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Abstract

The thesis proposes an end-to-end approach for assessing productivity in Digital Twin
Construction (DTC) by integrating as-planned and as-performed data within a unified
framework through the use of graph databases. It builds on existing methods by lever-
aging BIM models, BIM transformation tools and RDF graphs to integrate and compare
real-time performance with initial project plans for decision making and course-correc-
tion in construction project management. By utilizing graph databases, the research
enables efficient querying and analysis of construction data, which could offer new
insights for decision-making and project optimization.

The methodology developed in this work focuses on converting IFC models to RDF
graphs to create a knowledge graph that links as-planned data with on-site, as-per-
formed information. This process supports real-time tracking and productivity analysis,
allowing for more accurate comparisons between the planned and actual progress.
The thesis demonstrates the viability of the approach through a case study, applying
the methodology to a real construction project, where both planned and performed
data were collected and analysed, allowing for the adjustment of the construction plan
and schedule dynamically.

This research addresses a critical gap in the construction industry by providing a com-
prehensive end-to-end solution for productivity assessment. The integration of data
sources and continuous updates enhances the capability to detect deviations, recali-
brate project timelines, and make informed management decisions, ultimately contrib-
uting to more efficient project execution and resource utilization.

Keywords: Digital Twin Construction, Building Information Modelling, Industry
Foundation Classes, Construction Productivity, Real-Time Monitoring,
Knowledge Graphs, Construction Management.
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Chapter 1

Introduction

Construction productivity has long been a challenge, directly impacting project costs,
timelines, and overall project efficiency. The construction industry is notorious for its
lower productivity rates compared to other sectors such as manufacturing (McKinsey
Global Institute, 2017). Delays in construction projects often lead to significant cost
overruns, sometimes as high as 80% beyond the initial budget in large infrastructure
projects (Flyvbjerg et al., 2002). These inefficiencies not only strain project budgets but
can also delay the delivery of essential services, affecting public infrastructure projects
like transportation networks, healthcare facilities, and housing developments. This cre-
ates a ripple effect, with implications ranging from the loss of investor confidence to
reduced quality of life for communities (Flyvbjerg et al., 2002).

Moreover, construction productivity challenges exacerbate environmental and eco-
nomic concerns. The construction sector is one of the most resource-intensive indus-
tries, consuming vast quantities of raw materials and energy (Deng et al., 2016). When
projects are delayed or run inefficiently, this results in excessive resource usage, con-
tributing to environmental degradation and higher greenhouse gas emissions. Addi-
tionally, inefficient project delivery can lead to missed economic opportunities, as de-
layed infrastructure can hamper business operations, restrict mobility, and limit access
to services in a society level (Thomas & Mathews, 2016).

In construction progress monitoring (CPM), traditional methods involve manual and
work-intensive processes for periodic information gathering, documenting, and report-
ing (Hegazy, 2002). The reports generated from this process are used for project mon-
itoring and control, compared to the planned schedule, and act as a project status
record through the project lifecycle (Son et al., 2015).

Accurate progress reporting is crucial for keeping stakeholders informed and facilitat-
ing effective decision-making to prevent delays and cost overruns (El-Sabek et al.,
2017). Nevertheless, traditional reporting methods are cumbersome, prone to errors,
slow, and often contain redundant information, hindering proactive and timely decision-
making by stakeholders (Navon et al., 2022).

The exploration of Digital Twin Construction (DTC) and productivity assessment with-
in the construction industry encompasses diverse methodologies and technological
advancements. Current approaches aim to disrupt traditional construction progress
monitoring by incorporating data-centric systems, artificial intelligence, data analytics,
engineering simulations and innovative monitoring techniques in a holistic approach
(Sacks et al., 2020).



A data-centric approach in the Architecture, Engineering, Construction, and Operation
(AECO) industry often stems from Building Information Modeling (BIM), which can be
regarded as a process of creating models with semantically rich information in a com-
mon data environment (CDE) to accelerate digitalization in the AECO industry (Pan et
al., 2020). Considering this definition, BIM can be understood as a data repository to
store large data collected from data-rich objects, tools and other sources during project
execution (Peng et al., 2017).

Prior research proposes different techniques for data collection regarding construction
monitoring, some of which involve the use of object detection, deep learning and crane
cameras (Pfitzner et al., 2024), the use of real-time data collection from positioning
sensors (Cheng et al., 2023), the use of photogrammetric reconstruction, semantic
web technologies, and RDF databases (Collins et al., 2022), the use of perspective
alignment to match real-time images with the corresponding BIM models, an auto-
mated BIM-based construction progress monitoring approach, using three-dimen-
sional point clouds derived from images captured by aerial vehicles (Braun, A., 2020),
amongst others.

While these contributions are valuable, a comprehensive approach for productivity as-
sessment that addresses the steps after progress data collection is lacking. Current
methodologies often fall short of providing a holistic end-to-end solution that combines
monitoring aspects to obtain productivity insights and potential course-correction for
delay recovery and optimization of construction processes based on the specificities
of the project being monitored.

1.1 Motivation

The main motivation behind this thesis consists of an end-to-end approach to produc-
tivity assessment and decision making in construction, stemming from the limitations
regarding data-driven solutions for construction progress assessment and monitoring,
as discussed in the previous section.

This end-to-end approach should involve a pipeline from the monitoring of construction
progress to the analysis of collected data for decision making, potential course correc-
tion of the project management strategy and update of the construction schedule
based on the insights obtained from the data collection and analysis.

The approach also relies on the utilization of graph databases, for storage and query-
ing of the information collected regarding the as-planned and as-performed versions
of a construction project. The graph databases provide a clear representation of the
relationships between the elements carrying the necessary information for decision
making regarding the construction progress and project management.



With this in mind, this thesis has the goal of verifying the effectiveness of the combina-
tion of existing approaches that address different phases of this pipeline in a holistic,
end-to-end solution for analyzing and optimizing construction processes.

1.2 Research Objective

The objective of this thesis can be subdivided into two main categories.

1. Propose an end-to-end approach to productivity assessment in Digital Twin
Construction, with focus on the development of data pipeline correlating as-
planned and as-performed information to support decision-making and course
correction regarding construction project management.

2. Evaluate the use of RDF-graphs in storing and querying productivity related in-
formation for scheduling and definition of the necessary efforts for the execution
of different types of built elements of construction projects.

1.3 Structure of Thesis

Chapter 2 summarizes the fundamental concepts surrounding the thesis topic, detail-
ing construction progress monitoring, lean construction, building information modeling,
digital twin construction and the deep learning techniques and graph databases nec-
essary for the understanding of the methodology.

Chapter 3 explores the state-of-the-art in fields and topics used as a basis for this
thesis work, dividing the collection of references into the acquisition and processing of
as-planned data, as well as as-performed data, essential for productivity assessment
and comparison within the proposed methodology. This chapter also highlights the re-
search gaps from them, which are being addressed in the thesis. The works explored
in this chapter are directly referenced and utilized in the methodology.

Chapter 4 presents specifics of the thesis work, detailing the overall steps of the pro-
posed methodology, including a processing pipeline for as-planned data, a processing
pipeline for as-performed data, and graph operations to connect the two for productivity
assessment. The possibility of construction schedule update is also discussed.

Chapter 5 describes a case study in which the proposed methodology in Chapter 4
was applied to a specific construction project. The chapter provides a step-by-step
description of the methodology, highlighting the specific tools that were utilized for each
of them, as well as the results obtained from the application, in order to verify the fea-
sibility of the proposed methodology in this work.



Chapter 6 discusses the results, and the insights obtained from the application of the
methodology in the case study presented. It also talks about the limitations of the ap-
proach and discusses what could be further refined and explored for the improvement
of the desired results.

Finally, Chapter 7 summarizes key findings, provides a conclusion and offers sugges-
tions for future research regarding the topic.



Chapter 2

Theoretical Background

2.1 Construction Progress Monitoring

Construction progress monitoring (CPM) involves the continuous analysis and com-
parison of the actual progress and the planned progress. If the result is consistent, the
project should continue to be implemented according to the schedule. If there are de-
viations, their causes should be analyzed, and timely, reasonable measures should be
taken to minimize their impact on the overall progress and effectiveness of construc-
tion. (Fang et al., 2018).

2.1.1 Traditional CPM

Traditional construction progress monitoring (CPM) involves manual and labor-inten-
sive methods for documenting and reporting the status of a construction project at reg-
ular intervals (Hegazy, 2002). These reports are crucial for tracking and managing the
project according to the planned schedule serve as a record of the construction pro-
cess. Accuracy is essential for keeping stakeholders informed about the project's sta-
tus, enabling them to make informed decisions to prevent delays, budget overruns,
and prepare for delay claims (El-Sabek et al., 2017).

Soibelman et al. (2000) critique the traditional methods of construction progress mon-
itoring, highlighting their dependence on manual data collection, which is both time-
consuming and prone to errors. They argue that these conventional techniques often
result in delays in identifying project deviations and inefficiencies in corrective action
implementation. The manual processes not only slow down decision-making but also
create discrepancies in the accuracy of progress reports, which can hinder effective
project management. Soibelman & Kim (2002) highlight that traditional construction
progress monitoring methods lack the ability to effectively analyze and extract deeper
insights from the data. As a result, traditional methods are not well-equipped to handle
the large volumes of data generated in modern construction projects.

However, poor progress reporting methods and coordination on construction sites—
partly due to reporting errors, delays, and redundant information—hinder proactive de-
cision-making by stakeholders and are a major reason for projects exceeding their
budgets and timelines (Wolfe et al., 2020).



2.1.2 CPM Technologies

Researchers have developed and implemented various technological advancements
for automated monitoring of construction activities, with some now being commercially
utilized, as shown in Table 1. These technologies have typically been applied in a seg-
mented manner in the construction industry. Most applications focus on a single as-
pect, while integration of multiple monitoring technologies is rare (Sacks et al., 2020).
Table 1 summarizes data acquisition technologies highlighted by Sacks et. al (2020),
including the hardware associated with that technology and the common applications
for it.

Table 1: Data acquisition technologies applied to monitoring construction (Sacks et al., 2020)

Technolog Hardware Common Applications
Electronic location and distance  Robotic total stations, range finders, Record current state of construction
measurement and so forth. Laser scanning
Global Positioning System (GPS) Differential GPS readers Locate and measure work done;
track production progress
Computer Vision (stills and video) Video, stills, 3600 images Safety; production progress: labor:
and equipment
Audio and sonar Microphones Identify equipment function and use
Tag identification systems Bluetooth Low Energy (BLE), radio- Track materials; worker locations
frequency identification (RFID), and durations; quantity and quality
barcodes
Communication networks Wi-Fi, ultra-wideband (UWB), cellular Material tracking; worker locations
and durations; safety
Smart sensors and sensor Temperature, himidity, pressure, Monitor construction quality; monitor
networks strain, rotation; loT, edge computing structural health: monitor safety J

The field of automated progress monitoring in construction is currently a very active
area of research. Vision-based methods, in particular, have become increasingly pop-
ular (Fini et al., 2022).

