would thereby “mask” spatial uncertainty,
concealing a physical risk by a digital expediency. In contrast, our proposed method
enables a wall’s footprint to be visually superimposed, to varying degrees, with its sectional
projection. The resulting visual interference—essentially, a misalignment of lines—would not
offer a geometric solution but would instead signal a site for further inquiry. Such visual
interference calls upon a modelmaker to manually reconcile plan and section, transforming
a potential source of expensive error into an opportunity for critical attention.

The same issue can arise with the use of point-cloud scanning to produce “as-built”
BIM models, as the conversion from a point cloud to a functioning BIM model relies
largely on manual processes involving subjective judgment [9,10]. Similarly, ref. [55]
remark that the process of “twinning” an existing building demands interpretative labor.
Moreover, because contemporary renovation and adaptive reuse projects are characterized
by the presence of diverse, often conflicting constituencies (e.g., architects, engineers,
community members, historians, and clients), a robust and well-informed decision-making
process is necessary to disclose, examine, and weigh comparative or conflicting knowledge
claims. The method described here could inform this process alongside other established
means [56].

While traditional BIM workflows in the new-building industry are characterized by
design and construction phases, our method is firmly situated in the investigative and pre-
design phases of existing-building projects (e.g., conservation or adaptive-reuse work). It
aims to provide opportunities for investigative actors to examine conflicts before decisions
are solidified into production-oriented BIM models. Similarly, in contrast to in-built mecha-
nisms for interference checking [57], our method does not aim to automatically identify
interfering or “clashing” elements within a model. Instead, it attempts to focus modelmaker
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attention on the inevitable frictions that arise when software’s default assumptions are
tested against built reality.

4. Discussion

This paper has identified a problem, namely, that BIM’s native automated reconcilia-
tion in existing-building representation has the effect of prioritizing efficiency over critical
interpretation. As a solution, the paper proposes a computational approach aimed at
foregrounding relationships between views rather than relying on automatic reconciliation
between independent views. The implication is that BIM's role will expand as a gener-
ative tool for architectural knowledge. The proposal is not to abandon BIM’s obvious
strengths in coordination or accuracy, but rather to suggest that interpretive ambiguity can
be meaningfully introduced in a BIM workflow.

It is essential to distinguish this paper’s approach from routine BIM tasks such as clash
detection or cross-disciplinary coordination. These routine tasks necessarily seek to resolve
conflicts in pursuit of a singular geometric truth. By contrast, the approach described here
seeks to preserve and indeed to amplify conflict as a site of investigative work. To state
this idea differently, BIM’s value in routine practical contexts is largely a consequence of
its efficiency in providing possibilities for reconciliation. But BIM-based reconciliation is
always of a particular kind, in that it reinforces the idea of an unambiguous and univer-
sally understood representation, rather than opening space for the kinds of contradictions,
conflicts, and gaps that prompt productive and critical interpretation. By calling BIM's
knowledge structure into question, this paper acknowledges BIM’s efficiency in the rou-
tine tasks of reconciliation while arguing that this efficiency may inadvertently minimize
the knowledge-production effects inherent in reciprocal relationships. By problematizing
those relationships—in fact, by leveraging BIM's capacity for representation—intentional
ambiguity may be introduced, leading to epistemological gaps that invite nuanced in-
terpretations. The intent is for ambiguity to support new forms of epistemic resilience,
countering the possibility of historical oversimplification, and opening space for otherwise
marginalized voices.

While much of the current literature in existing-building BIM focuses on automated
reconstruction [9,10], we offer an original approach through an intentional subversion
of automation. In our view, it is precisely the removal of the modelmaker’s manual
interpretive labor (as promised by automation) that constitutes a risk to both knowledge
production and critical inquiry. Also, unlike uncertainty visualization methods [38,39] that
often rely on color-coding or other forms of visual labeling, our approach is original in using
parametrically driven superimposition to generate visual interference, in turn demanding
manual reconciliation. Finally, by using Revit’s sheets as active sites for investigation
instead of as simple registers of a model, we use the software’s own internal logic to
critique its tendency toward epistemic closure.

The method leaves pragmatic questions unanswered. As suggested above, future
research could proceed to develop plugins and addons aimed at expanding BIM's repre-
sentational capacities. The implication is for a new class of plugins, not for automation
and clash detection, but for narrative layering, annotation, and the visual management of
interpretive ambiguity directly atop the coordinated model. Future research could also
examine how relational workflows could be adapted to different BIM platforms (i.e., other
than Revit) and to varying modelmaker competencies.

There are methodological implications for architectural and engineering pedagogy.
Students can deepen their understanding of BIM’s capabilities in critical modeling through
exposure to ambiguity-aware workflows. Pedagogy should emphasize the importance of
relationships and narrative multiplicity alongside practical needs for documentary clarity.
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Teaching strategies need not be aimed at selecting the best or most clearly explanatory
individual views in a BIM project, as is typical, but rather at identifying critical relationships
that can be visually problematized. Applications in history, conservation, and archaeology
could similarly benefit from a workflow that actively engages ambiguity and conflict.

The method proposed here demonstrates that BIM’s tendency toward epistemic clo-
sure can be resisted through deliberately ambiguous and relational view configurations.
This adds value both practically and epistemically. In a practical sense, the method identi-
fies spatial discrepancies and archival inconsistencies that would otherwise be obscured by
BIM’s internal logic. Epistemically, the method transforms a BIM model from its default
position of automated certainty into a mechanism for active investigation. The method
thereby “reframes” BIM from being a production-oriented document generator into a tool
for critical inquiry. This is particularly important in contexts where multiple narratives
may coexist. By sacrificing efficiency for investigative rigor, the method proposed here
empowers conservationists, historians, and architects to leverage contemporary digital
tools to disclose productive uncertainties of the existing built environment.
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Abstract

The article presents an integrated RACI-AHP-BIM methodology that supports responsibil-
ity management, decision-making, and information management in complex construction
projects delivered under the design-build model, with particular emphasis on conservation-
orientated investments. The approach combines three complementary components: the
RACI responsibility matrix, the analytic hierarchy process (AHP), and building information
modeling (BIM). The methodology is validated on a higher-education conservation project
using a BIM execution plan (BEP), scan-to-BIM procedures, and structured decision-making.
The integration of RACI with BIM reduced accountability gaps and improved stakeholder
coordination, while linking AHP with BIM data enabled data-driven design decisions
using the BOCR model. The findings demonstrate measurable benefits, including clearer
responsibility allocation, improved interdisciplinary coordination, and more transparent
decision-making. The application of laser scanning and scan-to-BIM supported the creation
of a digital model of historic elements for both design and future facility management. The
main contribution is a holistic integration of RACI, AHP, and BIM into a unified method-
ology for conservation-orientated projects with high functional complexity, providing a
reference framework for public-sector investment management.

Keywords: RACI matrix; analytic hierarchy process; building information modeling;
design-build; conservation projects; decision-making

1. Introduction
1.1. Context and Problem Statement

Digital transformation in public construction projects requires the combined use
of advanced management methods and information technologies to support decision-
making [1,2]. Contemporary investment projects are carried out in environments that
involve not only core project participants (client, designer, site manager, supervising
inspector) but also a wide range of additional stakeholders [3,4]. In such settings, a
clear allocation of responsibilities, the transparency of decision-making processes, and the
efficient flow and integration of project information are critical.

Conservation projects in historic buildings require a simultaneous consideration of
technical, functional, economic, and cultural constraints and involve a broader group of
stakeholders, including heritage authorities [5,6]. This complexity necessitates the use of
tools enabling the integration of responsibility management, decision-making processes,
and the project information environment.
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Building information model/modeling/management (BIM) has become a key compo-
nent of the construction project delivery, supporting multidisciplinary coordination and
data management [7,8]. However, BIM alone does not provide built-in mechanisms for
responsibility management or structured decision-making, which are still handled through
dispersed organizational and analytical tools [9,10].

In parallel, project management practice employs responsibility assignment tools such
as the RACI matrix (Responsible, Accountable, Consulted, Informed), which structure
relationships among project participants and increase organizational transparency [11].
Multi-criteria decision-support methods, particularly the analytic hierarchy process (AHP),
are used to evaluate design alternatives and prioritize investment actions [12]. However,
these tools typically operate independently of the BIM environment and formal information
management structures [13].

The lack of integration between responsibility allocation (RACI), multi-criteria decision-
making mechanisms (AHP), and the BIM information environment leads to fragmentation
of the decision-making process [14]. This issue is particularly significant in conservation-
orientated projects, where design and construction decisions have long-term technical and
cultural consequences and require strict coordination among multiple stakeholders.

Previous studies on construction project management models have focused mainly
on individual aspects: the RACI matrix has been analyzed in organizational management
contexts, AHP has been applied to the selection of alternative construction investment,
and BIM, according to ISO 19650 [15], has been implemented primarily as an information
management system. The literature still lacks a holistic approach that integrates these three
methodologies into a single coherent decision-support model, particularly in relation to
projects implemented in heritage-protected buildings [16].

1.2. Aim and Scope of the Article

The purpose of this article is to develop an RACI-AHP-BIM model that integrates
responsibility management, multi-criteria decision-making, and the BIM environment into a
coherent methodology for conservation-orientated construction projects. The methodology
was designed as a tool that supports the allocation of responsibility, the structuring of
variant selection processes, and the integration of decisions with the digital information
environment of the project.

The scope of the study includes the following;:

e development of a conceptual model integrating RACI, AHP, and BIM into a unified
project management framework;

e analysis of the structure of project roles and assigned responsibilities within the
investment delivery process;

e identification of information requirements and risk mitigation mechanisms through
the implementation of a BIM execution plan (BEP) according to ISO 19650;

e  verification of the proposed approach based on a real case study of a design-build
project implemented in a heritage-protected facility.

The reconstruction of the greenhouse complex at the Botanical Garden of the University
of Wroctaw serves as a validation case, illustrating the application of the proposed model
in a project that combines conservation, functional, and technological requirements.

The reconstruction of the greenhouse complex at the Botanical Garden of the University
of Wroclaw, located on Sienkiewicza Street 23, represents a unique challenge that combines
conservation requirements with modern project management methods. The facility was
entered in the heritage register under No. A-2374/209/4 (5 February 1974) and is located
in the Grunwaldzki Square area in Wroctaw. The former greenhouse complex (Palm House-
Victoria—Australia), established in the nineteenth century, deteriorated technically and was
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dismantled in 2013 by administrative decision due to its poor structural condition and lack
of funding for conservation.

Only selected elements were preserved: fragments of the steel structure of the Australia
greenhouse, including wrought-iron columns and parts of the steel roof skylight structure,
as well as the stone basin of the Victoria greenhouse with four corner basins and masonry
walls finished with stone copings. The reconstruction implemented in the design-build
procurement model required the application of an integrated methodological approach
that combined:

o the RACI matrix—to ensure clear allocation of responsibilities among four key stake-
holders: the Client, the Contractor, the Designer, and the Users;

e the analytic hierarchy process (AHP) method—for multi-criteria evaluation of im-
plementation alternatives considering conservation requirements, functional needs
(culturing of tropical plants), and economic and organizational factors;

e  Building information model/modeling/management (BIM) methodology according to
ISO 19650—for effective project information management, multidisciplinary coordination,
and integration with preserved historic structural elements retained in situ.

2. State of the Art
2.1. RACI Matrix in Construction Project Management

The RACI matrix (Responsible, Accountable, Consulted, Informed) is a fundamental tool
for assigning responsibilities in construction projects, including those implemented in BIM
environments characterized by complex stakeholder structures [17,18]. Its implementation in
BIM projects enables the reduction in accountability gaps by 32% compared with traditional
project management methods, increases communication transparency, and helps avoid redun-
dant task assignments [19]. In the context of design-build projects, the RACI matrix gains
particular importance due to the integrated responsibility of the contractor for both design
and construction, which requires the precise definition of roles across project phases [20].

In conservation projects, the RACI matrix must incorporate additional stakeholders,
such as the heritage conservation authority, acting as the key decision-maker (Accountable)
regarding interventions in historic fabric, and specialist users (Consulted), e.g., botanists
and collection curators in the case of a botanical garden, serving as consultants on functional
requirements related to plant cultivation [21]. In academic projects, it is also necessary to
take into account the multi-level administrative structure of universities, where investment
decisions require approval at multiple administrative levels [22].

The RACI matrix constitutes a structured framework that assigns four levels of in-
volvement for a combination of tasks and roles [23]. A project-specific RACI matrix enables:

e elimination of accountability gaps;
e avoidance of task redundancy (multiple or overlapping assignments);
e communication transparency within multifunctional teams.

In multidisciplinary BIM projects, the RACI matrix integrates traditional roles (designer,
contractor, client) with specialized roles (BIM Manager, BIM Coordinator, Data Exchange
Process Manager), ensuring the consistency of decision-making and coordination processes.

2.2. Analytic Hierarchy Process (AHP) in Investment Decision-Making

The analytic hierarchy process (AHP) structures complex decisions as hierarchies of
objectives, criteria, and alternatives and supports the multi-criteria evaluation of design
and technological options in construction projects [24]. In the conceptual stage, it helps
align client requirements with technical feasibility and reduce interdisciplinary conflicts
through explicit criteria and priorities [25].
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Research, including [22], has demonstrated the effectiveness of AHP in evaluating
linear infrastructure investments in environmentally protected areas, confirming the use-
fulness of the method in projects requiring multi-criteria analyses of alternatives and
consideration of environmental, technical, and economic factors.

The application of AHP in conservation projects requires the inclusion of criteria
specific to historic buildings, such as the degree of preservation of historic fabric and
architectural form [26], reversibility of conservation interventions [27], authenticity of
applied materials and technologies [28], and potential for future conservation research [29].

In Polish investment practice, the BOCR model (Benefits, Opportunities, Costs, Risks)
constitutes an extension of the classical AHP structure, allowing for a complete evaluation
of investment alternatives considering both positive factors (benefits, opportunities) and
negative factors (costs, risks) within a single analytical framework [17,19,30,31].

2.3. Building Information Model/Modeling/Management (BIM)

The BIM methodology, implemented according to the ISO 19650 standard, integrates
digital modeling of the built asset with information management processes at all stages
of the project lifecycle (concept, design, construction, operation) [32-34]. The ISO 19650
standard defines organizational frameworks, including organizational information re-
quirements (OIR) [35], project information requirements (PIR) [36], asset information
requirements (AIR) [37], and employer’s information requirements (EIR) [38].

Employer’s information requirements (EIR), particularly those orientated toward
facility management (FM), are of particular importance. In specialized projects such as
greenhouses for tropical plant cultivation, the BIM methodology enables precise manage-
ment of microclimate parameters, irrigation systems, lighting that support photosynthesis,
and maintenance schedules for technical equipment [26,27]. In conservation projects, BIM
also integrates data on heritage values and the condition of historical fabric [39-41].

In the context of conservation projects, the application of BIM requires, among others,
the integration of point clouds obtained from 3D scanning preserved historic elements with
the design model [39]; parameterization of historic elements considering their condition,
material, manufacturing technique, and conservation interventions [40]; definition of the
levels of detail (LOD) appropriate to the level of knowledge about historic fabric [41], and
management of heritage-value information within the IFC data structure [42].

In the Polish public sector, particularly in public procurement aligned with the PL BIM
Standard (2020) [26], the BIM methodology includes elements such as multidisciplinary
geometric modeling in IFC 4.0 [27], CDE (Common Data Environment) platforms for data
exchange [38], clash detection procedures, and information quality control mechanisms.

The BIM execution plan (BEP) is a contractor’s implementation document in response
to the employer’s information requirements (EIR), defining the strategy and procedures
to achieve the BIM objectives within the project [43]. According to ISO 19650:2018 [15],
BEP should include the following: the definition of BIM objectives and their impact on
schedule and budget, modeling standards, rules for working within the CDE, quality
control mechanisms, roles and responsibility matrices (RACI), data exchange procedures
between stakeholders, as well as legal aspects, data security, training, etc.

When properly developed, the BEP constitutes a key document, as it defines the CDE
platform for data exchange, data exchange formats (native and IFC), the levels of detail
LOD/LOIN for individual project phases [30], interdisciplinary coordination and clash
detection procedures, and the BIM team structure together with the responsibility matrix.
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2.4. Scan-to-BIM and Historic Building Information Modeling (HBIM) in Architectural
Heritage Conservation

Scan-to-BIM and Historic BIM (HBIM) enable the precise digitalization of existing
historic buildings [44].

Scan-to-BIM converts terrestrial laser scanning (TLS) and photogrammetric data into
parametric BIM models, providing precise digital representations of existing assets. In conser-
vation projects, it supports the accurate documentation of historic fabric through scanning,
point cloud registration, parametric modeling, and preparation of as-built documentation [45].

Historic BIM (historic building information modeling) extends BIM to historic buildings
by modeling characteristic architectural elements, allowing adaptations to measured dimen-
sions and geometric irregularities, integrating historical data with 3D models, and supporting
the planning of conservation intervention [46]. HBIM enables not only the representation
of geometry and materials but also the preservation of information about heritage values,
previous interventions, and historical phasing, thus supporting conservation planning [47].

The benefits of scan-to-BIM/HBIM include high accuracy, non-invasive data acquisi-
tion, rapid data collection, and access to hard-to-reach areas, while limitations are associated
with equipment costs, the need for specialized expertise, and large data file size [48].

2.5. Research Gap and Scientific Contribution of the Article
The literature review indicates that previous studies have focused primarily on:

e the application of the RACI matrix in BIM projects for newly designed buildings,
overlooking the specificity of conservation projects requiring inclusion of additional
stakeholders (heritage conservation authorities, specialist users);

e the use of AHP in design-build projects without incorporating the BOCR model,
which enables comprehensive evaluation of benefits, opportunities, costs, and risks
within a single hierarchical structure;

e the implementation of BIM and BEP in conservation projects to a limited extent, the
aspect of which requires the development of specific information requirements (EIR)
that incorporate the management of heritage-value information, which remains an
unexplored research area.

Therefore, it should be stated that there is a lack of studies that integrate the three
proposed methodologies (RACI, AHP, BIM) into a comprehensive model for the implemen-
tation of construction projects that combine conservation, functional, and technological
requirements. This article fills the identified research gap through the following:

e development of a RACI matrix for 21 processes in the construction, commissioning,
and operation phases, taking into account the specificity of a design—build project
implemented in a conservation-protected facility;

e  application of the AHP-BOCR model for the multi-criteria evaluation of implementation
alternatives, including conservation, functional, economic, and organizational criteria;

e development of the employer’s information requirements (EIR) and a BIM execution
plan (BEP) according to ISO 19650 for a conservation project, integrating point clouds
with the design model;

e validation of the proposed model based on a real case study involving the reconstruc-
tion of a historic greenhouse complex in the Wroclaw Botanical Garden.

The proposed RACI-AHP-BIM model constitutes an innovative tool that supports
decision-making and information management in conservation projects, with potential
for adaptation to other complex projects characterized by a high degree of functional and
organizational complexity.
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3. Research Methodology: RACI-AHP-BIM Methodology
3.1. Assumptions of the RACI-AHP-BIM Methodology

The proposed RACI-AHP-BIM methodology was developed as an integrated model to
manage projects characterized by a high level of complexity, particularly conservation projects
implemented in the design-build delivery model. Its fundamental premise is the integration
of three complementary dimensions of project management (methodological domains):

e amanagement system represented by the RACI matrix;

e adecision-making process based on the AHP method;

e information management implemented within the BIM environment according to
ISO 19650.

The developed methodology was intentionally designed as a methodological frame-
work prior to project implementation and was not the result of ex post analysis. The case
study serves a validation function, providing evidence of the applicability of the model in
project practice.

The integration of the methods is systemic in nature: the RACI matrix structures
process responsibilities, the AHP method supports the selection of alternatives and pri-
oritization of actions, while the BIM methodology provides an information environment
enabling the operationalization of decisions and monitoring of project implementation.

The RACI-AHP-BIM methodology is based on a three-layer functional structure
comprising the organizational, decision-making, and informational layers.

1.  Organizational layer (RACI matrix): Within the organizational layer, project roles are
identified, responsibilities are assigned, and decision-making relationships among
participants in the investment process are defined. The RACI matrix performs the
function of the project’s management and decision-making structure and forms the
basis for mapping project processes.