Review papers related to this topic have honed in on particular elements of the con-
struction progress monitoring process. Omar et al. have explored various data acqui-
sition technologies (2016), Ekanayake et al. (2021) and Patel et al. (2021) have studied
the existing literature, pointing out specific challenges that need to be addressed, such
as managing the computational load to process data in real-time, occlusion and visual
obstacles, indoor environment challenges due to varying lighting conditions and cam-
era movements disrupting continuous monitoring, whereas Ma et al. (2018) have ex-
tensively focused on methods such as photogrammetry, laser scanning, and structure
from motion for 3D reconstruction.

At present, there lacks a cohesive framework that covers all aspects of Computer Vi-
sion-Based Construction Progress Monitoring (CV-CPM), from the initial data collec-
tion to the estimation of progress (Reja et al., 2022). Figure 1 illustrates the stages of
vision-based progress monitoring, which generally starts with the data acquisition,
moving on to the 3D reconstruction, then a comparison phase between the as-planned



and as-performed models, then a progress visualization and quantification based on
the previous comparison. This conceptualization, however, doesn’t detail and specific
which methods and techniques could be applied for each of the presented steps.

Data Acquisition Model J~ — T T TTT7T 1
1
As-Planned
X Progress Progress
As-Built Visualization Quantification
Comparison

L
3D- L _ AsBuilt N\ _ _ _ __ _ 1
Reconstruction Model

As-Built model creation D Progress monitoring

Figure 1: Conceptualization of vision-based progress monitoring (adapted from Reja et al., 2022)

2.2 Lean Construction

Lean construction arises from implementing a modern production management ap-
proach in the construction sector. Its key characteristics involve establishing distinct
goals for the delivery process to optimize customer satisfaction at the project level,
simultaneous product and process design, and continuous production control from the
design phase through to delivery. Lean construction prioritizes achievement of smooth
production flows with minimal variation and thus minimal waste (Howell, 1999).

Ballard (2000) describes The Last Planner System (LPS) as a method of production
control aimed at improving the consistency and predictability of workflows in construc-
tion projects. It emphasizes aligning what should be done with what can be done, en-
suring that work is ready to be executed without delays. Central to the system are the
"Last Planners," typically foremen or team leaders, who commit to completing specific
tasks, thereby turning planned work into completed actions. LPS integrates planning
with control mechanisms to enhance project performance.

Ballard (2000) also highlighted the importance of drilling down the planning process
during construction, from the master schedule to the daily activity, readjusting the
premise when new information about the construction process is identified throughout
this phase. Figure 2 illustrates this concept, showcasing the different granularities of
planning, the expected activities in each of them and how they interact with each other.
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Planning
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6 Connected
Conversations
LEARN

+ Rapid learning & adjustment to constraints.
= Capture metrics (percentage of completion)
and reasons for missed commitments.

Figure 2: Successful implementation of Last Planner System (adapted from PBC Today, 2023)

Sacks et al. (2010) highlights a significant synergy between lean construction and BIM
and digitalization The integration of LPS and BIM helps in improving communication
and collaboration among stakeholders, ensuring that project workflows are more syn-
chronized. Together, LPS and BIM provide a more holistic approach to managing con-
struction projects, aligning physical and digital processes.

The Plan-Do-Check-Act (PDCA) cycle, a staple of lean construction (Deming, 1982),
is particularly relevant in the context of digital twin systems in construction, in which
the PDCA cycles can be used as a tool for construction planning and control (Forbes
et al., 2011). The LPS integrates PDCA cycles at various planning stages, with the
'‘Check' phase demanding detailed updates on all constraints affecting tasks, a chal-
lenge particularly pronounced at the look-ahead planning stage (Hamzeh et al., 2015).

2.3 BlIM-based Progress Monitoring

Building Information Modeling (BIM) revolves around the continual application of digital
models for the full lifespan of a facility, from the initial conceptual and detailed design
phases, through construction, and extending into the operational stage. BIM enhances
the flow of information among all participants involved, boosting efficiency by minimiz-
ing the manual and error-prone re-entry of data prevalent in traditional paper-based
processes (Borrmann et al., 2018). It creates an accurate 2D or 3D geometry and adds
semantic information about the built asset (Braun et al., 2018).



In the construction phase, BIM provides substantial benefits in planning and construc-
tion. A 4D model links each component with its respective construction timelines, al-
lowing for the verification of the construction sequence, identification of clashes, and
organization of site logistics. Furthermore, a 5D model incorporates cost data, facilitat-
ing simulations of cost variations over time. Additionally, BIM can support the billing of
tasks and issue management throughout the project (Borrmann et al., 2018).

A series of studies highlight the importance of the integration of Building Information
Modeling (BIM) with progress monitoring technologies. Turkan et al. (2012) contributed
to the topic by focusing on the integration of BIM with reality capture tools such as laser
scanning and photogrammetry. Bosché & Guenet (2014) leverage computer vision and
3D point cloud data to automate construction monitoring to facilitate automated com-
parisons between the actual site conditions and planned 3D models.

Golparvar-Fard et al (2011) focuses on photogrammetry, 3D reconstruction, and visual
data analytics to automate the generation of as-built models, emphasizing the integra-
tion of real-time visual data with BIM. Teizer et al. (2010) used real-time data collection
systems, such as RFID and GPS, to track the location and movement of construction
site resources integrating the collected data with the BIM model to enhance safety and
productivity. Finally, Fang et al. (2016) explored the application of robotics and com-
puter vision for construction monitoring, as well as the use of algorithms for detecting
and quantifying progress from site images and sensor data, also from the standpoint
of BIM integration.

BIM-based progress monitoring enables the automated identification of discrepancies
between the actual and planned states of construction, allowing for early detection of
deviations in the building process, often captured through photogrammetric surveys.
These surveys produce dense point clouds by merging disparity maps generated,
which are later compared to the desired state outlined in a 4D model. The process is
enhanced by considering the process- and dependency-relations provided by the BIM
model, further refining the detection of discrepancies (Borrmann et al., 2018).

Figure 3 represents a conceptualization of BIM-based progress monitoring process.
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4D Building Information Model Monitoring

Capture the current

Geometry + state of construction

! . -
% semantic data
4 msd Temporal

= information Generation of point
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N/

re-calculation Target-actual comparison

Figure 3: Concept for automated progress monitoring (Braun et al, 2015)

2.4 Digital Twin Construction

Digital Twins (DT) in the construction sector refer to virtual replicas of physical assets,
integrating real-time data from loT devices and BIM models to enhance monitoring and
optimization (Boje et al., 2020). DT simulates and reflects the object's state throughout
its lifecycle. Successful DT implementation requires advanced software, sensors, and
communication tools, enabling synchronized real-time coordination between physical
and virtual objects (Bui et al., 2022). The DT concept has predominantly been applied
to the operation and maintenance phases of the built environment (Bew et al., 2016).
However, DT in construction is still emerging, but it has a potential to revolutionize
project management, by enhancing decision-making (Boje et al., 2020).

For the construction phase, there are many applications. For example, Digital Twins
can be used for the analysis of structural system integrity at various stages, by contin-
uously monitoring data from sensors embedded within the building elements and ana-
lyzing stresses, deformations, and load distribution at various stages of construction
(Angjeliu et al., 2020). Digital Twins can also be used in the production of precast con-
crete parts, demonstrating the importance of real-time data integration for adaptive
construction techniques (Gerhard, D. 2020) and creation of as-performed models,
providing stakeholders with information for managing the built environment effectively.
The as-performed models can subsequently by used for increased efficiency in the
operational and maintenance phases (Macchi, M., 2018). These insights are crucial for
improving construction processes and managing resources more efficiently.
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Digital Twin Construction (DTC) represents a novel concept proposed by Sacks et al.,
2020, to construction management that utilizes data from various site monitoring tech-
nologies and artificial intelligence capabilities. This approach allows for precise status
updates and proactive optimization of design, planning, and production processes.
DTC incorporates BIM, principles of lean construction and Al to create a data-driven
construction management system.

Digital Twin Construction (DTC) focuses on the construction phase, using real-time
data from IoT devices and sensors to dynamically model and monitor ongoing con-
struction projects. Thus, while DT encompasses the entire asset lifecycle, DTC is spe-
cifically tailored to improve construction production management (Sacks et al. 2020).

The DTC approach is centered around data usage, in contrast to traditional practices
where data is siloed and manually gathered, integrating real-time data from various
monitoring technologies into decision-making through systematic PDCA cycles, en-
hanced by Al for tasks ranging from planning to optimization (Sacks et al., 2020).

2.5 Deep Learning for Image Classification

Deep learning models, which excel in accuracy over traditional machine learning algo-
rithms, have shown significant improvements in image classification due to recent ad-
vances in hardware and network architectures. (Yu, 2022).

Traditional image classification methods, categorized under machine learning, include
modules for feature extraction and classification but are limited in the range of features
they can extract, impacting their effectiveness. Deep learning addresses this by using
artificial neural networks (ANNs) that mimic the human brain to enhance data analysis
and feature extraction capabilities (Lee et al., 2009). This advanced approach enables
neural networks to better identify images by developing sophisticated models that can
discern and extract a wider variety of features from a dataset (Krishna et al., 2018).

Neural networks, particularly Convolutional Neural Networks (CNNSs), offer efficient au-
tomated methods for almost real-time analysis of construction images, especially for
image classification tasks (Rehman et al., 2022; Hussain et al. 2018). CNNs incorpo-
rate image-specific features into their architecture, enhancing efficiency for image
tasks and reducing parameter counts. Unlike ANNs, CNNs efficiently handle the larger
computational demands of complex image data, making CNNs more suitable for image
analysis (O’Shea et al., 2015). Other advantages of CNNs include weight sharing that
further minimizes parameters, and pooling layers that down sample data to decrease
volume and simplify input while maintaining crucial information (Li et al., 2021).

Figure 4 illustrates a simple CNN architecture comprised of five layers, as proposed
by O’Shea et al (2015).
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Figure 4: A simple CNN architecture, comprised of just five layers (adapted from O’Shea et al., 2015)

Khallaf & Khallaf (2021) provides a comprehensive review of deep learning applica-
tions in the construction industry. It analyzes 80 journal papers, identifying six major
application areas such as equipment tracking, crack detection, construction work man-
agement, sewer assessment and 3D point cloud enhancement. Khallaf & Khallaf
(2021) highlight the strengths of deep learning in automating tasks like crack detection,
equipment monitoring, and infrastructure assessment, which can lead to more efficient
construction processes.