2. Decision-making layer (AHP-BOCR method): In this layer, the processes for selecting
design, technological, and organizational alternatives are modeled using the AHP
structure in the BOCR framework, enabling a balanced evaluation of alternatives in
the context of conservation, functional, technological, and economic requirements.

3. Informational layer (BIM-ISO 19650): BIM constitutes an environment that integrates
project data, geometric models, information requirements, and management documen-
tation. The BIM execution plan (BEP), the employer’s information requirements (EIR),
and the CDE ensure the flow of information among project participants and data quality
control. The interconnection of these three layers is iterative and interdependent.

The responsibility structure defined in the RACI matrix influences the generation and
approval of project information within BIM; decisions made using AHP modify information
requirements and the scope of project analyses; and data generated within the BIM environ-
ment provide a basis for updating both responsibility assignments and decision-making
priorities. As a result, the methodology operates as a project management system based on
continuous information flow between the organizational structure, the decision-making
process, and the digital environment.

3.2. Research Steps

The study consisted of four steps.
Step I—Identification of processes and roles (RACI matrix), including;:

e analysis of source documents, including EIR, BEP, and design documentation (archi-
tectural and construction design, technical design, site development design);
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e identification of project processes across the phases of construction, commissioning,
and operation;

e  definition of the stakeholder structure and assignment of R/A/C/I responsibilities;
mapping of BIM processes onto the responsibility structure.

Step II—Development of the decision problem structure (AHP/BOCR method):

e decomposition of project problems into a hierarchical structure;
e identification of criteria and sub-criteria within the BOCR model;
e  pairwise comparisons according to the Saaty scale (1-9);

e determining priority weights for implementation alternatives.
Step lll—Integration with the BIM methodology:

e analysis of information requirements (EIR) and the BIM execution plan (BEP);
e identification of key data delivery points (PDD);

e analysis of levels of detail (LOD/LOIN);

e integration of design models and scanning data.

Step IV—Risk analysis:

e identification of categories of project risks;
e  mapping of risks into RACI processes and BIM information requirements (EIR);
e use of AHP results to prioritize mitigation actions.

3.3. Research Object

The study adopted a case study approach using the triangulation of data sources. The
analysis included project documentation, EIR and BEP documentation, the development of
a RACI matrix covering 21 processes and 80 responsibility assignments, the construction
of an AHP-BOCR decision model, and the performance of risk and BIM process analyses.
This approach enabled a simultaneous capture of the organizational, decision-making, and
informational aspects of the project and evaluation of their interdependencies.

The case study concerns the reconstruction project of the Palmiarnia-Wiktoria—Australia
greenhouse complex in the Botanical Garden of the University of Wroctaw, implemented
under conditions of complex conservation, environmental, and technological constraints.
The Botanical Garden area was entered into the register of historic monuments under no.
A-2374/209/4 dated 5 February 1974 and is located within a conservation protection zone
and an archeological heritage protection zone, according to Local Development Plan No. 362
(Resolution No. XXXVII/855/13 of the Wroctaw City Council of 17 January 2013).

The 19th-century greenhouse complex consisted of four parts: the Palm House, Aus-
tralia, Wiktoria, and a connector. Due to poor technical conditions and a lack of funding,
it was solved in 2013. The preserved elements included wrought-iron columns and roof
fragments of the Australia section, the stone basin of the Wiktoria section, and the concrete
slab over the underground heating node.

In the implemented project, conservation requirements include the following:

e  preservation of historic wrought-iron columns of the Australia section as decorative elements;

e preservation of stone cappings of the Wiktoria walls and their conservation prior to
reinstallation;

e  reconstruction of the historic architectural form: Palm House (cascading roof), Aus-
tralia (triple-pitch skylights), Wiktoria (central pool basin);

e visual differentiation of historic elements from the new structural components;

e conducting rescue archeological investigations.

Environmental protection requirements include the following:

e  protection of two natural monuments: ginkgo trees;
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e  protection of valuable species: Atlas cedar and American beech.
The project specificity includes the necessity to:

e preserve and incorporate historic wrought-iron columns as decorative elements into
the new steel structure;

e  reconstruct the historic architectural form of three greenhouses (Palm House—single-
pitch cascading roof, Australia—triple-pitch roof skylights, Wiktoria—central pool
with aquatic vegetation),

e meet technical requirements for tropical plant cultivation (minimum temperature
23 °C, humidity 70-80%, double-glazed Optiwhite glazing with Ug = 0.6 W/m?2K);

e ensure compliance with the requirements of the Voivodeship Heritage Conservation
Officer and the Department of Environment (protection of two natural monuments—
ginkgo trees no. 16A and 16B, and protection of old-growth trees—Atlas cedar and
American beech);

e implement the project within an operating Botanical Garden.

The complexity of these conditions makes the project an appropriate environment for
verifying the integrated RACI-AHP-BIM approach.

The study has typical limitations for a single case. It focuses on one facility at the
executive design stage, so data from construction and operation were not available. Access
to detailed financial data was limited, and AHP assessments relied on expert judgment,
introducing subjectivity. Despite these limitations, the study provides an empirical basis
for evaluating the functioning of the proposed methodology and its potential adaptation in
other complex construction and conservation projects.

4. Research Results
4.1. Structure of the Project Team—RACI Matrix

As a result of applying the RACI matrix, 80 responsibility assignments related to
21 project processes were identified. Table 1 presents the developed RACI matrix. The
following roles and types of responsibility were identified:

Responsible (R): 23 assignments;
Accountable (A): 18 assignments;
Consulted (C): 22 assignments;

Informed (I): 17 assignments.

Total number of assignments of responsibility: 80.
Role abbreviations:

UWr—Investor (University of Wroclaw)
Contractor—Design-build contractor

Designer—Design team (part of the contractor’s team)
BG—End user (Botanical Garden of the University of Wroctaw)

External stakeholders, such as the heritage conservation authority (Provincial Heritage
Conservation Officer-WKZ), were assigned to specific processes (e.g., Task 5: “Obtaining
conservation approval”—A: Investor, R: Contractor, C: Designer, I: Facility User) but
were not included as formal columns in the matrix. The WKZ acts as an administrative
authority outside the design—build contract, issuing mandatory decisions without
direct operational responsibilities within the contractual responsibility chain.
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Table 1. RACI Matrix—Project Roles and Responsibility Assignments.

No. Process/Task Investor (UWr)  Contractor Designer  End User (BG)

Implementation phase (7 processes)

Definition of functional requirements

! of the facility A c ¢ R
2 Development of the architectural concept C A R C
3 Preparat'lon of mu1t1d1sc.1p11nary I A R C
design documentation
Analysis of technical alternatives
4 (AHP method) A R R C
Obtaining conservation approval
> (Heritage Officer) A ¢ R I
Preparation of the BIM
6 Execution Plan (BEP) C A R I
3D scanning of historic
7 elements (scan-to-BIM) I A R =
Commissioning phase (4 processes)
8 Verification of Fomphance between A R C C
construction and design
Quality control of the BIM
? model (clash detection) I A R I
10 Technical acceptance of the facility A R C R
11 Handover of as-built documentation A R R I
Operation phase (10 processes)
12 Preparatlon. of HVAC system C A R C
operation manuals
13 Trammg of BG pers'onnel in the I R C A
operation of technical systems
14 Management of microclimate parameters I C I A
(temp. 23 °C, humidity 70-80%)
Monitoring of the technical
15 condition of historic elements C C L A
16 Maintenance of irrigation systems for I C I A
tropical plants
Planning of technical
17 inspections according to BEP A R C R
18 Updating thg BIM model (LOD 500) for C R R C
facility management
19 Repor’flng' failures z'ind I R C A
corrective interventions
20 Manage.mer.lt of plar.lt collections I I I A
(cultivation requirements)
21 Archiving operational data in the CDE A R C R

The RACI matrix underwent a two-stage internal consistency validation to ensure
organizational rigor:

e  Completeness check: Each of the 21 processes was verified to ensure the presence of at
least one Responsible role (R) responsible for task execution and one Accountable role
(A) acting as the decision owner. This procedure eliminated potential accountability
gaps. The criterion was satisfied for all tasks, resulting in 23 R assignments and 18 A
assignments (Table 2).

e  Redundancy minimization: For each task, the number of Responsible roles was limited
in order to avoid overlapping responsibilities. As a standard rule, a single R role
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was assigned. Multiple R roles (>1) were allowed only for inherently collaborative
processes within the design-build (DB) delivery model, such as Task 4 (“Analysis of
technical alternatives using the AHP method”) and Task 18 (“Updating the BIM model
to LOD 500 for facility management”), where the Contractor and Designer shared
operational responsibility while maintaining a single Accountable role. This logic is
consistent with established design-build project management practices.

Table 2. Statistical summary.

Role R A C I Total Engagement Profile
UWr (Investor) 1 9 2 9 21 DECISION-MAKER (A: 40%, I: 43%)
Contractor 10 6 4 1 21 IMPLEMENTER (R: 48%, A: 29%)
Designer 8 1 9 3 21 TECHNICAL ADVISOR (C: 43%, R: 38%)
BG (End user) 4 2 7 4 17 INFORMATION RECIPIENT (C: 41%, 1: 24%)
TOTAL 23 18 22 17 80 —

After validation, no accountability gaps or excessive redundancy were identified,
confirming the suitability of the matrix to coordinate complex stakeholder structures.

The RACI structure confirms the dominant role of the investor as the entity ultimately
responsible for key strategic decisions. The high number of Accountable (A) assignments
for the University of Wroctaw shows that functional requirements, organizational frame-
works, and design solutions remain under its authority, which is typical for public clients.
At the same time, the significant share of Informed (I) roles on the investor’s side sug-
gests a deliberately shaped position of an “information guardian” who does not perform
operational tasks but supervises their progress and results.

The high share of Responsible (R) and Accountable (A) roles for the contractor indicates
a concentration of responsibility for the preparation, coordination, and implementation
of technical solutions, reflecting the design—build delivery model. At the same time, the
presence of Consulted (C) roles in areas related to functional and conservation requirements
reflects the need to coordinate technical solutions with specialized stakeholders, including
the end user and heritage protection authorities.

The assignment profile for the designer is characterized by a predominance of Con-
sulted (C) roles while maintaining a significant share of Responsible (R) roles for the
preparation of documentation and BIM models. This configuration indicates that the de-
signer performs the function of a specialized technical advisor, whose expert knowledge is
used both at the stage of formulating design solutions and in assessing their consequences
within multi-criteria analyses (AHP-BOCR). The limited number of Accountable (A) roles
on the designer’s side confirms that the ultimate responsibility for decisions lies with the
investor and the contractor, while the designer co-shapes these decisions by providing
structured technical information.

The configuration of the RACI matrix indicates that the end user, the Botanical Garden,
primarily performs the Consulted (C) and Informed (I) roles during the implementation
phase, while its importance increases during the operational phase, where the Responsible
(R) and Accountable (A) roles emerge in processes related to microclimate management,
infrastructure maintenance, and facility use organization. This distribution of roles reflects
a typical model for conservation projects, in which the user is not responsible for structural
and construction solutions but assumes the key responsibility for their proper use and
maintenance according to the intended functional program.

The balanced distribution of R, A, C, and I roles and the absence of tasks without
Accountable (A) assignments indicate effective mitigation of so-called accountability gaps,
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typical for complex projects involving multiple stakeholders. The dominance of active
participation (R + C) over passive participation (A + I) suggests that the project process was
designed as collaborative, focusing on information exchange and shared decision-making
rather than a linear command flow. This is particularly important in the context of projects
with high functional and conservation complexity, where the quality of decisions depends
on integrating technical, operational, and conservation perspectives.

In the analyzed project, the RACI matrix performed the function of a superior or-
ganizational and decision-making structure that was consistently reflected in the BIM
environment and the CDE platform. The assignment of the roles R, A, C, and I to the
processes of generating, verifying, and approving information in the BEP enabled clear
identification of responsibility for data quality and completeness at specific data delivery
points (PDD). Thus, the RACI matrix served not only as an organizational tool but also as a
foundation for the project’s information governance, ensuring the coherence of integration
with the AHP methodology and scan-to-BIM procedures.

The largest share in the RACI matrix consisted of Responsible (R) and Consulted
(C) assignments, accounting for 23 (29%) and 22 (28%) entries, respectively. Accountable
(A) roles were recorded in 18 cases (23%), while Informed (I) roles appeared in 17 cases
(21%). This means that more than half of the matrix (R + C = 56%) concerns the active en-
gagement of project participants rather than passive information flow alone (A + I =44%),
which is characteristic of complex projects implemented in the design-build model for con-
struction undertakings. The distribution of responsibilities is presented in Figure 1; Figure 2
shows the percentage share of engagement types; and Figure 3 presents the distribution of
RACI roles by stakeholder.

RACI Responsibility Distribution
Responsible roles dominate project assignments

Value
25

23
(29%)

18 17
(23%) (21%)

R (Responsible) A (Accountable) C (Consulted) | (Informed)
RACI Category

Figure 1. Distribution of responsibilities in the RACI matrix by engagement type.
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RACI Responsibility Distribution Across Roles
Balanced allocation with Responsible roles leading at 29%

C (Consulted) R (Responsible)
22 (27%) 23 (29%)

A (Accountable) | (Informed)

Figure 2. RACI matrix: Percentage share of engagement types.

RACI matrix: Distribution of RACI roles by stakeholders
100% stacked view of role distribution across project stakeholders

[ R (Responsible) [Jl] A (Accountable) B c (Consulted) B | (informed)

Investor (UWr) 5% 5%

Contractor

Designer

End user (BG))

0% 20% 40% 60% 80% 100%

Figure 3. RACI matrix: Distribution of RACI roles by stakeholders.

Distribution of all RACI roles:

I (Informed): 17 (21%)—dominance of information flow
C (Consulted): 22 (28%)—consultative structure
A (Accountable): 18 (23%)—decision-making structure

R (Responsible): 23 (29%)—execution structure

The distribution of RACI roles by stakeholders shows differentiated engagement
profiles: the investor performs a decision-making function (dominance of A and I roles), the
contractor an implementation function (predominance of R and A roles), the designer an
advisory function (dominance of C roles), and the end user acts primarily as an information
recipient and co-creator of functional requirements (predominance of I and C roles).

The distributed responsibilities obtained (presented in Figure 1) indicates a collabo-
rative character of the investment process with active participation of all parties—from
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the investor, through the heritage conservation authority, to the specialists of the Botan-
ical Garden—typical for complex projects implemented in the design-build model. The
responsibility structure promotes participation in the decision-making process and limits
the concentration of responsibility within a single entity. Figure 4 presents a comparison of
active versus passive engagement.

RACI Distribition: Active vs. Passive Engagement
Active roles dominate with 56% of total engagement

Value %

60

Active

" 45
> (56%)
Passive
40 35
(44%)

30

17

27%)
. I (23%) I 21%)

R (Responsible) C (Consulted) A (Accountable) | (Informed)
RACI Category

Figure 4. RACI matrix: Division into active vs. passive engagement of project participants.

Analysis of stakeholder roles showed that Accountable (A) functions were mainly
assigned to the investor and the heritage protection authority (heritage conservation officer),
while Responsible (R) functions were concentrated on the designer and the construction
contractor. End users (Botanical Garden) primarily performed Consulted (C) and Informed
(I) roles, particularly in the areas of functional, cultivation, and operational requirements.

Based on the analyses conducted, the identified structure indicates:

e aneven distribution of responsibilities (no dominance of any single group);

e clear assignment of decision-making roles (elimination of accountability gaps—each
task has both R and A);

e  structured communication relationships.

The RACI matrix constituted the basis for further mapping of BIM processes and AHP
decision structures.

4.2. Information Management Structure—BIM Execution Plan (BEP)

The results of the BIM environment analysis showed that information management was
organized according to the employer’s requirements (EIR) and the ISO 19650 standard. The
BIM execution plan (BEP) includes seven main information management domains that define:

e the structure of project data;
procedures for their generation and validation;
data delivery points;

collaboration rules within the CDE.

Table 3 presents the structure of the document and the defined information manage-
ment domains.
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Table 3. BEP structure and information management domains.

BEP Area

Content

Document Form

Responsible

1. BIM Objectives

Increase management efficiency,
reduce design errors
(clash detection), improve
interdisciplinary collaboration,
prepare for FM LOD 6.

Text description
+ objectives table

BIM Manager

2. Modeling Standards

IFC 4.0, LOIN (LOD3 —4 — 6
according to EN 17412), GIS
catalogs, element attributes,

parametric relationships.

Technical specification
+ schedules

BIM Modeler
+ Lead Designer

Workflow: WIP — Shared
— Published — Archived,

3. CDE Work naming convention, backup Operational procedures CDE Coordinator
Rules (DALUX)
(10 years), access control,
version management.
Model verification after each
4. Quality Control update, clash detection at least Quality Control Clash
Procedures (MQC) once per month, data audit, Plan (QCP) Detection Specialist
non-conformance reports.
RACI matrix 21 x 80, escalation
5. Roles and processes, interdisciplinary RACI matrix .
Responsibilities communication, coordination + CP/RM procedures BIM Coordinator
meetings every 2 weeks.
PN-EN ISO/IEC 27001 [49], IP
. confidentiality, archiving, .
6. Data Security encryption, role-based ISMS policy IT/CDE Manager
access control.
7 Trainine and 4 DALUX training sessions,
i & BIM certification Training plan (CDP) HR + BIM Manager

Competencies

(minimum 40 h), tool updates.

In the project, a common data environment (CDE) platform compliant with ISO 19650-
2 was implemented, serving as a central data repository for all project participants. The
CDE platform was divided into four zones:

PUBLISHED—approved documentation area;
ARCHIVE—historical version archiving area.

WIP (Work in Progress)—working area for design teams;
SHARED—area for consultation and verification;

The implementation of the CDE contributed to the following:

reduction in document search time by 65%;

reduction in document approval time by 40%;

elimination of work on outdated versions (100% version consistency);

increased transparency of the decision-making process (complete history of changes);
statistical data on the use of the CDE platform are presented in Table 4.

The values presented in Table 4 are derived from workflow analysis and repeated
measurements of task execution time, covering both the period prior to the implementation
of the common data environment (CDE) (based on the reference project of the project team)
and the implementation phase within the analyzed project.
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Table 4. Statistical data on the use of the CDE platform in the project.

Category Indicator Value Data Type Comment
WIP, SHARED,
Number of 1 PUBLISHED,
CDE structure zones in CDE 4 Measured ARCHIVE—according
to ISO 19650 and BEP

Reduction of approx.
45 min in the

Access to information Averag.e time to locate 45 5 min Measured (CDE) traditional
a required document (89%)
model (approx.
89% time savings)
Compared with
Reduction in projects without
Approval process documentation approx. 40% Measured (CDE) formalized CDE/BEP
approval time (based on
team experience)
Number of clashes 8 hard, 4 soft, 49
Interdisciplinary detected in the 61 (8 hard, 4 Measured clearance—identified
coordination BIM model soft, 49 clearance) (Navisworks reports) in the
(pre-construction) CDE/BIM environment
o . Corrective work
Interdﬁ'apl%nary Alctulill co‘st 0}{ resolymg approx. 12,000 PLN I:i/leasuredd performed at the
coordination clashes (in the project) (order records) design stage in the CDE
Difference between the
traditional scenario and
Interdisciplinary Estimated cost savings approx. 168,000 PLN Expert estimate 2 the implemented
coordination S P RACI-AHP-BIM + CDE
methodology; PLN
2500/ collision on site
Error reduction Estimated 60-80% Literature + experience  Literature, projects ref.

1 Measured = system actions/reports; Expert estimate = benchmarks + team experience. 2 Geenario: costs of
resolving conflicts on the construction site (team reference projects).

The measurements were based on 150 document retrieval operations performed on
the Dalux platform, with average task durations of approximately 45 min in the traditional
document management model and 5 min in the CDE-based workflow. The analysis
was not based on a single survey but on a combination of CDE system logs (document
publication and retrieval records) and benchmarks from previous projects executed without
a formalized CDE, validated by the project team.

The reported indicators (e.g., approximately 89% reduction in document search time
and approximately 40% reduction in approval time) should therefore be interpreted as
project-based estimates derived from CDE logs and operational experience, rather than
full statistical results aggregated across multiple independent projects. A limitation of the
analysis is the lack of operational-phase data and the use of a single validation case study:.

In Table 4, a clear distinction is made between measured data and expert estimates.
Measured data include the number of detected clashes (61, Navisworks reports) and
operation times within the CDE (document search: 45 — 5 min; approval time 40%
shorter—Dalux workflow operations), as well as actual costs of design corrections (approx-
imately PLN 12,000—based on change registers).

Expert estimates and hypothetical scenarios refer to potential savings (approximately
PLN 168,000—estimated cost of resolving clashes during construction based on benchmark
data) and error reduction levels (60-80%—based on the literature and the team’s experience
from reference projects). A limitation of the study is the lack of financial data from the
construction and operational phases, as well as the use of a single validation case study.
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Linking the BEP structure with the RACI matrix allowed the assignment of responsi-
bility for generating, verifying, and approving project information to specific participants
in the investment process. As a result, the BIM environment performed an operational
function in relation to the organizational layer, ensuring the practical implementation of
assigned roles.

4.3. Implementation of the Analytic Hierarchy Process (AHP): Selection of Technical Alternatives

The application of the AHP method in the analyzed project aimed to structure the
process of selecting technical alternatives for the glass facade of the greenhouse complex,
taking into account simultaneous conservation, functional, economic, and organizational
requirements. Decision problems were represented as a hierarchy comprising four levels:
1.  main objective—selection of the facade alternative;

2. main criteria groups within the BOCR model (Benefits, Opportunities, Costs, Risks);
3. detailed sub-criteria;
4. analyzed technical facade alternatives.

Three technical alternatives were adopted for the evaluation:

Variant A—stainless steel frame + tempered safety glass;
e  Variant B—painted carbon steel frame + laminated glass;
e  Variant C—prefabricated modular system.

At the level of BOCR criteria groups, pairwise comparisons were conducted using the
Saaty scale (1-9), involving experts representing the investor, designer, contractor, user,
and heritage conservation authority. The global weights obtained for the BOCR groups
were as follows:

wp = 0.35 (Benefits);

wo = 0.25 (Opportunities);
we = 0.25 (Costs);
wr = 0.15 (Risks),

which reflects the priority assigned to conservation and functional aspects while simultane-
ously considering costs and implementation risks.

For each technical alternative, pairwise comparison matrices were constructed with
respect to individual BOCR groups, and local priority vectors were determined. In the next
step, these values were aggregated into a BOCR-type decision index calculated according
to the formula:

Score=wg -B+wp-O—wc:-C—-—wpg-R, 1)

where B, O, C, R denote normalized evaluation values of alternatives in the groups of
benefits, opportunities, costs, and risks.

In the baseline analysis, with the above set of weights, Variant B achieved the highest
aggregated result (Score = 0.145), indicating its advantage as a compromise between
relatively lower investment costs and an acceptable level of implementation risk. Variant A
and Variant C obtained score values close to zero (approx. 0.002 and —0.002, respectively),
indicating no clear advantage in the baseline proportions between benefits, costs, and risks.

However, a key element of the decision-making process was the sensitivity analysis
of AHP results to changes in the weights of the criterion, conducted during stakeholder
workshops. Increasing the importance of conservation-related sub-criteria (including the
degree of preservation of historic fabric, material compatibility with cast-iron elements,
and reversibility of interventions) and long-term risk criteria led to a shift in preference
toward Variant A. Variant B remained economically more advantageous, whereas Variant
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A, despite higher initial costs, ensured better protection of heritage values and greater
durability with a lower risk of future repair interventions.

Therefore, the final selection of Variant A as the solution adopted for implementation
represents a deliberate departure from the “economically optimal” alternative in favor of a
“conservation-safer” alternative, consistent with the priorities of the client and the require-
ments of the heritage protection authority. The AHP method, supported by quantitative
and qualitative data derived from BIM models and conservation documentation, enabled
transparent documentation of this compromise and clear communication to all participants
in the decision-making process.

For the purpose of synthetic presentation of the results in the article, Table 5 presents
the aggregated AHP priority values for the alternatives analyzed and their decision status
(preferred, alternative, rejected), Table 6 presents the threshold for weight changes in the
AHP-BOCR sensitivity analysis, while Figures 5 and 6 present, respectively, the distribution
of alternative priorities and the score values for the BOCR model.

Table 5. Results of the AHP analysis—selection of technical alternatives for the glass facade of the
greenhouse complex. AHP priorities for variants A, B, and C after workshops and sensitivity analysis.

Technical Alternative Weight (AHP Priority) Status and Justification

PREFERRED—Highest conservation compatibility,
0.42 (42%) durability > 50 years, compliance with heritage
authority requirements

ALTERNATIVE—Lower costs (~20%), lower
0.35 (35%) durability (3040 years), requires
maintenance every 5 years

Variant A: Stainless steel frame
+ tempered safety glass

Variant B: Painted carbon steel
frame + laminated glass

. ) - REJECTED—Lack of compatibility with historic
Variant C: SCHUCO modular 0.23 (23%) cast-iron elements, unacceptable

prefabricated system to the heritage authority

Table 6. Threshold for weight changes in AHP-BOCR sensitivity analysis.

Scenario Changed Key Weights Variant A Variant B Variant C Rank
B=0.350=0.25;

Baseline (economic) C=025R=015 0.002 0.145 -0.002 B>A>C
Conservation (+15% on B=042,0=0.22;
B/R maintenance) C=020,R=0.16 0.152 0.140 —0.010 .
Cost (+15% on C/O) ](3:::%33%% ; gii 0015 0.132 0.008 B>C>A
Reversal threshold Maintenance
(conservation > 55-60%) criterion+risk > 0.55 >0.145 <0.145 a A>B

Note: Reversal of rank (A > B) occurs when the combined weight of conservation and risk criteria (B/R) exceeds
approximately 55-60%, while the weight assigned to cost criteria decreases below approximately 20-22%. Under
these conditions, Variant A remains stable across a relatively wide range of weight variations (approximately £15%).

The final selection of Variant A was made after a deliberate adjustment of priorities by
the Investor and the heritage conservation authority (WKZ) during project coordination
meetings, favoring the conservation-focused scenario presented in Table 6.

This decision does not contradict the AHP methodology. In contrast, the sensitivity
analysis confirms that AHP functions as a decision-support tool that flexibly responds to
changes in weighting assumptions aligned with the strategic objectives of the project.
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AHP Priority Weights for Greenhouse Facade Variants
CR = 0.067 (acceptable per Saaty | Variant A preferred

Variant B:
Painted carbon steel Variant A:

frame + laminated g|ass Stainless steel frame
+ tempered safety glass

Variant C:
SCHUCO modular
prefabricated system

Figure 5. Results of the AHP analysis—priorities of technical alternatives for the glass fagade (CR = 0.067).

Evaluation of variants according to the AHP-BOCR model
Variant B selected as the optimal solution

Normalized value [ B (Benefits) [l O (Opportunities) [ C(Costs) B R (Risks)

0.5

0.4

0.3

0.2

0.1

B c
Implementation variant

Figure 6. Evaluation of AHP-BOCR.

The baseline result (preference for Variant B) primarily reflected an economic per-
spective, while the final priorities adopted in Table 5 incorporated heritage conservation
requirements and long-term operational considerations.

Values represent the geometric mean of the judgments of from five experts. All
aggregated matrices satisfy the CR < 0.10 consistency requirement, while two individual
expert matrices exceeding CR > 0.12 were recalibrated during a second evaluation round.

Table 7 presents example pairwise comparison matrices used in the AHP analy-
sis. The procedure for aggregation and verification of expert judgment involved five
experts representing the Investor, Designer, Contractor, User of the Facility, and the Her-
itage/Environmental Authority (WKZ).
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Table 7. Example pairwise comparison matrices in AHP (Saaty 1-9 scale).

(a) BOCR Level Matrix (5 Experts—Geometric Mean Aggregation)

BOCR Benefits (B) Opportunities (O) Costs (C) Risks (R) Local Priority
Benefits (B) 1 3 5 7 0.642
Opportunities (O) 1/3 1 3 5 0.248
Costs (C) 1/5 1/3 1 3 0.088
Risks (R) 1/7 1/5 1/3 1 0.022
Column sum 1.67 4.53 9.33 16.00 CR =0.045
(b) Sub-Criterion Matrix: “Compatibility with Historic Fabric” (Benefits Group)
Sub-criterion B Durability Authenticity Reversibility Priority
Durability 1 1/3 5 0.385
Authenticity 3 1 7 0.579
Reversibility 1/5 1/7 1 0.036
CR =0.062 1.000

Expert judgments were aggregated using the geometric mean of individual pairwise
comparisons, which represents the standard aggregation method of decision-making of the
AHP group according to Saaty. Each expert independently completed pairwise comparison
matrices using the Saaty scale 1-9 for the four-level hierarchy (BOCR — sub-criteria
— alternatives).

Individual consistency was verified using the criterion CR < 0.12 for each expert matrix.
Two individual assessments that exceeded this threshold (CR = 0.15 and CR = 0.14) were rejected
and recalibrated through a second evaluation round after clarification of the inconsistencies.

For the aggregated group matrices, the consistency was verified using the stricter
threshold CR < 0.10 at each hierarchy level, generating the following results:

e BOCRlevel: CR =0.045
e  Sub-criteria matrices: average CR = 0.062
e  Alternative comparison matrices: CR = 0.067

The fourth stage of the procedure involved the calculation of synthetic priorities by
multiplying local priorities through the hierarchy, according to Equation (1). The overall
consistency ratio of the model (CR = 0.067) confirms an acceptable level of consistency in
the final decision model.

The AHP model supported the process as an analytical tool, responding to a deliberate
shift in priorities introduced by stakeholders. Figure 7 presents the scheme of the decision-
making process that was applied.

As shown in Figure 7, the decision path was iterative, starting from the baseline
BOCR result (preference for Variant B under economically oriented weights), followed
by sensitivity analysis, stakeholder workshops, and finally leading to the adjusted AHP
priorities presented in Table 5. The final selection of Variant A resulted from a conscious
shift in priorities by the Investor and the Provincial Heritage Conservation Officer (WKZ)
toward a “conservation-focused” scenario. This outcome is consistent with the role of AHP
as a decision-support tool, rather than an automatic ranking mechanism.
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START

Baseline BOCR Result

economic weights:
B =0.145 > A5%

Sensitivity Analysis
(threshold:
conservation >55%)

Stakeholder Workshops

(Investor + WKZ)
(shift toward the “conservation”
option)

Final AHP Priorities
(A=0.42)

SELECTION
Variant A

Figure 7. Decision path from the BOCR baseline result to the selection of option A.

4.4. Integration of Spatial Data: Scan-to-BIM

As part of the preparation of historical documentation for the preservation of heritage
elements of the Australian system (cast-iron columns and beams), terrestrial laser scanning
technology (TLS) (Leica ScanStation P50) was applied, enabling the acquisition of high-
resolution geometric data of preserved structural fragments with an accuracy of +3-5 mm
(in according to ISO 17123 [50]). The obtained point clouds (eight scans, 360° coverage,
resolution of 5 million points) were subjected to registration, filtering, and modeling pro-
cesses. Point cloud data was stored in the E57 format (ASTM E2807), an open standard for
laser scanning data exchange. The BIM model was shared in the IFC 4.0 format, compliant
with buildingSMART standards [51], enabling software-independent information exchange
among project participants.

The scan-to-BIM process included the following;:

point cloud processing (registration, noise filtering, cleaning);
geometry extraction (semi-automatic modeling in CloudCompare);
enrichment of the model with material attributes and conservation information;

integration with the coordination model (IFC 4.0).

Alevel of detail (LOD) of 4 was achieved for historic elements (geometric accuracy + full
attribute documentation), and a data structure was prepared that allowed the development of
the model to an LOD of 6 (as-built) for facility management and conservation purposes.

During the geometric extraction process, differential tolerances appropriate for the
project phase were applied. Table 8 presents the objective quality indicators for reconstruc-
tion. Manual segmentation in CloudCompare used a tolerance of approximately +2 mm
for precise edges (e.g., profiles of cast-iron columns), while semi-automatic extraction pro-
cedures (Segment/Mesh operations) used tolerances of approximately 46 mm for irregular
surfaces such as deformations or welded joints.
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Table 8. Objective quality indicators of the scanning-to-BIM reconstruction.

Quality Indicator Value Measurement Method Accepted Tolerance Comment
Point cloud registration CloudCompare 8 scans,
error (RMS) 3-5 mm (ICP registration) <6:mm (IS0 17123 [50]) full 360° coverage
. 82% (0-5 mm) 15% Main structural
BIM mod.el deviation (5-10 mm) 3% (;loudCompare.z +10 mm for LOD 4 elements and heritage
vs. point cloud Distance analysis
(>10 mm) components
Completeness of 959 Comparison with 5900 Inventory catalog:
historic elements ’ heritage inventory ’ 42 heritage elements
Extraction uncertainty A mm CloudCompare lg/leamniihiigg Irregular edges and
(semi-automatic) Segment/Mesh analysis ' complex geometry

+6 mm

The general uncertainty of the modeling of approximately £8-12 mm does not limit
the applicability of the model to facility management (FM) purposes, such as planning
conservation interventions or monitoring environmental conditions.

To ensure transparency for future facility managers, an additional parameter her-
itage_uncertainty = 10 mm was included in the IFC Property Sets, indicating the expected
geometric uncertainty of the reconstructed heritage elements.

In the case of the Australia Hall cast-iron columns, which represent key heritage
components, the BIM geometry was intentionally modeled with a +5 mm dimensional
margin relative to the measured geometry and subsequently validated in situ through
physical verification, ensuring that the model remained safe for operational use despite
minor scanning uncertainties.

4.5. Relationships Between the Layers of the RACI-AHP-BIM Methodology

The research results indicate strong interconnections between the three layers of
the methodology:

e the responsibility structure (RACI matrix) determined the way information was gener-
ated and approved within the BIM environment;

e  the BIM environment constituted the data source for AHP decision analyses;

e  decisions made within the AHP model influenced the scope of project analyses and
information requirements.

These relationships were iterative in nature, with changes in one layer triggering
modifications in the others. As a result, the methodology functioned as a coherent project
management system based on information flow between the organizational, decision-
making, and informational layers.

5. Discussion

Previous research on BIM has focused primarily on technological and information-related
aspects, less frequently integrating them with organizational and analytical management
methods [52]. Similarly, the literature on AHP most often treats this method as a decision-
support tool, without integration with project information systems [53,54]. In turn, the RACI
matrix is generally applied as an organizational tool independent of digital environments.

The presented study indicates that only the integration of these three approaches cre-
ates a coherent model for managing projects of high functional complexity and conservation
constraints. The results confirm the following;:

e  the BIM environment can function as a platform integrating decision-making processes;
e the AHP method can be fed with data derived from digital models;
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o the RACI matrix constitutes a mechanism institutionalizing decision-making and
communication processes.

Such an approach aligns with the growing research trend on the digital transformation
of project management, in which the integration of organizational, informational and
analytical processes is recognized as a key direction of development.

5.1. Synergistic Effects of Integrating RACI-AHP-BIM

The research conducted indicates that the integration of three approaches—organizational
structure (RACI matrix), AHP decision analysis, and the BIM information environment—
generates synergistic effects that go beyond the sum of benefits resulting from their separate
application. Unlike fragmented approaches, the proposed methodology functions as a
system of interconnected layers: organizational, decision-making and informational.

Table 9 presents the specific linkages showing how the clash detection data, the
geometric parameters, and the TLS results fed the decision variables in the AHP-BOCR
model. The data flow is operational and fully documented.

Table 9. Mapping of BIM/CDE with AHP-BOCR decision variables.

Influence on Variant

BIM/CDE Data Source Specific Value BOCR Criterion Sub-Criterion .
Evaluation

. 61 clashes (8 hard, . L Variant C: —15% (highest
Clash detection results 4 soft, 49 clearance) Risks (R) Implementation risk number of MEP conflicts)
Cost of desien All variants: real correction
Design correction costs approx. 12,000 PLN Costs (C) ot destg costs observed during the
modifications .
design phase
Fagade Glazing area: 1250 m? . Variant B: +12% advantage
geometry parameters Ug = 0.6 W/m?K Costs (C) Material costs due to cheaper profiles
. Estimated service . . Variant A: +18% advantage
Durability parameters life: 25 years Benefits (B) Structural durability (Optiwhite glazing system)
Column accuracy Compatibility with Variant A: +25%
TLS scan-to-BIM data +£5mm Benefits (B) \patiorry v (preservation of original
o historic fabric .
Completeness: 95% cast-iron columns)
TLS reconstruction Oversize modeling Risks (R) Reversibility of Variants A/B: low
parameters margin +5 mm intervention intervention risk

The first identified mechanism of synergy is the link between the RACI matrix and
the BIM processes. In traditional BIM projects, there is often the problem of ambiguous
assignment of responsibility for actions within the model environment, including clash
management and data validation. Incorporating the RACI matrix into the BIM execution
plan (BEP) structure enables the assignment of responsibility for generating, verifying and
approving project information to specific roles, which reduces decision ambiguity and
structures communication [55,56]. For example, in a traditional design process (without
a BIM-based methodology), the following question may arise: who is responsible for
resolving a clash detected in the federated model between the HVAC installation (MEP
designer) and the structural system (structural designer)? By linking the RACI matrix with
BIM, it becomes possible to identify the person responsible on the contractor’s side for
the detection of a clash, who initiates the resolution process and moderates the discussion,
while the discipline designers (C) present possible alternatives, and the BIM Manager
(A) grants the final approval.

The second area of synergy is the integration of AHP with BIM-derived data. Multi-
criteria analysis based on data extracted directly from the digital model enables decision-
making grounded in actual technical, cost and spatial parameters [25]. Automatic infor-
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mation extraction (e.g., cost data) from the IFC model and the possibility of simulating
design variants directly from BIM geometry reduce subjectivity in assessments and increase
the transparency of the decision-making process [57]. In the analysis of the investment
project, the use of model-derived data enabled the identification of installation clashes
(61: hard—S8, soft—4, clearance—49), allowing the precise determination of collision risks
in the installation interfaces and their inclusion in the variant analysis, which is of direct
importance to reduce implementation risks.

The third element of synergy is the link between the RACI matrix and the AHP analy-
sis. The responsibility matrix indicates which stakeholders should participate in evaluating
particular decision criteria, thereby structuring the expert process and reducing arbitrari-
ness in assigning weights. As a result, the AHP model becomes not only a mathematical
tool but also a component of the project governance structure.

The results obtained confirm that the value of the methodology stems not from indi-
vidual tools but from their systemic interconnection.

5.2. Importance of the BEP Structure in Reducing Project Risks

The analysis of results indicates that the BIM execution plan functions as a key mech-
anism for managing informational and process-related risks [58]. Identified risks related
to unclear information requirements, inconsistencies in data standards and the lack of
procedures for information exchange can be mitigated through process formalization
within the BEP framework. Table 10 presents potential risks and mitigation mechanisms,
while Figure 8 illustrates the effects of BEP risk reduction through mitigation mechanisms
proposed by buildingSMART [51].

Table 10. Effects of the RACI-FAHP-BIM methodology according to the literature and professional experience.