Khallaf & Khallaf (2021) describe CNNs specifically as one of the most widely used
deep learning techniques in construction applications. CNNs excel in feature extrac-
tion, particularly in processing visual data like images and videos, making them ideal
for tasks such as crack detection, equipment monitoring, and worker tracking. CNNs
have been used in various studies to automate traditionally manual processes, such
as detecting structural cracks in concrete and tracking construction equipment (Cha et
al, 2017). While CNNs significantly improve efficiency and accuracy in these areas,
there are also challenges, including the need for large datasets and the risk of false
positives or negatives in image classification tasks (Khallaf & Khallaf, 2021).

2.6 Knowledge Graphs

Graph databases represent data as nodes (entities) and relationships (connections
between entities), enriched with properties (key-value pairs) to store relevant infor-
mation (Hitzler et al., 2007). These databases excel in handling complex queries in-
volving relationships, offering superior performance and flexibility compared to tradi-
tional relational databases (Robinson et al., 2013). Graph database models organize
data and schema in graph formats, manage data via graph-oriented operations, and
enforce data consistency through various integrity constraints (Angles, 2008).
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A knowledge graph is a structured semantic network composed of nodes representing
concepts or specific entities such as people, places, or organizations, and edges that
depict relationships between them. By integrating fragmented concepts and entities,
knowledge graphs form comprehensive repositories that enhance the management
and understanding of information (Yan et al., 2018).

Resource Description Framework (RDF) graphs require a strict node-relationship
structure using statements expressed as triples provided by a schema (Segaran et al.,
2009). Labeled Property Graphs (LPG), alternatively, offer complete flexibility: each
node can be labeled uniquely, and nodes with identical labels can possess different
properties. RDF graphs are especially valuable for ensuring interoperability among dif-
ferent systems, making them ideal for integrating and querying data from multiple
sources in a standardized manner (Needham & Hodler, 2019).

Since Labeled Property Graphs (LPG) are largely schema-free, they provide practical
advantages such as qualifying instances of relationships and representing data that
closely mirrors real-world logical models. This flexibility enables them to adapt more
easily to the changing and evolving data structures, making it well-suited for monitoring
progress and resources on a construction site (Pokorny, 2015).

In the AEC industry, graph databases can significantly enhance various processes.
For project management, nodes represent different entities such as projects, tasks,
and resources, while relationships capture dependencies between tasks, resource al-
locations, and team members (Pauwels et al., 2017). El-Diraby et al. (2005) proposes
a logic to model the graphs for Building Information Modeling (BIM) elements, in which,
nodes denote components of a building (walls, doors, windows) and stakeholders (ar-
chitects, contractors), with relationships illustrating connections like component de-
pendencies, workflows, and stakeholder interactions. Additionally, Tserng et al. (2012)
proposes a logic for supply chain management, in which nodes include suppliers, ma-
terials, construction sites, and logistics providers, and relationships depict the flow of
materials, supplier dependencies, and delivery schedules.

Another application of knowledge graphs specifically to construction sites was pro-
posed by Fang et al. (2020), who presented a framework that combines computer vi-
sion with ontologies to identify safety hazards on construction sites. The knowledge
graph leverages computer vision to detect entities (e.g., workers, equipment) and ex-
tracts spatial relationships to infer potential hazards. The system allows real-time de-
tection of risks, such as falls from heights, through an ontology model that adapts to
changing safety regulations, improving hazard identification beyond standard com-
puter vision approaches. Figure 5 illustrates the reasoning process of the identification
of unsafe conditions using the knowledge graph, demonstrating a query matching a
worker's position overlapping with equipment, indicating unsafe behavior.



14

‘e
v
Graph

- ! - | W Machine
| " PawA
5 - O,
! o i m— a0
o T Pushdoze! within Person A
(a) Computer vision detection A

> 4,
9 Ny %
Z, .
2 ? %
%

Safety
Excavator hardhat A
A

achine! ;
over'ap

(a) Hazard identification by reasoning (b) Data modeling
Figure 5: The reasoning of unsafe conditions with knowledge graphs (Fang et al., 2020)

The knowledge graph information can be queried and manipulated with CYPHER no-
tation, a powerful query language for the graph databases, designed specifically for
expressing graph patterns and data retrieval in a concise and efficient manner (Robin-
son et al., 2013; Needham & Hodler, 2019).

The information about productivity of the building elements stored and queried in these
graphs can then be utilized in data analytics and machine learning models analyse the
characteristics of building elements provides valuable insights into construction delays.
By examining the aforementioned factors, one can identify patterns and outliers affect-
ing construction timelines. For instance, machine learning algorithms can correlate
complex data from multiple sources to pinpoint whether specific materials perform
poorly in certain weather conditions or if particular team configurations lead to ineffi-
ciencies. This comprehensive analysis enables targeted interventions to improve over-
all project performance (Bilal et al., 2016). Such comprehensive evaluation enables
targeted interventions to optimize construction processes (Bock & Linner, 2016).

2.7 Productivity Calculation

The general productivity rate for building elements involves dividing the total work out-
put to complete the construction of said element by the total time necessary to achieve
this result. These productivity rates are usually assessed in terms of a geometric di-
mensions (e.g. m2 or m3) divided by the man-hours necessary to perform this geomet-
ric unit. The general productivity rate formula can be expressed as presented below
(Peurifoy et al., 2011):
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Total Work Output
Total Time

Productivity Rate =

The total work output varies depending on specificities of each type of building element.
For reinforced concrete columns (circular or square), productivity is based on concrete
volume and reinforcement density, considering formwork complexity and concrete
placement efficiency (Peurifoy et al., 2011). Metallic column productivity involves fab-
rication, transportation, and installation, with key variables including column weight,
installation height, and worker skill (Peurifoy et al., 2011).

Reinforced concrete wall productivity depends on wall area, thickness, formwork sys-
tem, rebar density, design complexity, and curing time (Peurifoy et al., 2011). Drywall
productivity is measured in square meters per hour, influenced by drywall type, area
coverage, cuts, and joints, with efficiency enhanced by pre-cut panels and minimized
seams (Peurifoy et al., 2011). Brick wall productivity, calculated by bricks laid per hour,
is affected by brick type, mortar, mason skill, wall height, pattern, and working condi-
tions (Peurifoy et al., 2011).

Finally, reinforced concrete slab productivity is determined by slab area and thickness,
considering formwork system, concrete placement method, and reinforcement density,
with guidance from detailed tables and examples (Peurifoy et al., 2011).
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Chapter 3
Related Work

This chapter discusses research that forms the basis of this work, covering as-planned
and as-performed data collection and processing. Each of them requires different steps
and resources and are necessary for productivity assessment and comparison in the
context of the proposed methodology. Section 3.1 discusses research necessary for
the conceptualization of the as-planned data processing and representation step of the
proposed pipeline, while Section 3.2 discusses research necessary for the conceptu-
alization of the as-performed step.

Once these two data sources are integrated in a graph database, comparisons be-
tween the planned and performed productivity can be made to assess and recalibrate
potential premises deployed in the original estimation of the efforts to execute con-
struction projects.

In the context of Digital Twin Construction, as-performed models capture the real-time
progression of construction activities, reflecting the actual performance of tasks as they
occur. This contrasts with as-planned models, which outline the intended sequence
and methodology of construction tasks, and as-performed models, which represent the
completed structure. The integration of as-performed data into digital twins, represent-
ing the as-planned models, allows for continuous updates and monitoring, providing
insights into deviations and comparison from the plan and enabling more accurate and
efficient project management (Sacks et al., 2020).

Then, this Chapter discusses the identified research gap that is being addressed with
this thesis in section 3.3.

3.1 As-Planned Data Representation

3.1.1 IFC Model to RDF Graph Conversion

BIM models can integrate various data sources and allow for comprehensive analysis
and planning during the project's initial phases (Kavaliauskas et al., 2022). These mod-
els can be converted to Industry Foundation Classes (IFC) format, a standardized,
digital data schema used for representing building and construction information across
various software platforms, allowing for data exchange enhances collaboration and
efficiency throughout the project lifecycle (Borrmann et al., 2018).

The further conversion of the IFC model into a Resource Description Framework (RDF)
Format is necessary so that the IFC model information can be read as a graph. This
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can be achieved with the tool IFCtoRDF. RDF is a framework for representing infor-
mation on the web in a structured, machine-readable format, often used in semantic
web technologies (Jing et al, 2023). The conversion of IFC to RDF is significant be-
cause it allows the rich, complex data embedded in IFC files to be represented in a
semantic, interconnected way that is compatible with web technologies, and BIM to be
integrated with other data sources (Bonduel, et al., 2018).

However, for the purpose of productivity assessment, not all the data in the IFC model
is necessary. Tools such as SimpleBIM can be used for IFC data wrangling and reduc-
tion of the IFC model to only the necessary information for this use case, for optimiza-
tion purposes (Lennox, 2022). SimpleBIM is an open BIM tool that allows users to
standardize, enrich, and manage BIM models, making them suitable for various use
cases. This tool is particularly useful for cleaning up, filtering, and organizing IFC. It
enables the creation of lightweight models that are easier to manage. This leads to
improved efficiency and better project outcomes (Day, 2022).

3.1.2 Knowledge Graph for the As-Planned Model

Ontologies define how and where data is stored in the graph by providing a schema.
As-performed data can be stored similarly using a tailored graph meta-model, classi-
fied into categories such as human resources, equipment, materials, and environment
(Fang et al., 2020). A data model supports structuring the low-level information ac-
guired from the construction site and simplifies obtaining higher-level information at a
later stage, which will be driven to the finest level of detail (Zheng et al., 2021).

The conversion of the IFC file with the IFCtoRDF tool is initiated with a conversion into
ifcOWL-based RDF graphs and their simplification according to the modular ontolo-
gies. The IFCtoRDF converter simplifies the data structure, reducing the number of
RDF triples and making the output more concise and easier to query. This approach is
aimed at improving usability in Linked Data applications within the Architecture, Engi-
neering, Construction, and Operation (AECO) domain (Bonduel et al., 2018).

Once the IFC data is converted into RDF graph format, it can be used to improve in-
teroperability, querying, and integration with other linked data sources (Bonduel, et al.,
2018). Bonduel et al (2018) and Pauwels et al. (2017) also argue that the converted
information becomes easily accessible by SPARQL queries, allowing for better perfor-
mance, the RDF graph can also be linked to other external data sources, such as
geographic information, product databases or regulatory data, allowing for the enrich-
ment of the model. The use of standardized ontologies in the RDF graph allows for
improved interoperability and easier integration with other datasets in the Linked Data
ecosystem, facilitating enhanced collaboration and information sharing.