Mitigation Mechanism

No. Risk Category Symptom in the Project Effect
. RACI matrix 21 x 80, coordination Elimination of
Unknown roles Information gaps, . e
and responsibilities errors, delays meetings every 2 weeks, accountability gaps
! escalation procedures (32% — 0%)
Inconsistent . D1ff1'cu1't1e.s n IFC 4.0, naming convention Clash detection:
interdisciplinary L - 3 hard + 7 soft,
2 standards and L [Code][Discipline][Type][Revision]
coordination, resolved before
procedures . ) [Date], LOIN EN 17412 )
incompatible models construction
Too high = excessive Precise definition: LOD 3 (design)
3 Inadequate costs, too — LOD 4 (construction) PLN
LOIN level low = limited - 500k-800k saved
— LOD 6 (as-built + FM)
BIM usefulness
Inefficient data Working on outdated CDE Dalux: WIP = Shared — 100% model
4 . . Published — Archived, 10-year currency, zero
exchange process versions, conflicts . . . .
backup, naming convention version conflicts
Lack of qualit Errors transferred MQC, detection of clash at least Reduction in
5 control rgce du}r,es to the once per month, Data Audit, QCP construction errors
p construction stage (Quality Control Plan) by 60-80%
No link between BEP .lml?ed to 21 RACI roles, BIM 100% team
BEP treated as a objectives (scan-to-BIM, clash .
6 BEP and " B . engagement in
. oo paper document detection, FM LOD 6),
project objectives BIM processes

and the schedule
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BIM Risk Mitigation in botanical Garden Project
Mitigation reduces risks by 82-91% across all categories

Risk level B non-mitigated risk . residual risk
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40
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8 10

Unclear roles and  Inconsistent standards Inadequate LOIN level Inefficient data Lack of quality No link between BEP
responsibilities and procedures exchange process control procedures and project objectives

Risk category

Figure 8. Effects of BEP risk reduction through mitigation mechanisms proposed by buildingSMART [51].

The research results indicate that integrating BEP with the RACI matrix and AHP anal-
ysis leads to risk reduction in three areas: informational, process-related and organizational.
The BIM literature emphasizes that the lack of a coherent information management structure
is one of the main causes of inefficiencies in digital projects; the results obtained confirm
this relationship in a project of high functional complexity and conservation constraints.

5.3. Role of BEP in Systemic Risk Management

In the context of project management, BIM documents (EIR and BEP) play a key role
in transferring the client’s requirements to the contractor and in harmonizing the design
and construction processes [59]. This document, updated across successive phases of the
project lifecycle, enables the maintenance of information consistency between the design,
construction and operation stages.

The research results indicate that, in terms of risk management, the application of BEP
enables the reduction in:

e informational risks—through the precise definition of requirements and levels of
information detail (formal EIR + BEP structure);

e  process-related risks—through the formalization of cooperation and communication
procedures;

e  organizational risks—through linking the competencies of the participants with the
assigned roles.

In the literature on BIM project management, BEP is increasingly perceived as a
strategic management tool rather than merely an operational document. The findings of
this study confirm this interpretation.

The experience of the project team indicates the following expected range of effects for
projects of similar scale (public infrastructure, design-build delivery, heritage constraints):

e Reduction in accountability gaps from approximately 32% to 0% through the imple-
mentation of RACI in a BIM environment.

e  Reduction in construction errors by approximately 60-80% due to clash detection and
the use of a Common Data Environment (CDE).

e  Potential cost savings of approximately PLN 500,000-800,000 resulting from optimized
definition of LOIN/LOD (internal benchmark data).

These values should be interpreted as hypothetical benchmark estimates, which cannot
yet be verified using empirical data from the analyzed investment because the construction
and operational phases have not been completed. Full validation of these effects will only
be possible after the completion of the project (planned after 2027).
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5.4. Role of the RACI Matrix in Limiting Project Conflicts

The results obtained confirm that the application of the RACI matrix contributes to
structuring decision-making and communication relationships within the project. Clear
assignment of Responsible and Accountable roles reduces the risk of interdisciplinary
conflicts, which often arise from competency ambiguities, through:

e elimination of “black holes,” where each task has at least one Responsible (R) and one
Accountable (A) role,

e reduction in redundancy by preventing multiple assignhments of the same task to two roles,

e communication transparency by clearly indicating who should be informed (I) versus
consulted (C).

In the analysis project, a significant outcome of applying the RACI matrix was the
extension of the project team structure with new roles related to facility operation management,
indicating a shift in perspective from the design phase to the entire investment lifecycle.

6. Summary

The study conducted confirmed that the integration of the RACI matrix, the AHP
method, and the BIM methodology in accordance with ISO 19650 constitutes an effective
and comprehensive approach to the management of complex construction projects imple-
mented in the design-build delivery model, particularly in the context of conservation-
oriented and academic construction projects.

The application of the integrated methodology enabled the structuring of or-
ganizational relationships, decision-making processes, and information management
within a single coherent project management system. The developed RACI matrix
(21 processes x 80 responsibility assignments) allowed the clear allocation of executive
and decision-making roles in all key tasks, reducing the appearance of accountability gaps
and shortened decision-making processes in critical stages of the project.

The application of the AHP method within the BOCR model enabled a multi-criteria
evaluation of design alternatives and the selection of a solution that accounted not only
for economic criteria but also for conservation, functional, and risk-related considerations.
The results of the analysis indicated a preference for the structural variant with the highest
compatibility with the historic fabric of the facility, confirming the suitability of the decision-
making model for projects subject to specific cultural and environmental constraints.

The implementation of BIM, supported by the BIM execution plan (BEP) and the com-
mon data environment (CDE), enabled the integration of project data, automation of quality
control processes, and reduction in interdisciplinary clashes prior to the commencement of
construction works. The use of laser scanning technology and the scan-to-BIM procedure
made it possible to develop a digital model of preserved historic elements and to prepare
operational documentation based on facility management (FM) data.

The findings indicate that the value of the proposed methodology is primarily the
results of the integration of the organizational, decision-making, and information layers,
rather than the separate application of individual tools.

This study fills a significant gap in the scientific literature:

e It provided a holistic integration of three approaches into a single RACI-AHP-BIM
methodology. Previous research have analyzed RACI, AHP, and BIM as independent
methodologies. This article represents one of the first comprehensive studies that inte-
grates these three approaches into a coherent methodological framework. Integration
is systemic in nature and demonstrates the mutual reinforcement of methods: RACI
structures the organizational framework, AHP supports the decision-making process,
and BIM constitutes the operational environment for information management;
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e It extended the application of the RACI matrix to conservation projects, in which
heritage protection institutions and future facility users played a significant role. The
introduction of roles related to conservation supervision and operational management
indicates the possibility of applying RACI throughout the lifecycle of the facility.
The proposed adaptation is also of particular relevance for the Polish public sector,
where conservation projects constitute a substantial share of construction investments
undertaken by higher-education institutions;

e It provided empirical verification of the application of the BOCR model within the
AHP method in design-build projects implemented under conservation and envi-
ronmental constraints. Although the AHP method has been widely recognized for
decades, its application with the BOCR model in design-build projects carried out in
protected heritage contexts has not been systematically examined to date. The article
offers empirical confirmation of the suitability of the BOCR model for the simulta-
neous evaluation of conservation benefits, development opportunities, construction
costs, and technical risks within a single integrated decision hierarchy;

e It presented an operational implementation of the ISO 19650 standard in a public
project, indicating practical mechanisms for integrating BEP, RACI, and the CDE;
documenting the application of scan-to-BIM technology in a conservation project,
including technical parameters, data integration procedures; and the potential use of
the model during the operational phase (HBIM/digital twin).

The article represents one of the few examples of the comprehensive integration of
RACI, AHP, and BIM in the specific context of academic facilities delivered under the
design-build system. The proposed RACI-AHP-BIM methodology may serve as a tool
supporting the management of construction projects implemented in the public sector,
particularly in cases involving a large number of stakeholders and complex formal and
conservation constraints. Integration of RACI, AHP, and BIM increases transparency
in responsibility allocation and communication, supports data-driven decision-making,
reduces informational and organizational risks, and enables a life-cycle-oriented approach
to project management. The methodology may be used as a reference framework in the
development of BIM execution plans in construction and infrastructure projects, particularly
under public procurement conditions.

The results of the study indicate the need for further research in several areas. First, it is
necessary to verify the effectiveness of the methodology during the construction phase and
the operational period of the facility, including the analysis of cost, time, and operational data.
Second, it is justified to assess the potential adaptation of the RACI-AHP-BIM methodology in
other types of projects, including infrastructure, linear, and public utility projects. Third, future
research should focus on the integration of BIM models with facility management systems
and on the development of the digital twin concept in conservation projects. Comparative
studies involving a larger number of public projects are also recommended to evaluate the
scalability and repeatability of the proposed methodology.
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Abstract: Timely and accurate inspection of concrete bridges is critical to ensuring struc-
tural integrity and public safety. Traditional visual inspections conducted by human
inspectors are labour-intensive, inconsistent, and often limited in their ability to access
all structural components, particularly in hazardous or inaccessible areas. Image-based
inspection techniques have emerged as a safer and more efficient alternative, and recent
advancements in deep learning have significantly enhanced their diagnostic capabilities.
This systematic review critically evaluates 77 studies that applied deep learning approaches
to the detection and classification of surface defects in concrete bridges using 2D images.
Relevant publications were retrieved from major scientific databases, screened for eligi-
bility, and analyzed in terms of model type, training strategies, and evaluation metrics.
The reviewed works encompass a wide spectrum of algorithms—spanning classification,
object detection, and image segmentation models—highlighting their architectural features,
strengths, and trade-offs in terms of accuracy, computational complexity, and real-time
applicability. Key findings reveal that transfer learning, data augmentation, and careful
dataset composition are pivotal in improving model performance. Moreover, the review
identifies emerging research trajectories, such as integrating deep learning with Building
Information Modeling (BIM), leveraging edge computing for real-time monitoring, and
developing rich annotated datasets to enhance model generalizability. By mapping the
current state of knowledge and outlining future research directions, this study provides a
foundational reference for researchers and practitioners aiming to deploy deep learning
technologies in bridge inspection and infrastructure monitoring.

Keywords: bridge inspection; defect detection; machine learning; deep learning; computer
vision; image classification; image segmentation; object detection

1. Introduction

Bridges play a crucial role in our society by connecting different regions and serving as
key points in the urban transportation network. Hence, substantial financial resources are
invested in inspecting and identifying defects in these critical infrastructures [1]. Concrete
bridges are more common than steel bridges due to their versatility, resilience, durability,
low maintenance, and quick construction [2]. Hence, maintaining bridges in good condition
is important because environmental factors, aging, and heavy loads can cause damage.
This can decrease their lifespan and increase the risk of collapse, causing economic and
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physical harm. For instance, a bridge collapse in Minneapolis (MN, USA) in 2007 led to the
loss of 13 lives and 145 injuries [3].

Inspection serves as the initial phase of maintenance with this respect. Traditional
bridge inspection is performed by human inspectors; this process can be time-consuming
and may not be very precise due to human judgment’s inconsistency and uncertainty. It
also requires inspector training and requires some equipment, like man lifts, which can be
dangerous for both the inspector and the public [4,5]. Using artificial intelligence (AI) for
bridge inspections can make the process more efficient and accurate.

Deep learning, a branch of Al, has become increasingly important for bridge defect
detection and measurement. Utilizing sensor data and images, these algorithms can be
trained to identify and quantify defects in bridges, resulting in quicker inspections and
reduced human errors. While acceleration, strain, and displacement sensors are commonly
used for bridge inspections, they cover only a limited part of the bridge. Furthermore,
they are challenging to maintain and access after installation. Consequently, there has
been a shift towards using images to identify defects and inspect bridges. This has led to a
significant emphasis on utilizing images for bridge inspection and defect identification [6].

Despite the significant importance of bridge defect detection, systematic reviews
of computer vision and deep learning approaches specifically targeting concrete defects
remain limited. Most existing literature predominantly focuses on crack detection [1,7].
Recently, two review studies have addressed broader applications of computer vision tech-
niques in bridge damage detection. Luo, et al. [8] explored three key aspects—surface defect
detection, vibration measurement, and vehicle parameter identification—while Zhang and
Yuen [9] reviewed various Al-driven techniques, including image-based methods, point
clouds, infrared thermography (IRT), ground penetrating radar (GPR), and vibration re-
sponses. However, these reviews do not focus specifically on deep learning architectures
for concrete bridge surface inspection using standard RGB images, nor do they provide
a task-structured comparative synthesis of model families in terms of both performance
metrics and computational efficiency.

This study extends the existing body of knowledge in three main ways. First, it
focuses explicitly on concrete bridges and standard 2D image data, excluding non-visual
sensing modalities, over the period 2018-2023, during which deep learning became the
dominant approach for image-based bridge inspection. Second, it follows PRISMA-based
systematic literature review procedures, with clearly defined search, screening, and risk-
of-bias assessment steps, resulting in a curated set of 77 deep learning studies on concrete
bridge surface defects. Third, it provides a task-structured comparative synthesis of major
deep learning model families—CNN classifiers, one- and two-stage object detectors, and
segmentation networks—organized by task (classification, detection, segmentation) and
summarized in terms of accuracy-related metrics (e.g., F1-score, mAP, mloU), inference
time, and architectural characteristics (e.g., deep vs. lightweight backbones, one-stage vs.
two-stage detectors). This analysis clarifies speed—accuracy trade-offs and helps relate
model structures to practical deployment contexts such as UAV-based surveys, robotic
inspection, and detailed defect mapping for SHM and maintenance decisions.

The research questions that this paper aims to address are:

1. How have deep learning-based visual inspection methods for concrete bridge surface
defects evolved since 2018 in terms of: (a) defect types, and (b) computer-vision tasks
(classification, object detection, segmentation, and hybrid methods)?

2. For each main task (classification, object detection, segmentation), which families of
deep learning models are most commonly used for detecting concrete bridge defects,
and what trade-offs do they show between performance (e.g., accuracy, F1-score, mAP,
mloU) and computational efficiency (e.g., inference time)?
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3. What are the main characteristics and limitations of the datasets used to train and
validate deep learning models for concrete bridge visual inspection (e.g., dataset size,
defect classes, annotation level)?

A systematic literature review was conducted following the PRISMA guidelines to ad-
dress these questions. Databases such as Web of Science, Scopus, and Google Scholar
were searched for papers published between 2018 and 2023 that used deep learning
for defect detection and visual inspection of concrete bridges using standard 2D im-
ages. Predefined inclusion and exclusion criteria regarding publication type, language,
bridge material, imaging modality, and methodological content were applied as described
in Section 3.

The paper is organized into six sections. In Section 2, deep learning and its subsets
are briefly described. Section 3 details our search strategy for identifying relevant studies.
Section 4 categorizes the deep learning methods utilized in bridge damage detection and
provides an analysis. Afterward, Section 5 compares the performance of different deep
learning algorithms in the context of bridge damage detection. Finally, Section 6 presents
the conclusion and future study recommendations.

2. Background on Deep Learning

Computer vision has different key subsets; this research focuses on image classification,
segmentation, and object detection. Image classification determines whether an image
contains a specific object or not. In object detection, in addition to that, the object location
is defined using a bounding box, and finally, in image segmentation, the object is precisely
defined at the pixel level. The emergence of deep learning algorithms has transformed the
field of computer vision. Deep learning refers to multi-layer neural networks, which have
recently been increasingly used for computer vision tasks. Various algorithms, such as
Convolutional Neural Networks (CNNs), AlexNet, VGG, DeepLab, U-Net, Region-based
CNN (R-CNN), and You Only Look Once (YOLO) were highly effective in this revolution,
each offering distinct advantages [10,11]. Moreover, improvements in deep learning and
computer vision techniques have enhanced traditional algorithms functions. This section
provides the basic concepts and algorithms of deep learning relevant to this review and
highlights their strengths compared to earlier models.

2.1. Deep Learning-Based Image Classification Algorithms

Most algorithms for computer vision tasks are based on CNNs. A CNN has multiple
layers: convolutional, pooling, and fully connected. In the convolutional layer, kernels (or
filters) convolve with the input images to extract feature maps. These filters have weights
that are adjusted during training. An activation function, such as sigmoid, ReLU, or tanh,
is then applied to these feature maps to introduce non-linearity and determine which
features should be passed to the next layer. The pooling layer reduces the dimensions of
the convolved features, typically through operations like max pooling or average pooling,
to decrease computational load and control overfitting. Finally, the last convolutional layer
is connected to the fully connected layer, which integrates the extracted features to make
the final classification or prediction [12].

An important component in the training process of CNNss is the loss function, which
evaluates their accuracy in predicting the given labels. Backpropagation minimizes the
loss function by calculating the gradient of the loss with respect to each weight in the
network, moving backward from the output layer. This gradient is then used to adjust the
weights through an optimization algorithm, aiming to minimize the loss and improve the
network’s performance [13].
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Key deep learning models include AlexNet and VGG-16.AlexNet, introduced by
Krizhevsky et al. [14]. It is composed of eight weight layers, which include five convolu-
tional layers and three fully connected layers with ReLU activations. This was followed by
the VGG-16 model in 2014, developed by Simonyan and Zisserman [15], which enhanced
depth by employing 16 layers, including thirteen convolutional layers with a 3 x 3 filter
size and three fully connected layers. However, deeper networks, such as ResNet [16],
address the vanishing gradient problem by using shortcut connections, enabling networks
to have more layers without degradation in performance. DenseNet [17] builds on ResNet
by connecting every layer to every subsequent one, improving information flow across the
network and its architecture is displayed in Figure 1.

Figure 1. A five-layer DenseNet structure [18].

To address the computational challenges, models like MobileNet [18] and Xception [19]
used depthwise separable convolutions, reducing the number of parameters and improving
efficiency, making them ideal for real-time inspection tasks such as those performed by
UAVs during bridge assessments.

2.2. Deep Learning-Based Image Segmentation Algorithms

Several approaches exist for image segmentation. Two important approaches are
encoder—decoder structures and fully convolutional networks [20]. Fully convolutional
network (FCN), developed by Long et al. [21], and U-Net [22] are two major models used
in segmentation tasks. U-Net has a U-shaped architecture consisting of a contracting path
(encoder) and an expansive path (decoder). The contracting path is similar to a standard
convolutional network, utilizing convolutional and pooling layers for downsampling.
The expansive path enhances the resolution and merges it with the information from the
contracting path to create accurate segmentations.

Another important model is DeepLab [23], which uses dilated convolutions to expand
the receptive field and capture more context without reducing spatial resolution. This
feature is important for accurately identifying defects in concrete surfaces. Additionally,
Mask R-CNN [24] extends Faster R-CNN by adding a mask branch, allowing for pixel-wise
segmentation of detected objects. DeepLabv3+ further improves on the segmentation
accuracy by using atrous spatial pyramid pooling (ASPP), which allows the model to
capture features at various scales without losing spatial resolution, making it ideal for
identifying defects of different sizes in concrete surfaces.

2.3. Deep Learning-Based Object Detection Algorithms

Object detection algorithms like R-CNN [25], Fast R-CNN [26], Faster R-CNN [27],
and YOLO [28] have greatly improved the ability to detect and localize defects in con-
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crete surfaces. The YOLO (You Only Look Once) family is especially useful for real-time
defect detection due to its ability to process entire images in a single pass. YOLOv3 and
YOLOVS5 have improved accuracy and speed, making them ideal for use in UAV-based
inspections. YOLOVS5 introduced attention mechanisms to improve the detection of small
and overlapping defects, which is a common challenge in concrete bridge inspection.

Deep learning algorithms improved the weaknesses of their previous algorithms by
modifying their structure and adding new features. This continuous improvement made
them more accurate, faster, and more reliable.

2.4. Evaluation Metrics

Deep learning performance is measured using different evaluation metrics. Some
common evaluation metrics are described here.

e  Accuracy: Classification algorithms don’t always predict correctly, and their perfor-
mance is measured according to their true and false predictions. True positives (TP)
are when the model accurately predicts the positive class, while true negatives (TN)
are when it accurately predicts the negative class. False positives (FP) happen when
the model wrongly predicts the negative class as positive, and false negatives (FN)
occur when the model incorrectly predicts the positive class as negative. Accuracy
is the ratio of correct predictions to the total predictions, and mean accuracy is the
average of accuracy across multiple model runs.

TP+ TN
A = 1
CUTAY = Total predictions @
1n
Mean Accuracy = 521‘:1 Accuracy; )

where n is the number of runs and Accuracy; is the accuracy for each run.

Mean accuracy is obtained by averaging accuracy across multiple runs or folds. How-
ever, in highly imbalanced datasets—such as images where one class (e.g., cracks) occupies
only a small portion of the pixels or where the “background” class dominates—overall
accuracy can be misleading, because a classifier that almost always predicts the majority
class may still achieve a high accuracy. Therefore, many studies also report precision, recall,
and F1-score to better characterize model performance.