Figure 6 represents a linked data approach for the construction industry, highlighting
the connectivity possibilities between different CAD, Simulation and Render systems,
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achieved in a semantic web of linked data structure that follows an ontology structure

for interoperability (Pauwels et al., 2017).
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Figure 6: Linked Data Web Representation (Pauwels et al., 2017)

Regarding the benefit raised about the enrichment of the knowledge graph through
inclusion of additional information to the nodes, IfcOpenShell is an open-source soft-
ware library that enables the reading and writing of IFC data, primarily focusing on
geometric and semantic information contained within IFC models and can be used for
extraction of properties of IFC classes (IfcOpenShell Documentation, 2023). When
used in conjunction with the IFCtoRDF tool, IfcOpenShell can enrich RDF graphs by
extracting detailed geometric and semantic data from the original IFC model (Dhillon
et al.,, 2014) and associating it with the nodes in the RDF graph that represent built
elements (Bonduel et al., 2018). This allows the Linked Building Data (LBD) to incor-
porate not only topological relationships between building elements but also precise
geometric representations such as dimensions, shapes, and spatial relationships (Bon-
duel et al., 2018). The combination of these tools enhances the RDF graph’s richness
improving the overall utility of the data for applications in construction management,
building analysis, and facility operations.
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3.1.3 As-Planned Effort Assessment Through BIM

BIM models can be used to extract quantities of materials, volumes, and other con-
struction-related data from a project. These extracted quantities can then be linked to
productivity rates and cost databases to estimate the amount of labor, time, and effort
required to build the elements represented in the model (Monteiro & Martins, 2013).
Monteiro & Martins (2013) emphasize that accurate quantity take-offs, such as material
volumes, areas, and lengths, can be derived directly from 3D BIM models. These quan-
tities can then be linked with productivity rates and unit costs, often stored in external
databases, to estimate construction effort in terms of labour, time, and cost.

Many studies have explored the use of BIM for cost estimation in construction projects.
For instance, Shen and Issa (2010) conducted a quantitative comparison between
BIM-assisted detailed estimating methods and manual estimating approaches across
a set of test cases with varying complexity. Their findings showed that BIM-based
methods tend to perform better, particularly for entry-level users. On the other hand,
Liu et al. (2014) developed a framework that integrates the construction process model
with the BIM model to enhance detailed cost estimation. However, they encountered
challenges, such as incompatibilities between the BIM-based quantity take-off and
subsequent analyses, like cost estimation.

Similarly, Lawrence et al. (2014) proposed an approach that involves mapping BIM
objects to cost data, leveraging query languages to connect design parameters directly
to cost estimation processes. This technique streamlines the workflow by automating
links between design and cost data. Further, Niknam and Karshenas (2015) explored
the potential of semantic web technology to integrate cost estimation information pro-
vided by different stakeholders, including designers, contractors, and material suppli-
ers. Although ontology-based approaches can reduce human intervention in the esti-
mation process, their implementation requires establishing standardized ontologies
and semantic web services within the construction industry. Lastly, Xu et al. (2016)
introduced a semantic web ontology-based framework that extracts data from BIM
models and uses it to generate the items needed for bills of quantities, which subse-
guently support cost estimation.

Regardless of the specificities of each of these approaches, all these references seem
to agree that the estimation of the necessary effort to execute a building element in a
construction project often involve the consideration of the geometry of that element,
the material of choice, and the construction methodology adopted for that element
(Fazeli et al., 2020).

This information can be extracted from a BIM model, which is typically used to extract
detailed geometric and material information for estimating costs and efforts in construc-
tion projects. These factors, combined with known productivity rates, allow for estimat-
ing man-hours and other resources required for construction (Eastman et al., 2011).
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3.2 As-Performed Data Representation

3.2.1 Construction Progress Monitoring

Schlenger et al. (2023) introduce a vision-based approach for automated progress
monitoring in construction, specifically targeting cast-in-place shell constructions. In
the methodology, fixed on-site cameras are used to capture images, which are then
processed by a Convolutional Neural Network (CNN) to classify building elements ac-
cording to their current status.

The data-capturing system for this approach was described in detail by Collins et al.
(2022) and it is summarized here: the system uses crane-mounted cameras for auto-
matic image acquisition. These cameras, placed at strategic positions on cranes, cap-
ture images every 30 seconds. The setup includes key components such as a router,
Virtual Private Network (VPN), Power over Ethernet (PoE)-Switch, local server, and a
remote server for data storage and processing. The system is designed to scale and
automate the documentation of the construction process by regularly capturing images
from multiple vantage points across the site.

This approach enables the identification of individual operational steps, providing real-
time status updates of building elements. The CNN classified the concrete columns
identified in the images in four construction phases: not started, rebar, formwork and
finished, as illustrated in Figure 7.

finished

not started formwork

Figure 7: Four construction phases displayed for concrete columns (Schlenger et al., 2023)

The study presented by Schlenger et al. (2023) concludes that the methodology offers
a significant improvement over traditional manual monitoring and existing automated
methods. By focusing on real-time status updates rather than detailed geometric
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reconstructions, the approach provides continuous progress monitoring, essential for
effective project management in large construction sites. The CNN-based classification
system accurately tracked the progress of cast-in-place concrete columns and slabs,
accounting for moving objects and other outliers to ensure robust and reliable results.

Diverse other data acquisition techniques have been used in previous research to
monitor construction environments. Vaha et al. (2013) showcases a variety of studies
regarding potential sensor technologies and robotic applications for automating build-
ing construction processes in the construction phase, in uses including prefabrication,
on-site assembly and quality control, while Li et al. (2016) focus on the application of
Real-Time Locating Systems (RTLS) in construction environments, specifically for im-
proving the efficiency of material and asset tracking on-site.

Sacks et al. (2020) emphasize the unique challenges in construction monitoring, es-
pecially due to the dynamic nature of project sites and the need for real-time updates
that reflect the as-built state of projects and discuss the integration of multiple data
acquisition techniques, such as photogrammetry, laser scanning, and computer vision,
to monitor construction progress.

Many researchers, as highlighted by Rehman et al. (2022), utilize photogrammetric
reconstruction techniques to monitor construction progress. By extracting geometric
features from images taken at various angles, a 3D representation of the site can be
generated. Braun et al. (2015) take this further by matching individual points in the
reconstructed point cloud to the surfaces of expected building elements, allowing for
precise confirmation of their existence. In contrast, Golparvar-Fard et al. (2015) employ
a different approach where unstructured images taken by site personnel are used to
create point clouds, which are then overlaid on the as-designed BIM model.

In addition to photogrammetric reconstruction, some researchers focus on analysing
individual images or image sequences to monitor construction progress. Fini et al.
(2022) use a fixed camera mounted on a tower crane to capture top-down images of
prefabricated wooden slab panels. Similarly, Wang et al. (2021) rely on a fixed camera
but use neural networks for object detection, instance segmentation, and multi-object
tracking to monitor the installation of precast concrete wall elements. Their method
aligns the BIM model with reality by identifying wall axes on the horizontal plane. Lastly,
Vincke and Vergauwen (2022) use a manual image capture method from various view-
points to detect the displacement of concrete columns. Unlike the other approaches,
they select optimal images to detect deviations in column placement but do not provide
a methodology to recognize whether a column exists, assuming its presence.

In general, these studies explore different data acquisition techniques during the con-
struction phase but do not go into detail about integrating as-performed construction
data with as-planned data for further comparison and analysis.
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3.2.2 Knowledge Graph for the As-Performed Model

Pfitzner et al. (2024) present an approach that integrates object detection with
knowledge graphs to enhance productivity in construction. High-frequency images
from crane cameras were processed using deep learning for classifying and locating
specific on-site objects. This data was then linked into a knowledge graph. This meth-
odology successfully detected construction-related activities, such as working times,
identifying process patterns and correlations on construction sites.

Figure 8 showcases an image node, representing all the elements identified on the
picture with object detection, such as workers, formwork and pillars, amongst others.
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Figure 8: Processing construction-based image data (Pfitzner et al., 2024)

The study (Pfitzner et al., 2024) concluded that a data-driven digital twin of construction
sites could enhance monitoring and management activities significantly. The integra-
tion of advanced computer vision techniques and multiple data sources offers a robust
framework for real-time construction monitoring. The knowledge graph created helps
visualize and analyze complex construction processes.

Another study by Pfitzner et al. (2024) presents an approach for multi-level productivity
analysis in construction. It leverages vision-based technologies and neural networks
to extract detailed productivity information from images of construction sites. The pro-
posed method is demonstrated through the construction of cast-in-place concrete pil-
lars, highlighting the potential for improved planning and execution of construction pro-
jects through data-driven productivity analysis.

For the management and query of the as-performed data, Collins et al. (2022) suggests
the implementation of an RDF database, serving as a central repository that links multi-
source data from both the design and construction phases. By using established on-
tologies, such as the Building Topology Ontology (BOT) for building structures and
Dublin Core Terms for metadata describing images, the database connects the
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building elements from the BIM model with the images captured on-site. The RDF
graph allows for easy querying using SPARQL, enabling users to extract information,
such as the most recent image linked to a particular element (Collins et al., 2022).

This flexible and scalable RDF graph structure, applied in the context of as-performed
construction monitoring data collection, provides a foundation for further analysis, such
as progress tracking and safety verification, and can be enriched with additional data
as needed (Collins et al., 2022).

Knowledge graphs have found many applications in the construction domain. How-
ever, only a few papers concentrate specifically on the use of knowledge graphs for
storage of construction progress monitoring data (Pan et al., 2021). Rasmussen et al.
(2019) demonstrated how the use of semantic web technologies can improve decision-
making when working on a construction project with a variety of interconnections by
providing the Building Ontology (BOT). In resource management, Pan et al. (2021)
designed a computer vision-based video extraction framework to support construction
management by detecting processes, tools, and materials.

3.3 Identified Research Gap

The related works highlight the advancements in research regarding the management
and manipulation of as-planned data in construction, with a specific focus in graph
databases, as well as the handling of as-performed data in construction, including di-
verse ways to collect this data. However, none of these works propose a methodology
that connects the as-planned and as-performed data for further comparison.

The presented research also highlights many use-cases for graph databases in a con-
struction context, but they also don’t explore how this technology can be leveraged to
connect and efficiently query both as-planned and as-performed data for optimized
decision-making in construction project management.

With this in mind, the research gap that this work aims to address is the development
of an end-to-end approach for assessing productivity in construction projects using
digital technology. The focus is on creating a graph database-supported data pipeline
that correlates as-planned and as-performed information to enhance decision-making
and facilitate course corrections in construction project management. This is consid-
ered an end-to-end approach because it integrates data collection, query and analysis
from both the as-planned phase of the project, as well as the as-performed phase, and
use the insights from their analysis to improve decision-making and course correction
in the construction phase.
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Chapter 4

Methodology
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Figure 9: Thesis methodology

The methodology of this research work is structured as presented in Figure 9 and it is
initiated with two different pipelines. The first pipeline corresponds to the as-planned
data processing, while the second deals with as-performed data processing.

In the as-planned pipeline, the 3D IFC model of the project being utilized is converted
into a RDF Graph, which represents the project module in triple subject-relationship-
object type elements This graph undergoes several transformations, detailed in this
chapter, to form an as-planned knowledge graph, later utilized for productivity assess-
ment and comparison with the as-performed knowledge graph. This step is developed
in this work.

The as-performed pipeline represents the process of acquiring information about the
construction progress on the site. The method proposed in this chapter builds up on
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previous work, in which the as-performed data acquisition was further explored
(Schlenger et al.,2023 and Pfitzner et al., 2024), as described in Chapter 3. A detailed
analysis of as-performed data is beyond the scope of this thesis, and different meth-
odologies for as-performed data acquisition were discussed in Chapter 2. In the scope
of this thesis, the methodology focuses on this stage the integration between the as-
planned and as-performed data.

These two pipelines then merge into one knowledge graph that contains both the as-
planned and the as-performed information, subsequently utilized for productivity as-
sessment and comparison between the planned and performed productivity rates for
the built elements. After this comparison, the construction schedule is revised based
on the graph data and insights extracted from both as-planned and as-performed in-
formation. These steps are further detailed in the following sections.

4.1 IFC Model As-Planned Data Processing

In the as-planned pipeline, the as-planned 3D model data from an IFC format file is
processed, simplifying it for query efficiency. The IFC file is converted to a Terse RDF
Triple Language (TTL) format to be interpreted as an RDF graph in Neo4j. This RDF
graph is optimized, retaining only relevant triples for progress assessment. Nodes rep-
resenting building elements are enriched with geometric and semantic information us-
ing IfcOpenShell, as well as productivity information calculated based on these attrib-
utes. At the end of this pipeline, an as-planned knowledge graph is produced, carrying
as nodes the building elements from the project, with the necessary geometric, seman-
tic and productivity related information necessary for the subsequent steps. The steps
of the as-planned pipeline are broken down in detail in the following sub-sections.

4.1.1 Model preprocessing

The project 3D model is usually presented in an IFC format file. These IFC files usually
have geometry and semantic information about diverse elements of the building, how-
ever, part of this information is not necessary for the workflow proposed in this work.

Simple BIM or other similar tool is utilized to remove the IFC classes present in the
model that wouldn’t be used in order to make the information querying process more
efficient, once the optimized model is converted to graph format. For example, if the
goal is to assess the productivity of wall construction, specifically frame erection, infor-
mation related to the wall's geometry, materials, and construction method is relevant
and should be retained, as discussed in Section 2.7. In this example, information about
other domains could be removed, because they’re not needed, such as data about
electrical wiring, furniture and light fixtures, or the overall finishing elements of the con-
struction or even different building elements that may not be target of this specific pro-
gress monitoring.
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4.1.2 IFC to RDF Graph conversion

In this step, the optimized IFC file is converted into TTL format in order to be readable
as an RDF graph in tools such as Neo4j. Neo4j's capabilities allow for detailed, real-
time analysis of construction data, facilitating schedule insights, delay identification,
and optimization suggestions (Pokorny, 2015).

The IFCtoRDF framework can be used for this. This conversion enhances data interop-
erability and integration across different systems by translating IFC entities and rela-
tionships into RDF and OWL formats (Pauwels & Roxin, 2016).

It is recommended to group the most common triple relationship types by quantity and
assess whether the information they carry is relevant to the use case. If not, removing
frequent relationship types with the aid of a script will help reduce the size and com-
plexity of the RDF graph, allowing queries to run more efficiently.

The decision to convert the 3D IFC model into an RDF Graph for the as-planned pipe-
line was based on the flexibility and scalability offered by linked data technology. RDF
graphs allow data to be stored as subject-predicate-object triples, making it easier to
represent complex relationships inherent in construction data. This structure supports
the integration of diverse data types and is particularly effective for querying and ana-
lysing relationships between building elements (Pokorny, 2015).

The choice of RDF graphs also facilitates the combination of multiple datasets, which
is critical for this research as it aims to integrate both as-planned and as-performed
data into a unified knowledge graph. Neo4j was selected as the graph database for
this purpose due to its robust capabilities in handling complex queries and enabling
real-time data access.

4.1.3 RDF Graph optimization

If necessary, the RDF graph generated in the previous step can be further optimized
through scripting. For this step RDFLib is recommended, a Python library that provides
tools to parse, serialize, and query RDF data. With RDFLIib, users can create and ma-
nipulate RDF graphs, leverage SPARQL queries for data retrieval, and integrate vari-
ous RDF formats like Turtle, RDF/XML, and N-Triples (RDFLib, 2023).

A custom script parses the TTL file to retain only relevant triples for specific building
element types such as IfcWall, IfcSlab, and IfcColumn. This step significantly reduces
the number of triples, maintaining only those necessary for productivity analysis. For
example, in the case of IfcColumn, the script only maintains tripes that either had Ifc-
Column as a subject or as an object and would further categorize objects and subjects
related to this class. This step also reduces the complexity of the RDF Graph, allowing
for more efficient querying.
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This premise is based on the understanding that an RDF graph represents the rela-
tionship between entities, if there is no connection between a specific triple and the
IFC element that we are interested in, it is likely that this triple does not provide relevant
information to further categorize this IFC element, and it is not necessary for this spe-
cific use case.

In the example of the IfcColumn, triples such as IfcPositivelnteger_List(subject) — If-
chasContents(predicate) — IfcPositivelnteger(object), or IfcLengthMeasure_List(sub-
ject) — IfchasContents(predicate) — IfcLenghtMeasure(object) occur at least once per
instance of every single built element, and don’t necessarily provide any geometric of
semantic information necessary for the productivity calculation, which means they can
be removed from the graph for this specific use case.

4.1.4 IfcBuiltElement properties extraction

The conversion to TTL process does not transfer the geometric and semantic proper-
ties from these classes to the nodes, therefore, this information needs to be added in
an additional step, considering that data related to the geometry and material of the
instances are necessary for the calculation of the necessary efforts to build them.

These additional geometric and semantic properties should be extracted from the IFC
file using scripting. For this step IfcOpenShell is recommended, an open-source library
for parsing and processing IFC files (IfcOpenShell, 2023). These properties are added
to the RDF graph nodes to support detailed productivity calculations. A script reads the
necessary geometric and semantic data from the IFC file, updates the corresponding
nodes in Neod4j, including this information as properties for the nodes.

4.1.5 Planned productivity

Productivity rates are calculated based on the specific characteristics of each building
element type, such as geometry and construction requirements. These rates are added
as properties to the RDF graph nodes by the utilization of geometric and semantic
properties added to the nodes in step 4.1.4 as input, enabling detailed productivity
assessments and further analysis.

The general productivity rate formula is expressed by the quotient between the total
work output and total time to execute the activity, but the specificities about the total
work output naturally derive from the nature of the built element being constructed,
generally including factors such as geometry, density and construction requirements,
amongst others, these specificities were discussed in section 2.7.

In this step, productivity rates are calculated specifically to each IFC Built Element
target of the use case that is being performed. These productivity rates are usually
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assessed in terms of a geometric dimensions (e.g. m2 or m3) divided by the man-hours
necessary to perform this geometric unit.

With these productivity rates, the necessary time in man-hours for construction of each
element can be calculated considering the existing geometric and semantic properties
of each element and become a new property added to each node in the building ele-
ment knowledge graph, representing each instance of this element.

This new property is then added according to which type of built element each instance
corresponds to (in case of columns, if there are made of concrete or steel, for example).
The calculation is done for each instance and the result is inserted as a property “Effort
(man-hours)” in each node with a CYPHER query. The steps described in section 4.1.5
are graphically represent in Figure 10 below.
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Figure 10: Planned Productivity Calculation with BIM and RDF Graphs

Length

Name

|:| Input Properties

Uri

B o) [
A

)




29

The selection of which properties from the specific building element are relevant for
the calculation will depend on the nature of the element and how their productivity rate
is usually measured. For example, for reinforced concrete columns, references present
productivity rates are calculated for the rebar (CBIC, 2017), formwork (Moselhi et al.,
2020) and concrete pouring (RSMeans, 2020) production steps and depend on gross
volume, for the rebar and concrete pouring steps, and surface area of the element, for
the formwork step, as presented in Table 2.

Table 2: Productivity rates for IfcColumn

Type Reinforced Concrete
Rebar 18,2 kg (of repar) / man-hour
or 0,12 m3 (reinforced concrete) / man-hour (CBIC, 2017).
Formwork 1,1 m2 / man-hour (Moselhi et al., 2010)
Concrete Pouring 1,0 m3 / man-hour (RSMeans, 2020)

However, a different building element require different geometric and semantic infor-
mation for its calculation. The information about preferred or recommended construc-
tion methods can be obtained from the company’s own construction history or as an
academic reference. The construction method will dictate the necessary properties that
need to be considered from the nodes representing the instances of a specific con-
struction element.

4.2 As-Performed Data Integration

The as-performed pipeline represents the process of acquiring information about the
construction progress on site. Methods of data acquisition were discussed on section
2.1.2, and they are compatible with the proposed methodology, as long as acquired
data can be converted to an as-performed knowledge graph following the same ontol-
ogy as the as-planned knowledge graph, generated with the as-planned pipeline pre-
sented in section 4.1.

The as-planned knowledge graph generated from the steps presented in section 4.1
have triples that correlate each instance of the built elements part of the scope with a
node called IfcGloballyUniqueld, which contains a property named hasString, with a
string representing a unique ID to identify each instance. The process to generate the
as-performed knowledge graph should also include these triples and this unique iden-
tifier, because this is the property that will be matched between the two data sources
to merge information between them. Figure 11 illustrates this process.



30
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Figure 11: As-planned and as-performed knowledge graph integration

When every instance is matched through the property hasString of the node IfcGlob-
allyUniqueld, the information between the as-planned and as-performed version of the
same instance can be compared, specially the “Effort (man-hours)”. The comparison
between the as-planned and as-performed results will show if the element was con-
structed faster, slower, or exactly as planned.

4.3 RDF Graph Operations

In this phase, the calculated productivity rates for each building element type included
in their respective nodes and resulted from the steps described in sections 4.1, for as-
planned data, and 4.2, for as-performed data, are finally compared. Both as-planned
and as-performed information is combined in the same knowledge graph for further
comparison to evaluate construction progress and identify potential deviations from the
planned estimates. The data collected for each of these elements can be used for
further analysis and identification of potential factors influencing on the productivity.