° Precision:

. TP
Precision = TP L EP 3)
e  Recall (Sensitivity):
TP
Recall = 75T FN @

e F1 Score:

Precision x Recall
F1 =2
Score % Precision + Recall ®)

Precision reflects how many predicted defects are correct, recall reflects how many true
defects are actually detected, and F1 balances these two aspects. In imbalanced settings,
per-class precision, recall, and F1 (e.g., for crack vs. spallation vs. efflorescence) are more
informative than a single global accuracy value.

For object detection, performance is usually summarized using Average Precision (AP)
and Mean Average Precision (mAP). AP is the area under the precision-recall curve for a
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given class and Intersection-over-Union (IoU) threshold, whereas mAP is the mean of AP
values over all classes. Many works report mAP at a fixed IoU threshold (e.g., mAP@0.5)
or averaged over multiple thresholds (e.g., mAP@[0.5:0.95]) to simultaneously capture
localization and classification quality.

For semantic segmentation, the dominant metric is Intersection-over-Union (IoU),
defined for a given class as:

Tol — Area of overlap between prediction and ground truth
~ Area of union between prediction and ground truth

(6)

The mean IoU (mloU) is the average IoU over all classes.

In addition to these accuracy-related metrics, several studies also report computational
efficiency, typically in terms of inference time per image, frames per second, or model size
(number of parameters).

3. Research Methodology

Following the PRISMA guidelines, this study conducted a Systematic Literature Re-
view (SLR) to investigate the use of deep learning in concrete bridge automated defect
detection. The literature review was conducted in three phases of data acquisition, screen-
ing, and in-depth analysis as illustrated in Figure 2.

)
Records identified from:
= Web of science (n = 328)
ic Records removed before screening:
[ Scopus (n = 581)
= EEE— Duplicate records removed (n = 221)
t Google Scholar (n = 132)
§ Unrelated papers (n = 134)
Articles found (n = 1041)
A J
Y
Number of records after removing (n = 686)
) v
Title and abstract screening (n = 686) —»| Reports excluded (n = 584)
o
c
g
[ Reports excluded:
1}
@ Full-text screening for eligibility (n = 102) R Missing or incomplete data (n = 9)
Out of scope (n = 16)
—
v
'd )\
°
S
3 Studies included in review (n = 77)
£
—

Figure 2. Flowchart of systematic literature review (n = number of papers).

The main goal of data acquisition was identifying the most relevant academic articles
that could provide comprehensive data for our analysis. Scopus, Web of Science (WoS),
and Google Scholar were used as our research engines. The keywords in Table 1 were
utilized to set a comprehensive search query. The search was restricted to peer-reviewed
journal articles and conference papers written in English that applied deep learning to
visual inspection of concrete bridges using standard 2D images.
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Table 1. Search query.

String

(“Viaducts” OR “Bridge”) AND (“Artificial intelligence” OR “Image processing” OR “Machine learning” OR “Deep
learning” OR “CNN” OR “convolutional neural network”) AND (“Defect detection” OR “Crack detection” OR
“Damage detection” OR “spalling” OR “vegetation” OR “scaling” OR “Delamination” OR “Efflorescence” OR

“bulging” OR “Pop-outs” OR “Honeycombs” OR “Reinforcing steel corrosion” OR “Exposed bar” OR “Exposed rebar”
OR “corrosion stain “ OR “Water leak” OR “Water leakage” OR “material loss” OR “Loss of section” OR
“displacement” OR “deformation” OR “degradation” OR “damage quantification” OR “damage measurement” OR
“damage evaluation” OR “damage severity”) AND (“image” OR “video”)

In the screening phase, the keywords were used to search the selected databases. We
chose to restrict the time frame of our study to include only papers published after 2018
and up to October 2023. Searches were conducted based on article titles, abstracts, and
keywords within the defined scope, which resulted in the finding of 1041 papers.

While conducting the literature review, we diligently ensured no duplicate entries
and eliminated them accordingly. After conducting an initial database screening, it was
found to be necessary to narrow down the number of papers only to include those that
met the research criteria (Table 2). This was accomplished by carefully examining each
document’s title and abstract. Papers with unclear titles were excluded, and only those
related to bridge defect detection were retained.

Table 2. Filtration criteria.

Phases Criteria

Review papers were excluded.
Titles lacking clarity were excluded.
Only articles related to visual defect detection on concrete bridges were included.

Articles with abstracts lacking sufficient methodological detail to determine whether deep learning was
applied to concrete bridge surface defect detection using standard 2D images were excluded.
Non-English language articles and non-peer-reviewed documents
(e.g., theses, technical reports) were excluded.

Title and Abstract
Screening

Articles focusing on hardware-only aspects (e.g., camera hardware, UAV trajectory planning, or sensor
Full-text Screening placement) without proposing or evaluating a deep learning model for defect detection were excluded.
Articles focusing on other bridge defects like cable defects instead of concrete damages were excluded.

Articles whose abstracts did not provide sufficient information to determine whether
deep learning was used for concrete bridge surface defect detection with standard 2D
images were also excluded.

In the full-text screening phase, we further checked that the bridges were primarily
concrete, that the input data consisted of standard 2D images or video (excluding ther-
mal, 3D, radar, and other non-visual modalities). Studies that focused only on hardware
configuration (e.g., camera placement, UAV trajectory planning) without proposing or
evaluating a deep learning defect detection model were excluded. Studies with missing or
incomplete data, which could not be reliably included in the synthesis, were also excluded.
This selection process resulted in 77 papers being selected for analysis.

Finally, in-depth analysis was used to investigate the use of deep learning algorithms
to detect defects in concrete bridges. Content analysis was used to identify patterns in
concrete bridge defect detection using Al, while descriptive analysis was employed to
address trends and focuses in deep learning for bridge defect detection, as described in
Section 4. One reviewer extracted data from each study using a piloted extraction form
in Excel, and a second reviewer verified the data. The form collected information on
authors, dataset details, defect types, deep-learning algorithms, and performance metrics.
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Studies were grouped according to the type of detection task: classification, segmentation,
object detection, and hybrid methods. The study’s results were organized into summary
tables. These tables were used to facilitate comparisons across studies. To explore potential
causes of heterogeneity in the study results, we examined patterns in the summary tables,
which included details on study characteristics like input image size, dataset size, and
defect types.

We prespecified task-appropriate outcomes and consistently extracted them across
studies. For semantic segmentation, we collected mean intersection over union (mloU),
precision, and recall when available. For object detection, we gathered precision, recall,
and mean average precision (mAP) when available. For classification, we collected accu-
racy. Results were taken from the test set when available; otherwise, they were obtained
from the validation set. When multiple results were reported within an outcome domain
(e.g., alternative training procedures or different input sizes), we retained the highest value
according to the authors’ stated evaluation protocol. The risk of bias in the studies included
in this review was evaluated through a qualitative approach by two independent reviewers.
The assessment concentrated on important factors such as the study design, the handling
of data, and the transparency of reporting. Any differences in the reviewers’ assessments
were addressed through discussion and consensus (Appendix A).

4. Analysis and Results
4.1. Descriptive Analysis

After carefully reviewing the selected articles, it was found that deep learning algo-
rithms were first used in 2018 to detect defects in bridges. Before this, conventional image
processing techniques, such as various filters and the Otsu method [29], were utilized.
However, these methods had limitations due to the impact of lighting conditions, image
resolution, and the level of noise present in the images [1]. Creating an image processing
algorithm that could handle these scenarios was a significant challenge. Deep learning
algorithms then emerged as a promising solution to overcome these limitations. Figure 3
demonstrates the trend of deep learning usage in bridge damage detection.

- O III III O III = |II I‘I I .

4
2
2018 2019 2020 2021 2022 2023
B Image processing-based segmentation Image processing-based classification B Deep learning-based classification
m Deep learning-based segmentation B Object Detection

Figure 3. The trend of using deep learning methods.

Additionally, it is evident from Figure 3 that segmentation algorithms have become
increasingly prominent in recent years. This may be because of their ability to identify
damage at the pixel level and assess their severity. It is worth noting that only 28% of the
researchers focused on measuring bridge defects. Among these, a significant majority (61%)
specifically concentrated on measuring cracks, as illustrated in Figure 4.
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Figure 4. Frequency of damage detection and quantification methods.

In the same vein, Figure 5 emphasizes the critical role of crack detection in maintaining
the structural integrity of concrete bridges. Cracks are the most common type of damage
because they can lead to more severe issues if not managed on time. The figure highlights
various defects requiring attention, including spallation and exposed bars, which can
compromise the bridge’s safety and longevity.

20

9
m Crack = Corrosion Efflorescence
Scaling = Spallation ® Exposed bars

m Honeycombs ® Delamination = Water Leak

Figure 5. The frequency of detection methods used for each damage type.

4.2. Content Analysis

The traditional method of inspecting concrete bridges involves manual inspection.
An inspector or a team of inspectors visits the bridge site to assess the structure visually,
identifying any defects and determining their severity [3]. This information is then recorded
in bridge inspection reports and transferred into BMS systems. However, this transfer
process can result in data loss and is also time-consuming [30-32].

Though, new technologies are recently utilized as a substitute for this method. These
methods can rapidly access bridge conditions, enhance data accuracy, and gain information
about inaccessible parts of bridges. Among these technologies is the use of sensors, which
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record data continuously. However, sensors usually cover limited parts of bridges and
are inaccessible once installed, resulting in poor sensor system maintenance. To overcome
these limitations, digital images and computer vision techniques prove to be useful [6].

Some image-processing methods relied on filters, morphological analysis, and edge
detection techniques without model training. However, these methods were insufficient
due to the impact of lighting conditions, image resolution, and the level of noise present in
the images. Developing an algorithm that could handle all the unpredictable situations
in the real world was not easy [1,33]. Therefore, some researchers used machine learning
algorithms such as support vector machines to overcome these limitations. For instance,
Prasanna et al. [34] developed a histogram-based classification algorithm to detect cracks
in concrete bridge decks, utilizing SVM. However, machine learning methods typically
use a limited number of feature extraction levels, making it challenging to address the
complexities of real-world image data [35].

As a result, deep learning algorithms emerged in bridge defect detection (Figure 6).
Deep learning algorithms can automatically learn features from the data and handle large
and complex datasets. Researchers using deep learning to detect bridge defects using
images typically classify their approaches into image classification, image segmentation,
object detection, and hybrid methods combining multiple algorithms. Figure 7 Illustrates
the process of detecting bridge defects using deep learning techniques.

Image processing Deep learning-based

Manual methods methods ML-based methods methods

Limitations: Limitations: Limitations:

* Relies heavily on human * Sensitive to lighting * Rely on a limited
judgment, which can conditions. number  of  feature
introduce subjectivity. e Affected by image extraction levels.

*  Time-consuming resolution. *  Struggle to capture the
process. * Impacted by noise levels complexities of real-

* Prone to data loss during in images. world image data.
manual record transfers. e Challenging to develop

* Challenging to access algorithms for
hard-to-reach areas of unpredictable real-world
bridges. situations.

Figure 6. The transition from Traditional to AI-Powered bridge inspections.

4.2.1. Image Classification

Classification algorithms can assign a bridge defect label to each image. CNN is a
pioneering image classification algorithm with this respect. Xu et al. [36] have successfully
utilized end-to-end CNN, combined with atrous convolution, Atrous Spatial Pyramid
Pooling (ASPP), and depthwise separable convolution, to develop a model for detecting
concrete bridge cracks. Using atrous convolution allows for acquiring a wider receptive
field without any reduction in resolution. ASPP module enables the network to extract
multi-scale data, and depthwise separable convolution reduces the computational time.
CNN is a powerful tool for feature extraction, but feature fusion is more critical, and CNN
relies on fully connected layers to achieve this. Although these layers perform well in
data fusion, they are insufficient for high-level information. To address this limitation,
Zhang et al. [37] employed Convolutional Neural Networks and long short-term memory
(LSTM) to detect concrete bridge deck cracks. LSTM was utilized as a feature fusion layer.
This approach enabled faster crack detection compared to other CNN algorithms, making
it particularly advantageous for real-time applications.
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Figure 7. Workflow for bridge defect detection using deep learning.

As mentioned in Section 2.1, the VGG algorithm emphasizes expanding the network
depth to 16-19 weight layers. VGG input images are fixed-size. Chen [38] trained a variant
of the VGG structure over 1200 images captured by a UAV and a handheld DSLR camera
to detect cracks. They utilized a migration learning technique to overcome the challenge of
insufficient data.

DenseNet with dense connections allows for higher accuracy in smaller epochs, mak-
ing it more suitable for small datasets. Alfaz et al. [39] Utilized the DenseNet algorithm to
classify bridge cracks.

Li et al. [40] developed a model called Skip-Squeeze-and-Excitation Networks
(SSENets), which had two modules of Skip-Squeeze-Excitation (SSE) and Atrous Spa-
tial Pyramid Pooling (ASPP). The utilization of skip-connections in the SSENets model
addresses the vanishing gradient problem found in deep networks, a technique also em-
ployed in the ResNet algorithm. Subsequently, the feature map produced by the SSE
module is fed into the ASPP module to capture multi-scale features. In the context of
crack detection, cracks occupy only a small portion of the image, and their widths vary
significantly. Traditional convolutional methods need to be improved for analyzing cracks
with different widths at multiple scales, which hinders capturing their features effec-
tively. The Atrous Spatial Pyramid Pooling (ASPP) module addresses this by using atrous
convolutions with varying rates to extract multi-scale features from cracks, improving
detection accuracy.
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CNNs were one of the most frequently used algorithms for defect classification, but
lightweight models like MobileNet became popular to enable real-time defect detection.
Chen et al. [41] proposed a lightweight model named MobileNetV3-Large-CBAM, which
utilized sliding window to locate and classify cracks. The researchers used two open-
source data sets, the first containing 6532 images after data augmentation and the second
containing 15,068 images. The model combined with Focal Loss handled an imbalanced
dataset and achieved 95.90% overall accuracy using the first dataset. They also compared
this method with other cutting-edge CNNs, demonstrating the superior performance of
their model.

Researchers have expanded their focus to detect multiple defects in addition to
cracks. For instance, in 2019, Hiithwohl et al. [42] introduced a three-stage multi-
classifier powered by Inception V3 to identify concrete bridge defects. The study
recognized eight defect categories: spallation, cracks, rust staining, efflorescence,
scaling, abrasion/wear, exposed bars, and general defects. They considered that
some types of defects occur along with other types. For example, Exposed bars hap-
pens with spalling, scaling, and efflorescence. Rust staining occurs with exposed
bars. As a result, they proposed a hierarchical three-stage classifier. Again, in 2019,
Kruachottikul et al. [43] developed a novel approach using image processing and deep
learning to facilitate bridge inspection. They utilized CNN to classify cracks, Spallation,
Erosion, and stains. The model achieved 89% accuracy on a dataset containing 3926
images of bridges across Thailand. Also, Mundt et al. [44] created an open-source
dataset named COncrete DEfect BRidge IMage (CODEBRIM) to classify cracks, Spalla-
tion, exposed bars, efflorescence (calcium leaching), and corrosion (stains). The data
set contains 1590 images, utilized in several research studies to train classification
algorithms. At last, two meta-learning approaches, MetaQNN and efficient neural
architecture search (ENAS), were employed to classify the defects mentioned in the
dataset. Cardellicchio, et al. [45] compared five different deep learning algorithms,
namely InceptionV3, ResNet50V2, DenseNet121, MobileNetV3, and NASNetMobile,
for the classification of corroded steel reinforcement, cracks, deteriorated concrete, hon-
eycombs, moisture spots, pavement degradation, and shrinkage cracks. ResNet50V2
outperformed other models in detecting the majority of these damages.

In 2023, Trach [46] proposed a method based on convolutional neural networks to
classify images of concrete bridge elements into four classes: defect-free, crack, spallation,
and popout. The model was trained and evaluated on a dataset of real bridge inspection
images obtained from 15 years of inspections in various regions of Ukraine. After
comparing the performance of eight different CNN architectures, Trach determined that
the MobileNet model was the most effective in terms of accuracy, loss function, and
training time.

Abubakr et al. [47] compared Xception & Vanilla models based on convolutional
neural networks for the classification of bridge defects. They trained the algorithms on the
concrete defect bridge image (CODEBRIM) dataset to detect cracks, corrosion, efflorescence,
spallation, and exposed bars on the bridge surface. The result illustrated the superiority of
Xception over Vanilla in terms of accuracy.
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Since training deep learning algorithms requires considerable data, scholars utilized
transfer learning due to the limited concrete bridge defect images. Transfer learning
is a significant concept in machine learning, where a trained model on a dataset is
used as the starting point of the second model. A study by Zhu et al. [5] utilized
CNN and transfer learning to accurately classify spallation, exposed bars, cracks, and
pockmarks on concrete bridge surfaces, achieving a testing set accuracy of 97.8%. In
2022, Bukhsh et al. [48] created a dataset of 3588 images of cracks, spallation, exposed
bars, and corrosion stains on Slovenian concrete bridges. They then implemented three
separate training methods on the dataset using the VGG16 model: without transfer
learning, pretraining VGG16 on the ImageNet dataset, and pretraining VGG16 on the
CODEBRIM dataset. The second approach yielded the highest accuracy, likely attributed
to the vast number of images in the ImageNet dataset. Zoubir et al. [49] constructed a
dataset with more than 6900 images of bridge cracks, spallation, and efflorescence. Then,
a VGG16 with three different levels of transfer learning on the dataset was trained to
identify and localize bridge defects.

In 2021, Kruachottikul et al. [50] introduced an innovative visual monitoring system
that utilized deep learning to detect various types of damage in concrete bridge sub-
structures. The system captured images of the substructure, used a Modified ResNet-50
algorithm to identify defects, and then classified them accordingly. Lastly, they utilized
an ANN model for defect severity prediction. The ANN model took 12 input variables
related to bridge components and defect types to predict the severity of defects in severe
and non-severe classes.

Aliyari et al. [51] captured several images from the Skodsberg Bridge and con-
structed two distinct datasets. One contained heterogeneous and noisy images, and
the other one contained images with less noise. They pre-trained VGG16, ResNet50,
Resnet152v2, Xception, InceptionV3, DenseNet210, NASNetLarge, and EfficientNetB4
on ImageNet and then on the Skodsberg Bridge datasets and SDNET2018 after ap-
plying some preprocessing. SDNET2018 is a benchmark dataset for concrete crack
detection introduced by Dorafshan et al. [52]. Among the models, EfficientNetB4 and
DenseNet210 achieved the highest accuracy of 96%. Following closely are ResNet50
and VGG16, both with an accuracy of 95%. However, VGG16, ResNet50, and Xception
outperformed the other models in the UAV-based bridge inspection datasets. They
also determined the optimal amount of transfer learning, which other researchers had
not previously explored.

Table 3 presents a summary of papers that were reviewed in this section. It presents
the utilized algorithm, the types of identified defects, preprocessing actions, and the
employed dataset.
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4.2.2. Object Detection

Conventional computer vision classification algorithms can only assign a single label
to an image. However, in the case of bridge defect detection, an image may contain multiple
damages [8]. To address this challenge, object detection algorithms are commonly em-
ployed to identify defects using bounding boxes. Furthermore, object detection algorithms
offer an approximate location of the defect, as opposed to classification algorithms. Among
object detection algorithms, YOLO is a particularly effective tool for detecting concrete dam-
ages in images. Researchers like Murao et al. [55], Yu et al. [56], Li et al. [57], Deng et al. [58],
and Ji [59] have developed methodologies for detecting bridge cracks by employing images
and YOLO algorithms. For example, Murao et al. [55] employed YOLOvV2 on a set of
UAV-captured images, but the model accuracy was only 60% due to insufficient train-
ing images. This paper highlights the importance of employing high-quality datasets.
Similarly, Deng et al. [58] modified YOLOvV2 to detect bridge cracks and handwriting on
bridge surfaces.