4.3.1 Productivity assessment

This step involves comparing the as-planned effort in man-hours for each building el-
ement with its as-performed equivalent. Both these properties can be queried on Neo4j
using CYPHER notation.
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The comparison of the planned and performed efforts is then enriched with the analysis
of other characteristics of these building elements, also captured through the extraction
of information from the IFC model or the construction site, such as geometry, material,
location, month of the year and weather conditions in which the element was built,
proximity to other elements, team involved in the construction and other factors that
may have influence in the performance.

As discussed in Chapter 2, with enough information about productivity and character-
istics of the building elements, this data can be utilized in data analytics and machine
learning models to identify insights into construction delays and potentially improve
overall project performance.

This analysis can also provide insight into the potential need to revise the productivity
rates originally adopted for the planning phase. If the analysis pinpoints a factor that
impacts on this index and wasn’t considered in the original estimation, a new rate can
be proposed for the remaining activities of the project that considers potential factors
identified with this analysis.

The as-planned and as-performed properties is then combined in one single node per
element, which allowed for the comparison between planned and performed necessary
efforts in terms of man-hours. A new attribute named “Variation” is calculated to assess
the quantitative different between the as-planned and as-performed efforts. This attrib-
ute is calculated as follows:

(AsPerformedEffort) — (AsPlannedEffort)
AsPlannedEffort

Variation =

A variation of 0% signifies that the as-performed efforts are exactly as predicted in the
as-planned estimation. A positive variation represents an underestimation of the nec-
essary efforts, and a negative variation represents an overestimation of the necessary
efforts during the planning phase.

4.3.2 Construction plan revision

The construction short-term and long-term plan is then revised considering recalibrated
index and efforts resulted from the previous step. The plan should be revised also
taking into account other insights there weren'’t originally considered in the planning
and were identified during the comparison promoted by the methodology, insights such
as unsuitable material performance in adverse weather, ineffective team configura-
tions, or logistical challenges.

If the methodology has been used in previous similar projects in the same company
before, the previous data can also be used to support decision making and course-
correction.
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4.3.3 Construction schedule update

With aspects of the construction plan revised, the construction schedule needs to re-
flect these changes. The impacts assessed in the previous step are taken into consid-
eration and also presented in the updated version of the schedule, to be compared
with the baseline schedule. For example, if with the previous step it was assessed that
the walls that were constructed so far took on average 25% longer to be concluded
than what the baseline schedule predicted because of a factor that wasn’t originally
considered, the updated schedule should update the duration of the remaining walls
to consider this factor. This way, the current planning can reflect the newly discovered
insights, when applicable. Figure 12 illustrates this process.
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Figure 12: Schedule Update

However, precise schedule optimization techniqgues and automated connection with
the as-planned and as-performed databases are out of the scope of this thesis. The
goal of this section is to simply point out the possibility of this complementary step,
which could be further explored in future work.
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Chapter 5
Case Study

The case study was conducted utilizing as-performed information from a construction
project in Munich, Germany. The construction site corresponds to a scientific labora-
tory building. The construction period was from April 2022 to August 2022. The building
contains four storeys and a ground floor area of 3200 square meters. Figure 13 illus-
trates the site during the construction process.

Figure 13: On-site environment of case study building

The steps present in the as-planned pipeline, as described in section 5.1, were per-
formed utilizing the 3D IFC model of this project and are described in the following sub-
sections. The steps corresponding to the as-performed pipeline consider data acquired
from earlier work done by Pfitzner et al. (2024).

Finally, an RDF graph database was set up by integrating the as-planned and as-per-
formed data, originating from the two pipelines. This graph was utilized for productivity
assessment and comparison between the planned and performed productivity rates
for the built elements. Figure 14 presents the BIM model of the project, which is the
object of the case study.
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Figure 14: Case study building BIM model on Revit Viewer

5.1 IFC Model As-Planned Data Preprocessing

5.1.1 Model preprocessing with SimpleBIM

The project model was provided in an IFC format file containing geometric and seman-
tic information about various building elements. However, some of this information was
unnecessary for the workflow proposed in this research. Therefore, SimpleBIM was
used to remove irrelevant IFC classes, optimizing the model for more efficient querying
once it was converted to graph format.

Table 3 illustrates the object classes that were preserved on the simplified model and
the object classes that were removed for not being relevant for this use case, as well
as the number of instances of each class. This process reduced the file size to half of
its original size. The filtering criteria here involved, as discussed in Chapter 4, removing
disciplines that were unrelated to the frame erection of the main built elements (Col-
umn, Wall, Plate, Roof, Slab, Stair), and preserving objects that may provide infor-
mation about the geometry or location of these built elements.
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Table 3: SimpleBIM IFC model simplification

Preserved Object Classes
Beam (151), Building (1), Building Element Proxy (807),
Building Storey (7), Column (304), Covering (882), Curtain Furniture (28), Member (14), Railing (38), Space (491),

Removed Object Classes
Distribution Port (33), Flow Terminal (275), Footing (40),

Wall(347), Door (317), Element Assembly (4), Model
Information (1), Plate (3434), Project (1), Roof (18), Site
(1), Slab (499), Stair (52), Wall (1476), Window (175)

Stair Flight (15), System Furniture Element (9), Transport
Element (14)

5.1.2 IFC to RDF Graph conversion with IFCtoRDF

IFCtoRDF was used to convert models in the IFC format into Linked Building Data
using Semantic Web technologies. This tool was utilized on the optimized IFC file,
output of the last step, to convert it into an TTL format readable by graph database
tools such as Neo4j. The conversion generated a TLL file with 5.1 million triples, even
though the input was the IFC file optimized on the last step.

This large number of triples represented various relationships between entities in the
3D model. There were 497 different types of relationships. However, the nine types
shown in Table 4 (approximately 2% of the total) accounted for around 4.5 million tri-
ples, or 90% of the entire TTL file, none of which provided relevant information for the
use case explored in this study.

Table 4: Most frequent triple types identified in the TTL representation of the 3D Model
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The triples presented in Table 3 don’t carry any geometric and semantic information
for the building elements, necessary to calculate the efforts for their completion. For
example, the relationship IfcPositivelnteger_List (subject) — hasContents (predicate)
— IfcPositivelnteger (object) represents a connection where a list of positive integers
(subject) contains individual positive integer values (object). Essentially, this relation-
ship allows for the specification of multiple positive integer values within a structured
list, ensuring that all values within the list are positive integers, as indicated by the
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IfcPositivelnteger datatype. The triples with other lists as subjects (e.g. IfcLength-
Measure_List, IfcLenghtMeasure_List_List, IfcindexedPolygonalFace_List) follow a
similar logic (buildingSMART, IFC4 ADDZ2, 2016).

Considering this fact, another optimization was done to only maintain triples who carry
relevant information for the productivity related to the building elements who are being
assessed in this study, and only the 10% remaining relevant triples were kept on the
resulting file.

5.1.3 RDF Graph optimization with RDFLib

For this phase, three of the built elements of this project were selected, namely IfcWall,
IfcSlab and IfcColumn, which, for the purpose of monitoring the frame erection of the
building, they are the most relevant elements. The remaining steps of the pipeline were
applied to each of these built element types.

In order to simplify and optimize the TTL file, maintaining only the necessary triples to
perform this use case, a Python script using the RDFLib library was developed to parse
through the whole original file. The parsing process preserved only triples that, in the
case of IfcColumn, for example, either had IfcColumn as a subject or as an object, and
would further categorize objects and subjects related to this class. The same process
and criteria were applied to IfcWall and IfcSlab.

In a second step, the Python script enhanced the new outputted RDF graph represent-
ing one of the classes by integrating relevant triples from related to IfcGloballyUniqueld
from the original RDF graph. The presence of nodes specifying the IfcGloballyUniqueld
of each instance of the class is important for the next step of the process. This script's
detailed functionality and the complete code are included in Appendix A for further
reference and reproducibility.

After running the script for IfcWall, IfcSlab and IfcColumn, a new simplified TTL file
were generated for each of them, with a much smaller number of triples, as presented
in Table 5, which summarizes the triple count and the number of instances for each of
those classes. The complete list of triple relationship types for these three classes is
presented in table form in Appendix B. The total number of remaining triples after this
step is of approximately 60 thousand, which is drastically smaller than the original 5.1
million original triple count.

Table 5: Triple and instance count for IfcWall, IfcSlab and IfcColumn

Building Element Triple Count Number of Instances
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IfcWall 34.908 1476
IfcSlab 14.950 499
IfcColumn 9.220 304

Figure 15 presents a sample of 200 nodes and relationships from the IfcColumn TTL
file, displayed on Neo4j, highlighting many of the relationships in which IfcColumn is
either subject or object, including their connection with IfcGloballyUniquelD. This
unique identifier will be useful in the next step for connecting further information ex-
tracted from the original IFC file to the final class-specific graph.

prop keys(n toStringi{n|prop
r m
ns13_ globalld_IfcRoot 0

(b) Node Graph for IfcColumn
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Node labels

-- ns13__IfcColumn (25) J ns13__lfcGloballyUniqueld (25)

(c) Node Labels for IfcColumn
Figure 15: Neo4j query representing a sample of the IfcColumn nodes and their relationships

The graph was also generated for the building elements IfcSlab and IfcWall and are
represented in Figures 16 and 17. In general, a lot of the triples and nodes presented
in each of those two elements types are similar to the logic of IfcColumn, however,
each of them possess particularities related to their nature, for example IfcSlab triples
and nodes need to represent if they are floor, landing or roof types, and IfcWall triples
and nodes need to demonstrate the relationship between a Wall element and their
windows and doors, which impacts in their net volume.
(n)
(prop ! .keys(n) . tostring(n[prop])
(n)-[r]—=(m)

(n)-[ :ns13_ globalld_IfcRoot]—(o0)
n, r, m, , 0

1

(&) Neo4j query for IfcSlab
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(b) Node Graph for IfcSlab

Node labels

-- ns13__IfcSlab (25) — ns13_IfcGloballyUniqueld (25)

(c) Node Labels for IfcSlab

Figure 16: Neo4j query representing a sample of the IfcSlab nodes and their relationships
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(prop keys(n) toString(n[prop])
(n)-[r]l—=(m)

(n)-[ :ns13__globalId_IfcRoot]— (o)
n, r, m, , 0

1

(a) Neo4j query for IfcWall

(b) Node Graph for IfcWall

Node labels

(c) Node Labels for IfcWall

Figure 17: Neo4j query representing a sample of the IfcWall nodes and their relationships
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5.1.4 IfcBuiltElement properties extraction with IfcOpenShell

The conversion to TTL process does not transfer most of the geometric and semantic
properties from these classes to the nodes, therefore, this information needs to be
added in an additional step, considering that data related to the geometry and material
of the instances are necessary for the calculation of the necessary efforts to build them.
Figure 18 showcases properties from a IfcColumn example, visualized with the aid of
BlenderBIM. These properties include geometric information such as CrossSection-
Area, GrossVolume, Length, NetVolume and OuterSurfaceArea, as well as other types
of information such as IfcLocalPlacement and ObjectType. Finally, an attribute called
Globalld also needs to be extracted, so it is possible to match each instance from the
IFC file to the RDF Graph nodes with their IfcGloballyUniquelD.

User Perspective
(1) Collection | IfcColumn/STB Stiitze - rechteckig:STB 300 x 500:7358713

Name

» /g Pset_ColumnCom.. #* X
» 0§ Pset Environmenta... #* X
» 8 Pset_Reinforcemen... #* X
» 8 SRE_AssetProperties % X
» 8 ePset Modellnfo % X
v |8 ePset Simplebim  #* X
Assembly Level Single

* . Inherited Type Properties:

v g IfcRoot v
Name

v g Pset_ColumnCom... %
IsExternal False
LoadBearing True

FireRating
» /B SRE_AssetProperties ,‘
v Quantity Sets

Custom Qto v+

Occurrence Quantities:

v I8 Qto_ColumnBaseQ... #% X

CrossSectionArea 1.6145865625...
GrossVolume 6.8619928906..
Length 4.25

NetVolume 0.6375000000...

OuterSurfaceArea 22.309711286...

Figure 18: IfcColumn properties on IFC file

Once the necessary properties were identified, a Python script was developed using
the IfcOpenShell library to extract specific quantities and properties from built elements
of a given type (in this case, IfcColumn) from the IFC file.

The script defined a function that retrieves properties such as IfcGloballyUniqueld,
Name, GrossVolume, NetVolume, OuterSurfaceArea, CrossSectionArea, Length and
IfcLocalPlacement from the elements. Another function parsed through the specified
IFC file, iterated through the elements of the specified type, collected the extracted
data into a list and converted this list into a Pandas data frame. The script is presented
in Appendix C.
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This Python script then reads the Pandas data frame about the IFC instances and
updates corresponding nodes in a Neo4j graph database. The core functionality is
handled by a function which constructs and executes a Cypher query to match IFC
columns based on their globally unique ID. If a match is found in the Neo4j database,
the corresponding node is updated.

Figure 19 shows an example of a IfcColumn node in the updated version of the RDF
Graph for this built element class. Its node properties tab now lists the additional prop-
erties that were included in this step, necessary for further calculations.

Node properties ©

- ns13__IfcColumn

<elementld> 4:894b75c5-3719-4ce5-8c00-3825849af31c:1426168
<id> 1426168

CrossSectionArea 1.35258335895772

Effort (MH) 58.61224001294243

GrossVolume 4.84224842506864

IfcLocalPlacement 442986

Length 3.58

Name STB Stiitze - rund:STB 2400:5256558

NetVolume 0.449860234579125

OuterSurfaceArea 14.7597135168653

Db oo bbb oD

uri https://www.ugent.be/myAwesomeFirstBIMProject#lfcColumn_54922

Figure 19: IfcColumn node with additional properties in Neo4j

5.2 As-Performed Data Processing

The as-performed data from the Munich construction site was collected, then pro-
cessed using a deep learning approach to classify and localize specific on-site objects,
then complemented with additional data sources like weather information and pre-
sented in knowledge graph format by Pfitzner et al. (2023) as described in Chapter 3.
Information about IfcColumn elements specifically were collected and stored in the
aforementioned knowledge graph, and included data such as a global ID, starting date
and time, finishing date and time and total duration of construction in days, current
progress status, bounding box coordinates and storey by Pfitzner et al. (2023), for fur-
ther integration and comparison with the as-planned data.

However, depending on the employment of a different methodology for as-performed
data acquisition, or the employment of different parallel methods, more information
about the construction progress and construction site can be collected and added to
each construction element, to enrich the data oriented decision-making process.
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Planned and performed data were integrated into a single knowledge graph by match-
ing each IfcColumn as-planned instance with its as-performed counterpart through the
hasString property of their IfcGloballyUniqueld node.

5.3 RDF Graph Operations

5.3.1 Productivity assessment
As-planned productivity calculation

The general productivity rate formula is expressed by the quotient between the total
work output and total time to execute the activity, but the specificities about the total
work output naturally derive from the nature of the built element being constructed,
generally including factors such as geometry, density and construction requirements,
amongst others, as discussed in section 2.7.

In this step, productivity rates are calculated specifically for IfcColumn, which is the
element with existing as-performed information for comparison, as mentioned in Chap-
ter 3.

The construction steps for the columns are summarized in the Table 6 below for the
two main general types of columns, in reinforced concrete and in steel. The table sum-
marizes productivity rates and the families that are part of each of those types for this
specific IFC model file utilized in the case study.

Table 6: Productivity rates and related families for IfcColumn in the case study

Type Reinforced Concrete
Rebar 18,2 kg (of rebgr) / man-hour
or 0,12 m3 (reinforced concrete) / man-hour (CBIC, 2017).
Formwork 1,1 m2 / man-hour (Moselhi et al., 2010)
Concrete Pouring 1,0 m3 / man-hour (RSMeans, 2020)

STB Stitze - rechteckig: STB (250 x 250, 250 x 700, 300 x 300, 300 x 400, 300
Families x 500, 350 x 350, 350 x 700, 350 x 900, 400 x 400, 450 x 450, 500 x 800).
STB Stitze - rund: STB (2 270, @ 350, @ 400, g 450, g 500).

Type Steel
Position and Alignment |1,5 columns / man-hour (RSMeans, 2020)
Bolting 0.75 column / man-hour (CBIC, 2017).
Welding 3 m/ man-hour (CBIC, 2017).

IPE Stutze:IPE 240,
Families HEM Stutze:HEM 140,

HEA Stitze:HEA (160, 200).
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With these productivity rates, the necessary time in man-hours for construction of each
element can be calculated and become a new property added to each node in the
IfcColumn graph, representing each instance. This new property is then added accord-
ing to which type of column each instance corresponds to (concrete or steel). The cal-
culation is done considering the individual properties of each instance and the result is
inserted as a property with the CYPHER queries presented in Figure 20:

(n:ns13__ IfcColumn)

n. n.
n. Effort (MH) ™ = n.GrossVolume / + n.OuterSurfaceArea / + n.GrossVolume /
n. , n. Effort (MH) , n.GrossVolume, n.QuterSurfaceArea;

(&) Reinforced Concrete

(n:IfcColumn)
n

n. Effort (MH)" =
n. , n. Effort (MH)"

(b) Steel
Figure 20: CYPHER queries for IfcColumn effort definition in Neo4j

Productivity comparison

The information present in both as-planned and as-performed knowledge graphs are
matched through the IfcGloballyUniqueld, property present in each of the building ele-
ments nodes in both of those graphs. In this case, the match was made for the 20
IfcColumn elements selected from the as-performed graph as a sample.

There was a total of 304 IfcColumn elements in the project, according to the IFC file
extraction. However, the as-performed information was extracted considering the con-
struction method for reinforced concrete, which was applied to 251 of the 304 columns.
The 20 IfcColumn sample contained the main section shapes for the reinforced con-
crete columns (circle and square) an the most frequent section areas, being a good
representation of the most frequent reinforced concrete column types of the project.

Figure 21 illustrates the final captured images for some of the 20 columns considered
for this step of the methodology, demonstrating their final construction stages.
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Figure 21: Captured images of some IfcColumn elements

The as-planned and as-performed properties were then combined in one single node
per element, which allowed for the comparison between planned and performed nec-
essary efforts in terms of man-hours. Table 7 summarizes the results for each of the
20 IfcColumn elements compared, with a column for the “As-Planned Effort” in man-
hours, calculated based on the geometry and information from the BIM model and a
column “As-Performed Effort”, calculated by Pfitzner et al. (2023). Finally, the column
“Variation” showcases the percentage variation between the as-planned and as-per-
formed efforts and calculated as follows, as presented in Chapter 4:

(AsPerformedEffort) — (AsPlannedEffort)
AsPlannedEffort

Variation =

This initial comparison shows an outliner amongst the columns with a round cross sec-
tion, “STB Stitze - rund:STB @400:5267896”, which presented a variation of 121,8%
in relation to its as-planned effort. Columns with a square cross section overall required
a larger effort than what was originally planned, with average variation of 67.1%, with
results ranging from 50.8% to 85,9%, and standard deviation of 18.94%, for columns
with different cross section area size. The circular columns presented an average var-
iation of 13,4% between as-planned and as-performed, but its variation values ranged
from -56,8% to 121,8%, which amounts to a higher standard deviation of 39,63%.

The results of grouping the columns based on the geometry of its cross section show
that the variation results for square columns have a less than half of the standard de-
viation of the circular columns. At first glance, these results suggest that the future
efforts of square columns could be predicted with more precision, despite a higher



46

variation in comparison with the original as-planned calculated effort. However, the
effect of other column properties and information in these results were still analysed
and considered in this chapter.

Table 7: As-Planned and As-Performed Effort comparison

STB Stiitze - rechteckig:STB 300 x 400:6781342 75.3 140.0 85.9%
STB Stitze - rund:STB ¢350:5256484 46.3 50.0 7.9%
STB Stiitze - rund:STB ¢350:5256482 46.3 60.0 29.5%
STB Stiitze - rund:STB ¢350:5256478 46.3 50.0 7.9%
STB Stitze - rund:STB ¢350:5256456 46.3 50.0 7.9%
STB Stitze - rund:STB ¢350:5256524 46.3 50.0 7.9%
STB Stiitze - rund:STB ¢350:5256480 46.3 50.0 7.9%
STB Stiitze - rund:STB ¢400:5267896 58.6 130.0 121.8%
STB Stitze - rund:STB ¢350:5267802 46.3 70.0 51.1%
STB Stutze - rund:STB ¢400:5267904 58.6 70.0 19.4%
STB Stiitze - rund:STB ¢500:5271704 87.4 50.0 -42.8%
STB Stitze - rund:STB ¢500:5271702 87.4 80.0 -8.4%
STB Stitze - rund:STB ¢500:5270507 87.4 90.0 3.0%
STB Stiitze - rund:STB ¢400:5267894 58.6 80.0 36.5%
STB Stiitze - rund:STB ¢350:5267876 46.3 20.0 -56.8%
STB Stitze - rund:STB ¢350:5267836 46.3 60.0 29.5%
STB Stiitze - rechteckig:STB 250 x 250:6704328 33.2 60.0 81.0%
STB Stiitze - rechteckig:STB 250 x 250:6704326 33.2 50.0 50.8%
STB Stiitze - rund:STB ¢500:5271700 87.4 80.0 -8.4%
STB Stiitze - rechteckig:STB 250 x 250:6780537 33.2 50.0 50.8% ,

Next, the columns were grouped by the shape of the cross-section, and further grouped
by the diameter of their cross-section, and the results are presented in Table 8. This
was done to assess if the geometric specificities of the elements could influence the
construction process, for example, if assembling a square-shaped cross-section would
be harder than a circular cross-section, or an element of larger diameter in comparison
with a smaller one, based on the shape of the formwork or placement of the rebar.