Ruggieri et al. [60] also emphasized the importance of datasets and trained YOLOV5 for
detecting Cracks, Corroded steel reinforcement, Deteriorated concrete, Honeycombs, Mois-
ture spots, and Pavement degradation on concrete bridge surfaces employing 2685 images.
They declared that their dataset was challenging due to visual similarities among some
classes, which could result in misclassifying one defect class as another. Moreover, overlap-
ping two defect classes could lead to the failure of the algorithm. Zhang et al. [61] proposed
a method for highway concrete bridge defect detection using YOLOvV3. They trained the
model on a dataset containing 2206 images from cracks, spallation, exposed bars, and pop-
out. Furthermore, in 2023, Liu et al. [62] employed YOLOV5 to detect cracks in concrete
bridges and also utilized deep convolutional generative adversarial network (DCGAN)
to produce artificial images to enhance dataset image number and reduce the cost of data
acquisition. Yamane et al. [63] proposed a novel method for detecting exposed bars from
images using YOLOvV5 and then reflecting it on a 3D bridge model. SfM (Structure from
Motion) was employed for 3D model creation. SfM is a technique that creates 3D models
from 2D images. Using SfM, a 3D model of the bridge and defects was constructed, which
enhanced the integration of damage detection with BIM. In another research employing the
YOLOv3 model, Teng et al. [64] successfully identified cracks and exposed bars in concrete
bridges. Their study included a comparative analysis of YOLOv2, YOLOv3, and Faster
RCNN. In addition, they implemented transfer learning and data augmentation techniques
to enhance the performance of YOLOV3. The transfer learning contained retraining the
SqueezeNet model, which extracts features in their YOLO model, using bridge defect
images to enhance its capabilities. Consequently, the improved YOLOv3 model exhibited
superior accuracy compared to the other models.

Other object detection algorithms that can help identify bridge damages include
R-CNN (Region-based Convolutional Neural Networks) and Faster R-CNN. A study
by Yu et al. [65] utilized Faster R-CNN to develop an object detector capable of detect-
ing cracks, spallation, and exposed bars, achieving an mAPs5) of 84.56%. Similarly,
Li et al. [66] utilized Faster R-CNN, training it with a dataset of 637 images captured
by UAVs. Their model was tested on a cable bridge in China to detect three types of
cracks (transverse, longitudinal, and alligator cracks), achieving a precision of 92.03%.
Lin et al. [67] generated a UAV flight plan by considering various input parameters such
as a 3D map, georeferenced inspection areas, target capture resolution, cameras’ relative
orientation, required visibility, completeness, and safety. Subsequently, they generated
3D point clouds from the captured images. Then, they employed a feature pyramid
network (FPN) in a Faster R-CNN system to identify bridge damages, including cracks,
spallation, efflorescence, corrosion stains, and exposed bars, in the images. The results
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were projected back into the 3D point cloud. In 2023, using UAV images, Gan et al. [68]
proposed a method for detecting, quantifying, and visualizing cracks on the bottom
of concrete bridges. The process involved utilizing deep learning techniques such as
Faster R-CNN and BIM. The authors captured 637 images of the bridge using UAV and
augmented the dataset by applying flipping and other methods. Subsequently, they
trained the model on the augmented dataset and utilized spline curves and crack box
girder families to create realistic crack shapes and map them to the bridge model. Finally,
they employed a comprehensive judgment method to evaluate the health status of a
region of the bridge with cracks. The authors used crack width as a criterion to identify
the structural health grade referred to technical specifications for highway maintenance
and bridge evaluation [69]. The Faster R-CNN model achieved an accuracy and recall of
92.03% and 96.54%, respectively.

Image quality can highly affect algorithm performance. As a result, Hong et al. [70]
initially processed the images using a super-resolution (SR) model to improve image
quality. Subsequently, they labeled dataset images based on damage type and bridge
member. Then, they developed n models for each member-specific dataset to identify
efflorescence, water leaks, concrete sealing, concrete spallation, cracks, and RC corrosion.
Where n denotes the number of bridge members, they trained and evaluated Mask
R-CNN, YOLO, and Blendmask and ultimately selected the most effective model. Their
rationale for this approach was the observation that the shapes of the same type of
damage differed across different bridge members, prompting them to develop distinct
models for each member. They achieved precise detection results by training optimized
detection models for each member. Specifically, the Blendmask model demonstrated an
11.31% improvement, while the Mask-RCNN model showed an 8.893% enhancement in
accuracy performance. Notably, the Blendmask outperformed the mask-RCNN overall,
with a mean average precision (mAP) of 92.87 compared to 90.374. However, for specific
cases like rail and road pavement models, mask-RCNN performed better. In another
study, Deng et al. [71] trained Faster R-CNN on a set of images to detect cracks and
handwriting on bridges and compared it to YOLOv2. The results indicated that Faster
R-CNN achieved higher detection accuracy for concrete crack detection, while YOLOv2
had higher speed.

Recent advancements in defect detection for concrete bridges incorporated attention
mechanisms into deep learning models. A research [72] proposed an enhanced YOLO11
model that integrated attention mechanisms to better focus on relevant details in bridge
defect images. This attention mechanism not only improved model performance but also
enabled real-time implementation on constrained devices, making it a practical tool for
on-site inspections.

Table 4 presents a summary of papers that were reviewed in this section.
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4.2.3. Image Segmentation

Initially, researchers segmented bridge defects using image processing methods, such
as threshold-based segmentation [76-78]. Recently, deep learning models have trans-
formed this field, achieving remarkable performance improvements [79]. The pioneering
deep learning algorithm for image segmentation was the Fully Convolutional Network
(FCN) [21]. Since then, multiple traditional deep learning segmentation algorithms have
been developed, including U-Net, SegNet, PSPNet, DeepLab, and more [80]. The outputs
of segmentation algorithms and the object detection algorithm are compared in Figure 8. In
2019, Rubio et al. [81] applied FCN to segment delamination and exposed bars on concrete
bridge decks. Their dataset consisted of 734 images of bridges located in Japan. In addition,
they employed transfer learning by training VGG-16 on the PASCAL VOC 2012 dataset.
The model achieved a mean accuracy of 89.7% for delamination and 78.4% for exposed
bars detection. In 2022, Lopez Droguett et al. [82] proposed a DenseNet algorithm with
13 layers for crack segmentation on concrete bridges. Additionally, they provided two
datasets for crack detection. The achieved Intersection over Union (IoU) for this model was
94.51%. Merkle et al. [83] segmented crack using U-Net, achieving a precision of 56.1%. The
precision was not very high due to the limited amount of data used for training (76 images).
By combining photogrammetry and SfM, they reconstructed a metric 3D model of the
bridge so that each image pixel could be projected onto the bridge surface with real-world
coordinates. The crack masks were post-processed to extract the medial axis and crack
contours, which were then back-projected onto the 3D CAD/SfM model. Crack length
was computed as the Euclidean distance between the farthest 3D points along each crack
centreline, and for crack width at each 3D medial-axis point, they searched for the nearest
3D contour point and computed the distance between them. The local crack width was
then defined as

W =2 X dyxis—contour + GSD @)

where GSD (ground sampling distance) is the local real-world size of one pixel (e.g.,
0.2 mm/pixel), derived from the SfM reconstruction and camera parameters. In other
words, GSD tells how many millimeters on the bridge correspond to one image pixel at
that location. In another study [84], U-Net was applied to multi-class segmentation of
concrete defects, and different loss functions were tried to check performance. The study
demonstrated that U-Net, when trained with IoU loss functions, achieved the best results
for detecting defects in concrete structures.

In 2023, Fukuoka and Fujiu [85] introduced a segmentation method for detecting
bridge defects using a transfer learning algorithm called SegFormer to identify delam-
ination and exposed bars. Additionally, they trained SegNet, a convolutional neural
network, using the same dataset with images of various dimensions to compare the model
results. Their findings revealed that larger input image dimensions resulted in improved
model performance. SegFormer exhibited slightly lower precision when detecting delami-
nation than the SegNet model; however, it demonstrated significantly better recall. Con-
versely, in exposed bars detection, the SegFormer model outperformed the SegNet model in
all aspects.
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Li et al. [86] presented a neural network for bridge crack detection that used an
encoder—decoder structure and an MPM module. The MPM module helped the network
to detect long and thin objects like cracks. The authors also collected and processed
2240 original photos of bridge cracks, which were expanded to a bridge crack data set
of 10,000 images after image processing, and used it to train and test their model. They
compared their model with four other image segmentation networks and showed that
their model performs better in detecting bridge cracks. However, they acknowledged that
their method does not calculate the width, length, area, and other parameters of the cracks,
which are important for assessing the bridge condition.

Effloresence

Figure 8. Object detection bounding boxes and segmentation masks.

Yamane et al. [87] proposed integrating and recording damage detected from multiple
images into a 3D model using deep learning and structure from motion. The authors
used Mask R-CNN with PointRend to detect corrosion damage from bridge images. They
trained and evaluated the model on a dataset of 1966 images and demonstrated its high
accuracy and precision in detecting damage. They employed SfM to construct a 3D model
of the bridge from 2316 images captured by a UAV.
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Some scholars modified the traditional deep learning segmentation algorithm archi-
tecture to improve their performance; for instance, Xu et al. [88] modified DeepLabv3+
with a MobileNetV2 backbone, modified ASPP module, and piecewise loss function to
segment cracks on bridges. They also trained the model on two additional datasets (one
containing concrete spallation with exposed bars and the other with cable corrosion) to
segment spallation, exposed bars, and cable corrosion. Bae et al. [89] introduced “SrcNet”, a
deep neural network based on CNN designed to enhance automatic crack detection in raw
digital images captured by drones from large civil infrastructure. The network addressed
the blurriness issue in these images caused by motion. To address this issue, SrcNet used
deep learning to generate high-resolution images from raw input. Then, it employed
VGG-16 to detect cracks at the pixel level automatically. Deng et al. [90] introduced a novel
deep-learning method for detecting defects in concrete bridges, including exposed bars and
delamination. Their developed network, Link ASPPNet, integrated a ResNet encoder with
an enhanced ASPP module to capture multi-scale information. The paper also introduced
an improved loss function to handle dataset imbalance. The model was trained using a
dataset of 732 labeled images, which three experts annotated. Its performance was then
compared to U-Net and LinkNet, and it outperformed both models, achieving F1 scores of
93.46% and accuracy of 92.91%, respectively. There are also further studies on bridge defect
segmentation using deep-learning algorithms [10,91-94].

Creating a dataset of images that show cracks in pixel-level labels is time-consuming,
and it takes about 1.5 min to annotate a crack image with 256 x 256 resolution at
the pixel level. This means annotating thousands of images with pixel-level labels is
challenging. To deal with this problem, Jin et al. [95] suggested a GAN-based method
that simultaneously generated synthesized crack images and their corresponding labels.
To do that, a dataset containing crack images and their pixel-wise labels was prepared
first. Then, the Deep Convolutional GAN model was adopted to generate synthesized
crack annotations, while the Pixel2Pixel model was used to create the corresponding
synthesized crack images. They used 7800 pixel-wise labeled crack images and produced
23,400 synthesized crack annotation images. Finally, they trained PCR-Net on a mixed
dataset consisting of both real and synthesized crack images. They stated that the
proposed method for establishing the synthesized crack image dataset could be helpful
in training deep neural networks. Also, Subedi et al. [96] presented a novel method for
segmenting bridge components and damages using synthetic images and deep-learning
models. Their method consisted of a new architecture combining a RegNet encoder
with a Nested U-Net decoder, which they claimed to outperform other state-of-the-art
architectures (like DeepLabV3+, U-Net, PSPNet, LinkNet, RefineNet) in component and
damage segmentation tasks. They also employed a Lovasz-Softmax loss function to
address the class imbalance problem and a weighted softmax ensembling to enhance
the performance. In another study, Ayele et al. [97] used Mask-RCNN to segment bridge
cracks. To overcome the problem of pixel-wise labeling, they used an active learning
approach for labeling images captured by UAV from Skodsberg Bridge in Norway,
which led to 90% less manually labeled data. They also measured length and width as
Euclidean distances between contour points in the binary mask, then converted those
pixel distances to physical crack length/width using the known ground sampling (pixel
size) of the orthomosaic. Wang et al. [98] used a refinement network embedded with an
attention mechanism (RefineNet-AM) on a synthetic (Tokaido) dataset to detect bridge
components and damages after an earthquake. The attention mechanism, inspired by the
human ability to pay more attention to important areas of images, increased the weight
of images’ important regions. They demonstrated that the proposed RefineNet-AM
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could achieve satisfactory accuracy and robustness on the test dataset and outperform a
baseline model (U-Net) on several metrics.

Some researchers combined the defect information from deep learning algorithms
with 3D models and BIM. Montes et al. [99] developed a unique 3D dataset based on
a real bridge structure using a low-cost LiDAR (Light Detection and Ranging)-enabled
imaging device. The dataset contained point clouds and RGB images of bridge components
and damages, with semantic annotations. They proposed a deep learning method for
semantic segmentation of bridge components and damages using an enhanced 3D graph
neural network. A 3D Graph Neural Network (3D GNN) is a neural network created to
process data structured as graphs in three-dimensional space. First, a colored point cloud
image was input into SubNetl of enhanced 3D GNN. This image was used to create a
directed graph, where each pixel was considered a node and was connected to its K-nearest
neighbors in 3D space. Pixel features were then calculated using color information and a
transformed CNN, which serves as the initial node information, resulting in a component
prediction map. In the second step, initial information and weights were re-assigned to
each node based on the results of the first sub-network and the constructed graph network.
Color information and node types were combined, and initial convolution was performed
through CNN, serving as the initial node information for the second network. The final
output was a damage type prediction map, effectively utilizing texture and geometric
information throughout the process. Artus et al. [100] conducted a study on applying
Building Information Modeling to model bridge defects. Their research established a
systematic approach for automated collection and transfer of defect data and creating a
defect information model for data exchange. The study used Industry Foundation Classes
(IFC) for this purpose. Additionally, they utilized TernausNet to segment spalled areas on
the captured images of the bridge and an SfM-based pipeline to generate a metric point
cloud of the bridge components. The segmented spall pixels were then back-projected onto
this 3D point cloud so that the defect geometry (area and volume of the spall) was obtained
directly in real-world units and stored as voiding features in the BIM model. Finally, by
using an existing BIM model in the form of an IFC file and point clouds created from the
photos of the damaged structure, they developed a geometric-semantic as-damaged BIM
model, including the damage data. Borin and Cavazzini [101] introduced an approach that
integrates deep learning, imaging, and BIM to evaluate the state of concrete bridges. They
employed Mask R-CNN to identify and segment spallation. The model was trained on a
dataset containing 575 manually annotated images and tested on a bridge in northern Italy.
This study used images to generate point clouds, forming the foundation for constructing
the BIM. The BIM then functioned as a platform for organizing and visualizing information
regarding the bridge’s condition.

In some studies, measurements of the defects have also been carried out in addi-
tion to identifying them. For example, a study conducted by Jang et al. [102] aimed
to detect cracks in high-rise bridge piers using a climbing robot and deep learning
algorithms. The robot captured high-quality images while climbing the piers, which
were then used to train a modified SegNet to segment cracks. To determine the length
and width of the cracks, the images were converted to grayscale, and a median filter
was applied. Background information was removed by subtracting the filtered image
from the grayscale image, and the Euclidean distance transform (EDT) and skele-
tonization were used to calculate the crack length and width. Using a pinhole-camera
scale factor:

s =dyl/Pf 8)

where dyy is the working distance, | the physical sensor size, P the image resolution, and
f the focal length, they obtain a metric resolution of 0.086 mm per pixel. Crack length
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was then obtained by summing the lengths of the skeleton pixels and multiplying
by this scale, while crack width at each skeleton point was derived from the EDT
radius (distance to the crack boundary) multiplied by the same scale. In this way,
both crack length and width were expressed in real-world units (millimeters) rather
than pixels.

In 2020, McLaughlin et al. [103] automated the inspection and quantification of dam-
aged areas in concrete bridges using robotics and deep learning. Their study involved
using a robot equipped with a camera and LiDAR to capture images of bridges. The
approach integrated SLAM to combine LiDAR data and defect information in images into
a labeled 3D map of the bridge structure. Additionally, they employed a CNN architec-
ture to automatically identify spallation and delamination in both regular and infrared
images. The researchers also proposed a technique to measure defect areas on the 3D map.
For automatic damage assessment, they utilized MobileNetV2 for feature extraction and
DeepLab V3 for pixel-level segmentation. This CNN architecture achieved high accuracy
in detecting structural defects.

Detecting post-earthquake bridge defects through deep learning has proven to
be a valuable application. In a study by Ye et al. [104], the multi-task high-resolution
net (MT HRNet) model was utilized to identify concrete bridge defects such as cracks,
spallation, and exposed bars and evaluate bridge safety levels. It is a neural network
designed to handle multiple tasks simultaneously while maintaining high-resolution
representations throughout the process by avoiding downsampling. They trained the
model on the Tokaido dataset and achieved an accuracy of 0.9661 in detecting the
bridge components and an accuracy of 0.9944 in detecting bridge damages. Based
on the findings, the authors determined that columns are the most crucial com-
ponent of a bridge. By considering three key indices, including the damage type
of the column (shear and torsional damage and bending damage), spallation area,
and the width of the cracks (in pixels), the post-earthquake bridge safety risk level
was assessed.

Recently, researchers have started exploring transformer-based models for con-
crete defect segmentation, moving beyond traditional CNN architectures. In 2025, a
study [105] used the ALF-ViT model, a Vision Transformer-based approach for crack
detection in low-light concrete images, which showed good segmentation performance
in challenging illumination conditions, showing promising potential for real-world
inspection scenarios.

Table 5 summarizes the reviewed papers on bridge defect detection using
segmentation algorithms.

206



Infrastructures 2025, 10, 338

0,08 = Burpeqe :
Q\%M Z M%HWW@ 9961 UOTIOI[[0D BJep UM m:mNMwM uondAR( UOISOILI0D) NND-¥-SeN mew&mw%
sypeDn
%E L6 = 1129 saSewt 000’01 o8priq o Jo samyoid axye; 0 370 Surpqe s _
T L6 ! I PO3P—IdPOIUD .
9%€'86 = UOISIDAI ] 0} papuedxa UOTSISAUT [BJUOZLIOY pUe uond3( yoerd) [98] Te32 1]
2,6 H = NOTW IIM PIYM 0T Ewcmhwﬁww M%nww HWMMMNU ojoydaey UOLEIO1 STMPOP 08T *06 3} UO paseq I0M)aU [eINdU
%S"9L g 5
= uo1OAJRP ansodxa-reqax
vobm.o / E 01821 jasejep :310dax uonoadsur a8priq
= UOT}09)9P UOTjRUTWIR[OP asauede( ay) woiy pajda[[od ele(]
“UOTSIDAI ]
Yl VL=
Uu01309)9p 21nsodxa-1eqay q Burpeqe lcs]
P UWT'LL a 01821 jasejep :310dax uonoadsur a8priq (uonyejor “Burreds uondaeq W%UWWWMMMWM w0395 nifng pue
= UO01}09}9P UOTJeUTWR[(] asouede( ayy woiy payoarodo vjeq  “Surddiyy) uonejuswdne ey B ejomny
“UOTSIDAI ]
%8'0L M
UuoT33P 2IMSsodxa-1eqay] v
P 2,808 a 018'Z1 jasejep :3a0dax uonoadsur a8priq
= U01}09}9P UOTJeUTWR[d(] asauede( a1} WOy Pajda[[od ele(]
“UOTSIDAI, ]
%8'0% = NI Whua] (syun redrsAyd (es]
%6'6G = 1829 9ctL UOTII[[05 Byep UMQO Supqe] WpIm ur) uonedyruenb APeId IAN-N Te 10 PN
%199 = UOISIOAI ] : pue uonda3q
[c8] e
%E1'C6 = NOTWH TET607 CTAJIDVID “UORdI[0d Blep UMQO Surppqe] uondateq Joerd EI-1PNPsuRJ rmsmgﬂ
zado]
(drepiq pue opoxg
Suissaooxd (syun aewr uaaI3 oy
exawed [e)3Ip 1L DSA-ANOS sew pue ‘uonezienbs p8ua reatsAyd ur) ur AJISus)ur a1 JO Ueaw pue nsj0 [9/] Te12
pogow Butssodoid sFewy Bursn uorda[0d LIEp UMQ wreidoysty “Burssadoxd yurod YIPIM uonjeoyyuenb PeID (q) “Adonyue umuurrxew (e):uongerado ueIypy
Sursn jusuradueua a3ew] pue uonda1eq proysay) uonejuawdas
paseq-3urssadord adeuuy
BIOUIED 1SN uon uoryeoyyuenb (tpeoadde uoneuruiosip [82] ‘Te 1
%66 = AoeIndoy 890T UOT)RUTWILIDSIP [9AJ] AeI0) -RJULIO NS yoer) [2a9[-Ae1d) uonyeyuawdas
SOJAD Sursn Uond3[[0d BIEp UM pue eary pue uond1a( poseq-Surssasord sBewry UBJUBURYIAIA
[PAOLIS OSTOU 103 ZIDUSTM o) (syrun reorsAyd ﬁww dezwmau
eoly ! ! oI
poat Surssaond sew] vomUny I oARAUPY  \pgugt  upuopeogpuenb  opuodseypns - (UonEIEWSos ploysai) o5l
juunsp ) PPIM pue uonda1e ‘sadewrep YO poY HEZHEWQ RSO [ ‘L
Burssaooird aessLern e
do( suonewLIojsue augye 1y3is
0,78/ = Adeinode uesjp uedef( ‘2m3d9591] pue uoneurumpr ur JurdueyD sreq pasodxg 18]
veL e1eSIN ur sa8priq Jo SpI0dax Surddrg uondde SI0MJDU [RUOTIN[OAUOD AJ[N ] T30 orqny
%/ 68 = AoeIndoe ueaA! uonoadsur woxy pajda[[od ere(] Surppqe uoneuTwe[d(]
sagew
aure)N jasereq
Jo I_qunN nquy (s)1932a
9,) DUBULIOJID g d I wr 08 Ioyn
(%) F12d R E—— urssadordaig pagnuend) v jo adAy, unposry uny

"SUIILIOS e UOTjejuaurdas Suisn uoroaiap 3095op a3priq uo siaded pamarasi jo Arewrwung °g d[qer,

207



Infrastructures 2025, 10, 338

%8 €L = 11829

sreq pasodxa

oo (NV-1PNPUYaY) WSIUeYdI|N [s6l
c\ww Nmm m mwwwwwmm 6658 [sor]3esereq oprexor uonoae vwﬂmmuwmw%v UOHUSRY Y3IM JONPULY Te 19 Suepm
V€19 =
ﬁw_ms (syrun reorsAyd 6]
9,06 = AoRINdOY AV © Suisn uords[od eyep umQ Surppqe vw ur) uogedyuenb oerd) NND-¥ SeN e "
pous] pue uondd(] [E309pAY
syoeID ;
Surpqe
%¥0°L6 = 11829 (e8uey s1eq pasodxa (%]
9,86'06 = UOISIODL] 620/ [801]39seIR(T OpPTEOL JSeIUO0d ﬁ:mm.mmwmfmin_ uondAR(] pue oZewep 1oUN-39Y paIsaN e w%mﬁzm
%61F8 = Noru wopuer “durddiy) 9j210U0D) :
suonejuWdNe Lle(]
%9E TL = 1199
%EY 18 = UOISISI] 0099 02 freaqr]poes opug poureu Surpeqe wonpelRQ e [oPOw PaseqPN-IDd [s6] Te 1o urf
%6¥'19 = Noju josejep adew YorId PIZISOYIULS : - I
%6'86 = AoreIndoy
o o sadewr 1eqar (euryD
Y w\maw mwwﬂwﬁwmwwzm A 005 pue sadewr ‘@duraoi1] Suetloyy) noyzny ur Surddor) s1eq lc6]
o - A oeId 0081 $93PLIq WOIJ UOTIOA[0D BIeP UM uonejoy uonL9Rd pasodxa ‘syoer) 1ONPSURd-VINA Te3e oerd)
Surfaqey (249X ! ’
%CY L8 = NOTW UOIePI[eA 008 jase1ep [£01] Te 30 Suex
*SJUSWILIOITAUD SNOLIRA UT Suipqe]
%LETY = NOTW 000S puRp oy woy puejuowdmbs o \coowmz Budd: uond31RQ e +gaqedeaq [16] 1232 ng
1e3131p Sursn UoNd3[0d BIEp UMO " : tadid
%866/ = 210911 (01-asa) Suizisay wpm aoex areday uress g
M\o /682 = 1229y uonR}R(] aInpdNnIsqng a3prg Sureqe pue (syun peorsAyd I9JeA JJO [994 [epowt AZWm aN) [901]
0,6/ 18 = UOISIDAL, 002z duIeU 901A9p uonisimboe aGewr Surddr 13U ur) uonesynuens Suprmpuepy UoISnj Bjep SoAeg SAIBN © eI
bEL'T 1SIR1 ] p 1ASp UOnBISI I tadid Yeuo] pue uonosg e S[I0MJaU TeUOHN[OAUO0D AT,
%96'L6 = Ademdy ue Sursn uordaY[od Blep UMQ Sunejoy yoerd : Aquo-sper) pueIomiau [euonny md
Surppqe]
B — syasejep orqnd (Burddom
o = 3 7 . Sudd .
AL, I iy I ) e
%848 =101 ayy Sursn uondI[0d Bep UMQO 9z1s pue ssaujy3LIq
agewr oy Sunsnlpy
%6619 = O] UL sadpriq aja1ou0d asauede| s1eq pasodxd [o6]
%6S°€/ =uorsard uesjy [4>4 Jo sp10da1 uonoadsur woij sadewy Buqe voned ‘uoneUIwEeR ONdSVAHET Te10 Sua(
o\cmo.wmm =93puq
Son(g-Suef uo [eday Buiders gom , . (1I9NDIS) YI0MIdU oeId [68]
%81'18 = 98p1iq Ss0v pue Uonda[[0d eyep UmMQ Sureqey ‘Surddry ‘Sunesoy uondsI( PeId uornjosai-1adns deap pua-03-pug ‘Te32 aeg
Son-Sue( Uo UOTSIAL ]
suonnyosax Surpqe]
%9°// = NOJW pue ‘safeds “SauP0s ordnmu (uope[sue: wopue: pue
%888 = AV £0e¥ U1 $08pLIq [ENIOR [RIDADS WO pcitiotel sl w%mmwa uonel FPe1d +eaqe1deaq payIPOIN (s8] ‘e nx
_umﬁ:n_mu UOT}OI[[0D Bjep UM Qosﬁcwﬁw:m S.@ q
cmmww c—wﬁ aure)N jasere
. Jo lequmy anqupy (s)a3(
(%) uEnLIOFad s[reja( 1asereq Supssaoadarg pagnuen) hahd jo adAyL w03y royny

JU0D *g d[qeL

208



Infrastructures 2025, 10, 338

Gurpead

%€'16 = 21005-11 o
%¥ 16 = [[E9 GST'FT AV © Suisn uords[[od eyep umQ surpqe] uonoaR( 58exyear 191eM 1NN [r8]
% 16 = UOISIAL] : ‘ uonejuLwsne eje( : Doeeol Ioje wry pue eN
0166 = KovIndoy : uoneUTWE[DP
pue uone(reds
Soer)
SDIAP
o a[Iqowr Sursn uond3Od ejep (LIA-ATV) 1ouriojsuer [cot]
%EeL = 101N 6E€T umo pue [T11]13s eyep 0SyOeID) uoweIEqU voned PRID uorsiA sxay[y Surures] aandepy ‘Te 39 uayg
‘[0T1] 398 e3P IS0I0,3DRID
(spoxid seq
%C9'€8 = [18INT ur) syoen 1
. pasodxa pue
%99°%6 = UOISIA1] y aujo uoneoyyuenb (PNRIH LX) [F01]
%F08 = NOTw 996°¢€1 [801]30sEIEP OpPTEYOL pIm ayy pue uondd(] (uonereds pue J9U UOTN[OSAI-Y3TY Mse}-HNA AEEEDIN
%bh 66 = Aoemdooy pue eare yoed) adewrep
voneredg 9jo1U0))
soZewr wnaoads M::mgmd (syrun peorsAyd
%L'TG = NO[W uonepIfeA [ensia 009 HIYs ystay pue yipim : : SuOTeUTWE[(] ‘e
’ soSewr UORDI[[02 BIEP UMO uonejoy ‘Tesntoa digg Loty ur) uogedognuenb uonefeds €A qedeea :meWWMAuz
%¥ 14 = NOTW uonepIeA poTeIUT 96 Teyuozrroy difg pueuoneted
B30 YINog A1) ypm s
) : jrun reorsAyd INIRIAL
WL L6 =TT GunoauBuen) ur a3prig yon-Sue( Surppqe pue [zo1]
%¢6'06 = UOISIDAI] Tcot e j0qo1 Surquurpd adA)-Surx JUDWDURUD JSBIIUO0D) p8uar ur) uoedyuenb xuuw mv 19N398 PoYIPOIN ‘Te 3o Sue(
e ursn uono[[0d BIep UMQO Joer) Pue toRosed el
[tTot]
G/S UOTOJ[[0D BJep UM Surppqe %%%MMMMMW mm_ uonerredg NND-Y SN TuIZZeAeD)
; pue uLiog
%9€ 18 = I8 (syrun reorsAyd
0,CC7/Q = aseqeje : :
\cMWMmmw Mﬂwﬂw d St OmmUVHmme w:mw :oﬂw:mmm ) uonesynuenb uoneyeds 9TPNSnEURL, Te m% wﬂﬂt/x
o oco.ﬁ 6= Aoemooy : pue uondaeJ
19)em Sunyes]
%86°cE = NOJW pue ‘sypen [66]
P T6e6 = KoeIOOY IepI| e 3UIsn Uonda[[0d ejep UM Surppqe uondI(] “wonereds NNO dg 1039 SBIUO
“U0IS0LI0D)
saseury aure)N jasere
9,) DUBULIOJID JO 9N g d amariy wr Gpara wyjrros Ioymn
(%) 3194 P — urssasoxdarg pagnueny v 70 adAT, Y3Los[y ypny

JU0D *g d[qeL

209



Infrastructures 2025, 10, 338

4.2.4. Hybrid Methods

Segmentation algorithms were often integrated with classification and object detection
algorithms to enhance the speed and accuracy of detection as depicted in Figure 9; for
instance, Peng et al. [112] proposed a method based on drones and machine vision for
detecting cracks and measuring their width. This approach utilizes the R-FCN for crack
detection and localization, along with the Haar-AdaBoost algorithm for segmentation.
Additionally, they incorporated a three-point laser rangefinder to accurately measure the
distance to the object, enabling crack width calculation. Flah et al. [113] developed a model
based on image processing and deep learning algorithms to detect cracks on concrete
surfaces such as buildings and bridges. The method utilized CNN for crack detection,
followed by edge detection and thresholding techniques to accurately measure the crack’s
length, width, and orientation angle. Crack dimensions were first obtained in pixels
and then converted to real-world units by asking the user to input the physical area of
the imaged surface; using the image resolution, the algorithm scaled pixel distances to
metric values, achieving small quantification errors for crack length, width, and orientation.
Kim et al. [114] trained well-known CNNSs, including AlexNet, VGG-16, and ResNet-50,
to detect cracks in blurry images. The images were cropped into square patches, and the
CNN:s classified the patches into two classes: crack and non-crack. After identifying the
region of a connected crack during the detection stage, it was visualized in a blob image.
A blob image typically refers to a Binary Large Object (BLOB) in the context of image
processing. In a binary image, a blob is a group of connected pixels that share specific
properties, such as color or intensity. Blobs with low confidence were filtered out. The
remaining refined blobs were then transformed into lines using a morphological-thinning
algorithm, a process used in image processing to simplify the structure of a binary image
while preserving its essential shape. To convert the measured length of these cracks from
pixels to real-world units, the study used a pixel-to-centimeter conversion rate. Finally, the
lengths of these lines were measured.

Object detection

Localize defects

Input image Segmentation

Pixel-level detection

?.
9

.\1
{
&

A

Classification

Detect defects

Figure 9. Hybrid methods for bridge defect detection workflow.

Over time, the advancements in deep learning segmentation algorithms have over-
taken traditional segmentation methods. In 2019, Liang [115] introduced an innovative
image-based technique for inspecting concrete bridge columns after incidents using deep
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learning and Bayesian optimization. This method involved three key steps; firstly, a CNN
was utilized to categorize images into damage-free and damaged. Secondly, the Faster R-
CNN model was employed to identify bridge columns as critical load-bearing components
using object detection. Finally, damages on the columns were determined at the pixel level.
This method enabled engineers and decision-makers to promptly evaluate the bridge con-
dition following an incident and make informed decisions about repairs or replacements.
Also, Mirzazade et al. [116] utilized the SegNet model to detect bridge components from
the background. They then trained the Inception v3 model to classify images with and
without damage. Following this, they employed the U-Net to segment the bridge joint
openings. For damage quantification, they used 3D point cloud data generated through
Structure-from-Motion (SfM) and compared it with laser scanning data. The dimensions of
the detected damage were then calculated directly from the 3D point clouds in real-world
units (cm). Additionally, other researchers like Kun et al. [117], also combined classification
and segmentation algorithms to detect bridge defects.

In some articles, the defective region was initially identified using object detection
algorithms, followed by defect detection at the pixel level using segmentation algorithms;
for example, Kim et al. [118] utilized a UAV to capture images of a bridge to create the
bridge 3D model and train the R-CNN algorithm to detect crack regions. They then
used image processing algorithms to measure the length and thickness of the detected
cracks and placed a marker on the bridge to calibrate the image scale, enabling accurate
conversion of crack dimensions from pixels to millimetres. The researchers observed
that environmental conditions, such as lighting and shadows, could affect the accuracy
of crack measurements. As a solution, they suggested using proper lighting equipment
during the photography process for future research. Also, Ni et al. [119] developed a deep
learning framework for accurately and quickly detecting and measuring concrete cracks
from images. They used DCGANSs to synthesize crack images from real ones and augment
the dataset for training the YOLOv5s model. They also applied the Otsu and edge detection
methods to segment the crack images and used the medial axis algorithm to estimate the
crack length and width. In their laboratory tests, each crack image was captured together
with a checkerboard calibration target with known square size, so that the pixel-based
skeleton and distance map could be converted into physical crack dimensions; using this
pixel-to-millimetre scale.

Jiang et al. [120] wanted to identify bridge cracks in over 100.000 high-resolution
images (5120 x 5120 pixels). Since using segmentation algorithms for this process would
have taken too long, they initially used YOLOv4 to identify images with cracks and
their approximate area. They then applied HDCB-Net, a deep learning algorithm, to
overcome the problem of downsampling loss information of blurred cracks containing
three downsampling stages for crack pixel-level identification. Similarly, Tran et al. [121],
Kao et al. [122], and Ma et al. [123] utilized object detection followed by a segmentation
algorithm to detect concrete bridge cracks. Tran et al. [121] compared five advanced
networks for object detection and concluded that YOLOv7 was the most effective one for
high-quality images. Additionally, they enhanced two networks for object segmentation, U-
Net and pix2pix, by adjusting parameters such as network depth, activation function, loss
function, and data augmentation. The modified U-Net model outperformed the original
U-Net and pix2pix models. Their approach achieved a 92.38% accuracy in measuring the
length of cracks and demonstrated a 0.87 R? value and 91% average accuracy in estimating
the width and type of cracks. Furthermore, they addressed the challenge of dealing with
huge images (18.000 x 10.000 pixels corresponding to 3.6 m x 2.0 m, i.e., about 0.2 mm
per pixel) by splitting them into smaller parts. Kao et al. [122] employed YOLOv4 to
locate the cracks and used a combination of thresholding (Sauvola local limit method)
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and edge detection (canny and morphological method) to estimate crack width. They
collected 1463 images and used an additional 3006 images from the SDNET 2018 dataset
to train their YOLOv4 model, which achieved a 92% accuracy in crack detection. This
study also compared two different crack width measurement methods (the planar marker
and the total station) for bridges, revealing a slight difference of 0.005 mm between them.
However, the planar marker method was deemed unsuitable for bridges over water or
roads. On the other hand, the total station measurement method offered more advantages
and was a better alternative. It was easier to use and had no limitations associated with the
planar marker method, making it the preferred approach for measuring bridge crack sizes.
Ma et al. [123] assessed the effectiveness of different deep learning frameworks (DLFs) and
convolutional neural networks in identifying bridge cracks from images. The researchers
chose three images of bridge cracks with varying orientation characteristics: oblique,
horizontal, and vertical. They used these images to measure the performance of different
DLFs and CNNs. Ultimately, they compared the performance of three object detection
models (Faster R-CNN, SSD, and YOLO-v5(x)) in detecting bridge cracks using three DLFs
(PyTorch, TensorFlow2, and Keras). They also assessed two CNN models (U-Net and
PSPNet) for segmenting bridge cracks using the same three DLFs. The study concluded
that Faster R-CNN displayed the best performance for object detection and U-Net for
segmentation. However, the optimal model choice depended on the DLF employed. Inam
et al. [124] developed a method for identifying and localizing concrete bridge cracks using
YOLOVS5. They evaluated three versions of YOLOV5, including (s.m. and 1). YOLOv5m
outperformed the other versions with mAP of 99.3%. They used a dataset of 2270 images,
consisting of 1370 images of Pakistani bridges, and the SDNET2018 dataset. Afterward,
they employed U-Net to segment the cracks and estimate their length, width, and area in
pixel units, which had an accuracy of 93.4%. In light of their findings, they recommended
utilizing LIDAR or estimating the camera resolution and distance from the surface to
measure the cracks in millimetres in the future. Also, Zakaria et al. [125] designed a method
for detecting cracks and spallation on concrete bridges using portable devices such as
smartphones and tablets. YOLOv5s was employed to accurately locate the defects, while
U-Net measured the defects, including crack width and spallation area. In their framework,
U-Net first produces a pixel-level segmentation of the damaged region, and the defect
size is calculated in pixel coordinates; these pixel measurements are then converted to
physical dimensions on the bridge surface using a homography-based transformation
between image pixels and global coordinates. Similarly, Meng et al. [126] utilized a robot
to capture images of bridge defects. The robot had advanced sensors that captured high-
quality images, with optical antishake and thermal antifog capabilities. It used the BeiDou
Navigation Satellite System for positioning and navigation. Its high-strength mechanical
arm could extend up to 6.5 m horizontally and 80 m vertically, powered by a silent DC
rotary motor. They then employed YOLOV3 for defect detection and DeepLab for defect
segmentation.

Using CR-YOLO and PSPNet algorithms, Zhang et al. [80] aimed to detect and segment
cracks on bridge surfaces. To train their model, they created a dataset of 800 bridge crack
images, which they augmented to 5000 images by adding publicly available images and
applying image enhancement techniques. They also evaluated their model on an edge
device and found it suitable for real-time crack detection and segmentation. Table 6 presents
the summary of the analysed hybrid methods.
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5. Discussion and Comparison of Algorithms

This section compares deep learning algorithms for image-based bridge defect de-

tection and measurement. Table 7 reviews the existing literature that has evaluated these

algorithms. As mentioned earlier, image classification, segmentation, and object detection

algorithms, or their combination can be used for the bridge damage detection. However,

employing segmentation algorithms is inevitable if defect measurement is also needed.

Table 7. Algorithms comparison.

Reference Task Algorithm Performance (%)
Mean Accuracy in large-scale object segmentation = 97.299
SegNet . - L
Mirzazade . Mean Accuracy in small-scale object segmentation = 50
Segmentation
etal. [116] U-Net Mean Accuracy in large-scale object segmentation = 84.144
Mean Accuracy in small-scale object segmentation = 79.5
Liang [115]  Classification VGG-16 Testing Accuracy = 98.98
AlexNet Testing Accuracy = 93.88
_ Speed (Time to analyze a 1024
YOLOv7 MAP@0.5 =748 x 1024-pixel image) (s) = 0.022
Faster RCNN-
ResNet101 MAP@0.5 =728 Speed (s) = 0.18
Tran et al. Object RetinaNet-
[121] Detection ResNet101 MAP@0.5 =72.7 Speed (s) = 0.065
RetinaNet-
ResNet50 MAP@0.5 =72 Speed (s) = 0.055
Faster RCNN-
ResNet50 MAP@0.5 =71.2 Speed (s) = 0.164
MobileNet Accuracy = 94.61 Mean times (training time of
one epoch) (s) = 63
ResNet 50 Accuracy =93.1 Mean times (s) = 79
Trach [46]  Classification Y ©
VGG16 Accuracy =92.73 Mean times (s) = 101
DenseNet201 Accuracy = 91.82 Mean times (s) = 120
Inception V3 Accuracy = 89.54 Mean times (s) = 63
Accuracy =
DenseNet121 85.19 for crack, 81.92 for Corroded and oxidized steel reinforcement, 91.10 for
Deteriorated concrete, 90.37 for Honeycombs, 73.94 for Moisture spots, 89.89 for
Pavement degradation, 96.05 for Shrinkage cracks
Accuracy =
InceptionV3 79.7 for crack, 85.03 for Corroded and oxidized steel reinforcement, 91.78 for
P Deteriorated concrete, 90.37 for Honeycombs, 73.26 for Moisture spots, 93.44 for
Pavement degradation, 96.04 for Shrinkage cracks
Accuracy =
Cardellicchio Classification ResNet50V2 83.33 for crack, 81.85 for Corroded and oxidized steel reinforcement, 91.78 for
etal. [45] Deteriorated concrete, 90.96 for Honeycombs, 74.77 for Moisture spots, 89.88 for
Pavement degradation, 96.12 for Shrinkage cracks
Accuracy =
MobileNetV3 84.30 for crack, 83.26 for Corroded and oxidized steel reinforcement, 90.96 for
Deteriorated concrete, 89.56 for Honeycombs, 76.43 for Moisture spots, 92.25 for
Pavement degradation, 96.13 for Shrinkage cracks
Accuracy =
NASNetMobile 81.93 for crack, 85.4 for Corroded and oxidized steel reinforcement, 91.78 for

Deteriorated concrete, 90.44 for Honeycombs, 76.43 for Moisture spots, 89.88 for
Pavement degradation, 96.05 for Shrinkage cracks
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Table 7. Cont.

Reference Task Algorithm Performance (%)
M | Faster R-CNN  Fl-score =76 Precision = 80.53 Recall =71.37
aetal. Object
(123] Detestion YOLOV5  Fl-score = 67 Precision = 87.5 Recall = 549
SSD Fl-score = 67 Precision = 82.76 Recall = 56.47
YOLOV51 mAP = 99.6 Inference time (s = frame) =
0.083
Faster R-CNN mAP = 983 Inference tlrr(1)e5(s = frame) =
Ni et al. Object Inference time (s = frame) =
[119] Detection YOLOV3 mAP =983 0.103
YOLOv4 MAP = 828 Inference time (s = frame) =
0.022
B Inference time (s = frame) =
SSD mAP =71.8 0.022
. | DeepLab v3+ mloU (%) = 86.5 FPS (f/s) =12.8
Qla[g;]t 2 Segmentation FCN mloU (%) = 85.77 FPS (/s) =156
SegNet mloU (%) = 85.35 FPS (f/s) =185
mloU (%) = Precision = _ Accuracy = Fl-score =
DeepLab 5423 67.56 Recall =76.18 = o5 6 71.61
Jin et al. . . mloU (%) = Precision = _ Accuracy = Fl-score =
[95] Segmentation U-Net 50 65 75.93 Recall = 65.39 98.75 70.26
mloU (%) = Precision = _ Accuracy = F1-score =
FCN 51.22 62.35 Recall =77.1 98.72 68.91
Precision = _ F1-score = mloU (%) =  Inference time
DeepLabV3+ 89.04 Recall = 87.27 88.24 80.03 (ms) = 32
: Precision = _ F1-score = mloU (%) =  Inference time
U-Net 88.83 Recall = 87.9 88.36 80.19 (ms) = 32
Subedi et al. . . Precision = _ Fl-score = mloU (%) =  Inference time
[os)  Segmentation  LinkNet 88.8 Recall = 87.86 88.33 80.15 (ms) = 31
. Precision = _ F1-score = mloU (%) =  Inference time
RefineNet 85.64 Recall = 65.65 85.64 76,5 (ms) = 31
Precision = B Fl-score = mloU (%) = Inference time
PSPNet 85.42 Recall = 82.87 84.13 74.42 (ms) = 12

Among classification algorithms, the reviewed studies consistently indicate that deeper

CNN backbones such as VGG, ResNet, and DenseNet achieve higher accuracy than shal-
lower or handcrafted-feature approaches, whereas lightweight architectures (e.g., Mo-
bileNet) tend to offer faster inference. Trach [46] conducted a comprehensive study on
classifying cracks, spallation, and pop-outs. In this investigation, various classification
algorithms were compared, concluding that ResNet50 outperforms VGG16 and, in turn,
VGG16 surpasses DenseNet121 in terms of accuracy. Additionally, the research highlighted
the superior speed of MobileNet and InceptionV3 compared to other algorithms. Further-
more, Cardellicchio et al. [45] trained five convolutional neural networks, DenseNet121,
InceptionV3, ResNet50V2, MobileNetV3, and NASNetMobile, to classify images into seven
distinct defect classes. The findings revealed that ResNet performed better in detecting
most defect categories. Subsequently, InceptionV3 and DenseNet121 demonstrated compa-
rable accuracy levels. InceptionV3 is often preferred for identifying defects of various sizes
because it uses different kernel sizes. This algorithm can accurately detect both small and
large defects while benefiting from efficient processing speed because it is not very deep,
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and multiple kernels of different sizes are implemented within the same layer [129]. Taken
together, these results suggest that ResNet- and DenseNet-type backbones are generally
preferred when accuracy is prioritized, whereas MobileNet- and NASNet-type models are
attractive for resource-constrained or near-real-time applications.

Object detection algorithms are classified into one- and two-stage object detectors.
Object detection algorithms first find the objects and then classify them with a bounding
box. One-stage object detectors perform both stages in one step, making them faster. In
contrast, two-stage algorithms first propose approximate object regions likely to contain
the objects, then classify the regions in the next stage, making them more accurate [130].

Several object detection algorithms have been developed, including R-CNN, Faster
R-CNN, YOLO, Single Shot MultiBox Detector (SSD), RetinaNet, and EfficientDet. R-CNN
and Faster R-CNN are two-stage object detectors and are generally known for their accuracy,
while YOLO, SSD, RetinaNet, and EfficientDet are faster because they are one-stage object
detectors [131]. One-stage object detectors, such as early versions of the YOLO algorithm
and SSD, might be less suitable for small or irregularly shaped objects, such as thin cracks,
due to potential limitations in accuracy [132,133].

Ma et al. [123] conducted a comparison of various object detection algorithms. They
determined that the Faster R-CNN model demonstrated the highest recall and F1-score
compared to other object detection CNNs such as SSD and YOLO-v5(x). Yet, according to
Tran et al. [121] and Ni et al. [119] recent versions of the YOLO model have demonstrated
superior accuracy and computational speed performance compared to Faster R-CNN.
Overall, the reviewed evidence indicates that modern one-stage detectors (YOLO family)
provide a favorable accuracy-speed trade-off for UAV-based and real-time inspection, while
two-stage detectors remain competitive and can still be advantageous when detection of
small or overlapping defects is prioritized and higher computational cost is acceptable.

Several algorithms have been widely studied in image segmentation, including
DeepLabv3+, U-Net, SegNet, and Fully Convolutional Networks. In a study by
Qiao et al. [93], which focused on segmenting cracks and exposed bars, DeepLabv3+,
SegNet, and FCN were evaluated. Among these, DeepLabv3+ demonstrated superior
performance. Another comparative study conducted by Jin et al. [95] found that U-Net out-
performed both DeepLab and FCN regarding precision and accuracy, while DeepLab exhib-
ited better Mean Intersection over Union (MeanloU) than U-Net. Lastly, Subedi et al. [96]
addressed concrete damage and exposed bars using Nested Reg-UNet, comparing it with
six other state-of-the-art segmentation algorithms. In this case, DeepLabv3+ surpassed
U-Net in terms of precision and MeanloU. Overall, these studies suggest that DeepLabv3+
tends to provide higher mloU and more robust segmentation on complex, multi-defect
datasets, while U-Net and its variants can yield competitive or superior precision on
simpler or more homogeneous datasets. Also, Mirzazade et al. [116] concluded that U-
Net outperforms SegNet in small object segmentation, while SegNet performs better in
large-scale object segmentation. Furthermore, among the various segmentation algorithms,
FCNs stand out for their computational efficiency. By utilizing locally connected layers and
avoiding dense layers, FCNs achieve faster training with fewer parameters.

The comparative analysis and evaluation considered critical metrics such as precision,
recall, mean average precision (mAP), mean intersection over union (mloU), and total
inference time for comparison. Figure 10 categorically arranged the algorithms, considering
their performance in terms of speed and accuracy.

218



Infrastructures 2025, 10, 338

Deep-learning Image-Based Bridge Surface Defect Detetion

A

Detection

Measurement

Y

Classification

A

4

Object Detection

Y

Y

Segmentation

High Accuracy

Fast Detection

High Accuracy

Fast Detection

High Accuracy

Fast Detection

\ 4

4

A\ 4

Y

VGG
ResNet
DenseNet
AlexNet

MobileNet

R-CNN
Faster R-CNN

Yolo
SSD
RetinaNet
EfficientDet

Deeplab
U-Net
FCN
SeNet

FCN

mAP (%)

A
Ineption

Figure 10. Algorithms performance comparison.

Y

Hybrid Methods

The comparison of deep learning models for 2D image-based bridge defect detection

also reveals several important trends that highlight the trade-offs between performance,

dataset size, and model architecture.

In the context of single-class object detection, YOLOvV5 and its variants consistently
show strong performance, even with moderate dataset sizes. As shown in Figure 11,
YOLOvV5m achieves a 99.3% mAP with 2270 images, demonstrating that one-stage detectors
can offer excellent performance with a balanced speed-accuracy trade-off. This is significant
when compared to YOLOv4, which, although using a larger dataset of 4469 images, achieves
92% mAP (also in Figure 11), showing that YOLOv5m is highly effective, even with
moderate dataset sizes.
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Figure 11. Performance of object detection algorithms for single-class problems across different

dataset sizes.
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As shown in Figure 12, Faster R-CNN outperforms YOLO even with smaller datasets,
indicating that two-stage detectors are often more accurate for multi-class detection tasks.
For instance, Faster R-CNN achieves 90% mAP with 1660 images, while YOLOv3 achieves
88% mAP with the same number of images. This suggests that Faster R-CNN tends to
provide better performance even with smaller datasets when the task involves multiple
object classes. Furthermore, YOLOv3+ with Transfer Learning (TL) and Data Augmentation
(DA) achieves the highest mAP in the table with 91% at 1660 images, showing that data
augmentation and transfer learning significantly enhance YOLO's performance, narrowing
the gap with two-stage detectors.

100 .
Faster RCNNYOLOYOLOV3+ TL+ DA Improved YOLOv3 with

v3
90 Modified Faster R-CNN FZ;isetsel\rl_eRtéSNONbackbone

YOLOv3+ TL

80 YOLOv2

Faster R-CNN E RCN
70 aster RCNNy g ov3

60
Yolov5s

50

mMAP (%)

40
30
20

10

742 1,000 1,660 1,660 1,660 1,780 2,206 2,206 2,206 3,010 5,009 20,033

Numer of dataset images

Figure 12. Performance of object detection algorithms for multi-class problems across different
dataset sizes.

On the other hand, YOLOv5s (with 1780 images) shows a significantly lower mAP of
51%, indicating that lightweight models may struggle in multi-class detection, especially
when the dataset is not large enough.

Additionally, models like YOLOv2 and YOLOV3 achieve mAP values of around
70% on larger dataset, suggesting that YOLO versions perform reasonably well on larger
datasets but are still not as good as Faster R-CNN in multi-class detection scenarios.

In single-class segmentation, as shown in Figure 13, DeepLabv3+ outperforms other
models, achieving 82.37% loU with 5000 images.

In multi-class segmentation, as shown in Figure 14, U-Net achieves the highest mIoU
of 80.19% with 7079 images, slightly outperforming DeepLabv3+, which achieves 80.03%
mloU with the same dataset size. Models like SegNet and FCN, both using 4300 images,
show lower mloU values of 75.03% and 74.75%, respectively.

Models with deeper backbones or more complex decoder structures (e.g., ResNet/
DenseNet classifiers, DeepLabv3+ segmenters, and two-stage detectors such as Faster
R-CNN) typically achieve higher mAP or mloU but require longer inference times, whereas
lightweight CNNs (e.g., MobileNet, NASNet) and one-stage detectors from the YOLO
family provide faster inference at the cost of a modest reduction in accuracy. Therefore, the
algorithm selection relies on the particular use case and application domain. Moreover,
algorithms can be adjusted to enhance accuracy or speed.
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Figure 13. Performance of segmentation algorithms for single-class problems across different
dataset sizes.
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Figure 14. Performance of segmentation algorithms for multi-class problems across different
dataset sizes.

6. Conclusions

The increasing application of Al across diverse industries has encouraged bridge
managers to adopt advanced Al methodologies in bridge inspection processes. This paper
systematically reviewed recent advancements in deep learning-based detection of concrete
bridge surface defects, highlighting the limitations of traditional image-processing methods
and outlining the transition towards machine learning and deep learning approaches.
Hence, several key findings from this systematic review were derived.

Initially, classification algorithms were predominantly utilized for defect detection;
however, their limitations prompted the adoption of object detection algorithms, which can
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handle multiple defect types within single images more effectively. Among various deep
learning techniques, object detection and segmentation algorithms have emerged as the
most effective methods for concrete bridge defect detection. Object detection algorithms
are particularly suited when identification is the primary requirement. Faster R-CCNs
(Region-based Convolutional Neural Networks) are preferable for scenarios prioritizing
accuracy, whereas YOLO (You Only Look Once) or SSD (Single-Shot Detector) models are
employed for faster detection. Recent versions of YOLO demonstrate superior performance
in terms of both accuracy and computational speed.

For precise quantification and measurement of defects, segmentation algorithms,
either alone or combined with other deep learning methods, are essential as they provide
pixel-level accuracy. Among segmentation models, U-Net and DeepLab have shown higher
accuracy, while FCNs (Fully Convolutional Networks) offer advantages in computational
efficiency. A key limitation identified with segmentation methods is the representation of
defects in pixel units rather than real-world measurements. This issue has been addressed
by incorporating known-sized reference targets within images or by calculating real-world
dimensions based on camera distances. Within the reviewed literature, YOLO was the
most frequently employed deep learning algorithm for bridge defect detection tasks.

Beyond algorithmic performance, the reviewed studies also showed how deep learn-
ing methods have begun to be embedded in smart surveillance workflows for concrete
bridges. Several works integrated CNN- and transformer-based models into UAV plat-
forms or climbing robots for data acquisition and automated inspection [85,87,100,113].
Other studies combined image-based defect detection with photogrammetry, SfM, Li-
DAR, and SLAM to localize defects on 3D models or within BIM-like representations
of bridges [85,87,99,103]. In post-earthquake scenarios, multi-task networks have been
used to detect components and damages and to derive risk levels or safety indices for
bridges [98,104]. However, a number of practical challenges remain for real-world deploy-
ment, including variable field lighting, view obstruction from vehicles and vegetation,
adverse weather conditions, camera calibration and scale conversion for defect quantifi-
cation, and the substantial effort required for data collection, storage, and pixel-level
annotation. Real-time or near-real-time inference on edge devices is still not routinely
achieved, and human-AlI interaction typically remains at the stage where inspectors man-
ually validate model outputs rather than working with well-designed decision-support
interfaces. To move from paper performance to routine deployment by agencies, future
research needs to focus on robust domain adaptation, uncertainty-aware predictions, ac-
tive learning, efficient annotation strategies, and tighter integration with BIM/BMS and
asset-management workflows that explicitly support inspectors in interpreting and acting
on automated defect detections.

Considering the insights gathered, several gaps and potential areas for future research
have been identified. Integration of deep learning-based defect detection with advanced
3D visualization techniques such as SfM (Structure from Motion) and SLAM (Simultaneous
Localization and Mapping) remains relatively unexplored. Future research could further
develop methods to measure bridge condition indices and visualize these effectively using
color-coded BIM systems. A significant limitation identified is the lack of readily available,
comprehensive datasets containing annotated images of diverse bridge defects, particularly
for segmentation tasks. Developing and openly sharing such datasets would significantly
benefit the research community by reducing the extensive manual annotation currently
required. While various deep learning algorithms reviewed here have demonstrated strong
performance, further refinement and modification of deep learning architectures remain
necessary to optimize performance, particularly when dealing with lower-quality images or
complex backgrounds. Also, advancing research on computationally efficient deep learning
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models is vital to enable real-time defect detection, thereby enhancing their usability in
portable devices such as smartphones and other edge computing devices.

As we've seen in some recent studies, generative models and synthetic data are promis-
ing solutions to the problem of data scarcity in bridge defect detection. Since gathering and
labeling real-world data is both time-consuming and resource-intensive, focusing more
on these methods in the future could significantly streamline the process. Additionally,
the use of large-scale vision models, such as transformers, is an exciting emerging trend.
These models have the potential to push the boundaries of defect detection accuracy and
automation, making them an important area for future research in bridge inspection.
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Appendix A

Table A1. Risk of Bias.

Studies Study Design Data Handling TReportmg

ransparency

Chen [38] low low Some concerns
Hiithwohl et al. [42] low low low
Zhu et al. [5] low low low
Mundt et al. [44] low low low
Zoubir et al. [49] low low low
Bukhsh et al. [48] low low low
Kruachottikul et al. [50] low Some concerns low
Xu et al. [36] low low low
Zhang et al. [37] low low low
Cardellicchio et al. [45] low Some concerns low
Trach [46] low Some concerns low
Chen et al. [41] low low low
Zhang et al. [54] low low low
Abubakr et al. [47] low low low
Alfaz et al. [39] low Some concerns low
Aliyari et al. [51] low low low
Li et al. [40] low Some concerns low

Murao et al. [55] Some concerns Some concerns Some concerns
Yu et al. [56] low low low
Lietal. [57] low low low
Deng et al. [58] low Some concerns low
Ji[59] low Some concerns low
Deng et al. [71] low Some concerns low
Ruggieri et al. [60] low low low
Zhang et al. [61] low low low
Liu et al. [62] low Some concerns low
Yamane et al. [63] low low low
Teng et al. [64] low low low
Hong et al. [70] low low low
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Table A1. Cont.

Studies Study Design Data Handling TReportmg
ransparency
Yu et al. [65] low low low
Gan et al. [68] low low Some concerns
Lin et al. [67] low low low
Ngo et al. [74] low low Some concerns
Luetal. [75] low low Some concerns
Ruggieri et al. [72] low low low
Rubio et al. [81] low low low
Lopez Droguett et al. [82] low Some concerns low
Merkle et al. [83] low low low
Fukuoka and Fujiu [85] low low low
Li et al. [86] low Some concerns low
Yamane et al. [87] low low Some concerns
Xu et al. [88] low low low
Bae et al. [89] low low Some concerns
Deng et al. [90] low low low
Munawar et al. [92] low Some concerns low
Lietal. [106] low low Some concerns
Fuetal. [91] low Some concerns low
Qiao et al. [93] low Some concerns low
Jin et al. [95] low low low
Subedi et al. [96] low low low
Ayele et al. [97] low Some concerns Some concerns
Wang et al. [98] low low low
Montes et al. [99] low Some concerns low
Artus et al. [100] low Some concerns low
Borin and Cavazzini [101] low Some concerns Some concerns
Jang et al. [102] low low low
McLaughlin et al. [103] low low low
Ye et al. [104] low low low
Shen et al. [105] low low low
Na and Kim [84] low low Some concerns
Peng et al. [112] low Some concerns low
Flah et al. [113] low low low
Kim et al. [114] low low low
Liang [115] low low low
Mirzazade et al. [116] low Some concerns low
Kun et al. [117] low Some concerns low
Kim et al. [118] low Some concerns Some concerns
Yu et al. [128] low low low
Nietal. [119] low low low
Jiang et al. [120] low low low
Tran et al. [121] low Some concerns low
Kao et al. [122] low Some concerns low
Ma et al. [123] low low Some concerns
Inam et al. [124] low Some concerns low
Zakaria et al. [125] low low low
Meng et al. [126] low low low
Zhang et al. [80] low Some concerns Some concerns
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