For the circular columns, the elements with 500 mm diameter were the only type with
a lower as-performed effort on average than the as-planned estimation, their variation
results were also the most consistent for its category, with the lowest standard devia-
tion of 19.82%. Circular columns with 400 mm diameter presented the highest average
variation, 59,2% and also the highest standard deviation, of 54,84%.

The nodes representing these columns carried a series of other properties that were
correlated with the variation results in order to analyse potential causal effects. Here’s
a description of some of these properties and what kind of insights can be extracted
from them with the methodology:



47

e Geometric Information: the nodes have stored information about the geometry
of the cross section of the columns, including shape and size. If by grouping the
variation results by cross section geometry of cross section size, some patterns
are identified, the results may indicate that the geometry has elements influenc-
ing in the necessary efforts. Based on this insight, the project manager can in-
vestigate further on site as to why the geometry may be a cause.

e IfcLocalPlacement: these nodes also had information about the exact place-
ment of the element in the model, which could provide information about how
the surrounding area could be affecting productivity. If elements in closer prox-
imity are grouped and patterns in the variation results are identified, the project
manager can investigate further on site to identify what factors in that specific
proximity may be influencing productivity and reflect this insight in the effort cal-
culation for the rest of the project.

e Start Date and End_Date: these nodes also had the start and finish date and
time in which these columns were built, which provides information about the
season of the year, and more precisely about the weather conditions in the ex-
act period of execution. By comparing the variation results with the information
about the weather of each day, the project manager can identify if rain and tem-
perature have any effect on the variation factor and what is the amount of daily
rain and temperature increase and decrease necessary to actually impact ac-
tivities. Then, these factors can be taken into account for effort calculation for
the rest of the project.

e Storey: the nodes also had information about the storey in which the element
was built, which could also influence productivity if the accessibility of worker
and materials to higher storeys would be lower.

The columns were also grouped by the different storeys in which they were built. The
results demonstrated that the as-performed effort in the second storey was overall
smaller and closer to the as-planned effort than in the third storey, and also had the
lowest standard deviation, of 8,81%. This could be due to many different factors, such
as the third Storey being difficult to access, or being more disorganized, or having a
less-efficient work setup for a good activity flow. The exact cause needs to be assessed
on site and the findings incorporated into the new effort calculation.
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Table 8: Group analysis of effort for execution of columns

STB Stiitze - rund (round cross section) 58.9 65.0 39.63%

STB Stitze - rechteckig (rectangular cross section) 43.7 75.0 18.94%
STB Stitze - rund:STB ¢350 (round cross section) 46.3 51.1 b 29.44%
STB Stitze - rund:STB ¢400 (round cross section) 58.6 93.3 54.84%
STB Stiitze - rund:STB @500 (round cross section) 87.4 75.0 19.82%
Storey 2 - STB Stiitze - rund 46.3 51.7 8.81%

Storey 3 - STB Stiitze - rund 66.4 73.0 : 50.70%

Storey 3 - STB Stiitze - rechteckig 33.2 55.3 17.41%

The construction site presented weather reports, which were matched to the
Start Date and End_Date information of each column node to calculate the total
amount of millimetres of rain during the whole construction process for each of these
elements. Then, a new attribute called “Rain mm x min” was added to these nodes
based on this calculation, as shown in Table 9. In this specific case study, the con-
struction period of the evaluated columns was centred in June and July, months with
sunny weather in Munich, so, there wasn’t enough variation in the amount of rain to
impact production significantly. However, in projects that span over the course of an
entire year or more than one year, more information can be collected regarding the
impact of weather seasonality in the activities. The goal of calculating and implement-
ing the “Rain mm x min” attribute here was just to highlight the flexibility of the meth-
odology, as well as the interconnectivity with other types of data sources.

Table 9: Analysis of correlation between rain and necessary effort

STB Stiitze - rechteckig:STB 300 x 400:6781342 ~ 08.04.22  22.04.22  103.8 75.3 140.0 85.9%
STB Stiitze - rund:STB 350:5256484 23.06.22 28.06.22 2362 46.3 50.0 7.9%
STB Stiitze - rund:STB 350:5256482 23.06.22 30.06.22 2365 463 60.0 29.5%
STB Stiitze - rund:STB 350:5256478 23.06.22 28.06.22  236.2 46.3 50.0 7.9%
STB Stiitze - rund:STB 350:5256456 23.06.22  28.06.22 2362 46.3 50.0 7.9%
STB Stiitze - rund:STB $350:5256524 23.06.22  29.06.22 2365 46.3 50.0 7.9%
STB Stiitze - rund:STB 350:5256480 23.06.22  28.06.22 2362 46.3 50.0 7.9%
STB Stiitze - rund:STB p400:5267896 05.07.22  18.07.22  30.7 58.6 130.0 121.8%
STB Stiitze - rund:STB 350:5267802 05.07.22  12.07.22  30.7 463 70.0 51.1%
STB Stiitze - rund:STB p400:5267904 05.07.22  12.07.22  30.7 58.6 70.0 19.4%
STB Stiitze - rund:STB 500:5271704 20.07.22 250722  31.8 87.4 50.0 -42.8%
STB Stiitze - rund:STB 500:5271702 20.07.22  28.07.22 323 87.4 80.0 -8.4%
STB Stiitze - rund:STB 500:5270507 20.07.22  30.07.22 415 87.4 90.0 3.0%
STB Stiitze - rund:STB p400:5267894 20.07.22  28.07.22  32.3 58.6 80.0 36.5%
STB Stiitze - rund:STB ¢350:5267876 20.07.22  22.07.22 0.8 46.3 20.0 . -56.8%
STB Stiitze - rund:STB 350:5267836 20.07.22  27.07.22 323 46.3 60.0 29.5%
STB Stiitze - rechteckig:STB 250 x 250:6704328 ~ 20.07.22  27.07.22  32.3 33.2 60.0 81.0%
STB Stiitze - rechteckig:STB 250 x 250:6704326 ~ 20.07.22  25.07.22 318 33.2 50.0 50.8%
STB Stiitze - rund:STB ¢500:5271700 21.07.22  30.07.22 415 87.4 80.0 -8.4%

STB Stiitze - rechteckig:STB 250 x 250:6780537  21.07.22 27.07.22 32.3 33.2 50.0 50.8%
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Based on the insights of this step, the original construction plan is then revised consid-
ering the results of the comparison between the as-planned and as-performed data
from the previous step. The analysis shows that factors such as the storey, and type
of column and the geometry of the column has some influence in how the necessary
efforts should be estimated. However, for this case study, only twenty columns were
compared, since its main goal was to evaluate the effectiveness of the methodology,
and the effectiveness of the steps necessary to collected and combine the information
for construction project management decision making.

In a real-life application, it is recommended that this comparison is made for most of
the elements, in order to increase the amount of data and extract more robust conclu-
sion from it.

Once conclusions are made about what adjustments need to be made in the effort
calculation, the new necessary efforts need to be calculated and the new necessary
time for the conclusion of these elements needs to be reflected on the working con-
struction schedule.

Regarding the periodicity in which these adjustments need to be made, it may depend
on the specific construction project management strategy. As it was discussed in Chap-
ter 2, Lean Construction principles suggest the Six Weeks Look Ahead practice, in
which midterm planning is assessed in weekly meetings to eliminate constraints for
activities planned in six weeks in the future. After a few months of data gathering re-
garding the construction process, the information can be evaluated weekly with this
methodology to adapt the construction plan to these insights. Eventually the updated
effort calculations performed weekly will reflect the reality of construction enough so
that new assessments won’t provide any new insights, and the periodic update will no
longer be necessary.
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Chapter 6

Discussion and Limitations

Chapter 6 discusses the outcomes of the methodology presented in the previous sec-
tions and analyses the findings of the case study in Chapter 5. The focus is on evalu-
ating how effectively the proposed approach addressed the research objectives and
the identified research gap.

Additionally, we will consider the limitations encountered during the research, reflecting
on areas where the methodology might need further development or where certain
challenges were identified.

6.1 Results Discussion

6.1.1 Integration of As-Planned and As-Performed Data

The results underscore the potential benefits and practical applications of using linked
data and RDF graphs in combination with construction monitoring methodologies to
enhance productivity assessments. The integration of as-planned and as-performed
data, as explored in the case study, provides a more dynamic and comprehensive
approach to project management. Specifically, the ability to extract and analyze data
from the BIM model in combination with the construction progress monitoring infor-
mation allowed for precise monitoring and evaluation of the construction project’s pro-
gress, since the graph database structure allows for each individual construction ele-
ment to be compared in a hode-by-node basis.

The comparison between as-planned and as-performed data revealed the possibility
of identification of significant insights into discrepancies in the effort calculation and the
reality, which facilitated better decision-making and course correction throughout the
project’s execution and was facilitated by the graph database structure proposed in the
methodology.

The use of RDF graphs to store and query these results made the data easily acces-
sible for stakeholders and enabled real-time adjustments to the schedule. The case
study indicated that the overall productivity of the construction process can be analyzed
with the use of information about the columns stored in the graphs, which allowed for
comparisons about the impact of geometries and rainy weather, for example, in the
necessary effort to construct these elements.
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6.1.2 Potential for Scalability and Versatility

The case study underscores the scalability potential of using linked data and RDF
graphs for productivity assessment in construction projects. This is due to the unified
structure created with the presented tools, which allows various data sources, such as
geometric and environmental factors, to be integrated. This capability is particularly
crucial when managing large-scale projects where data points related to different build-
ing elements need to be analyzed and cross-referenced. The use of linked data in this
study also showed how combining multiple data points, including environmental con-
ditions, geometrical complexities, and project schedules, can lead to a more compre-
hensive understanding of construction productivity.

With tools like IfcOpenShell for extracting geometric and semantic data, the linked data
system can scale across different projects and be adapted for various types of con-
struction projects. So, if a construction company employs this methodology for several
projects, for example, conclusions about constructability of specific elements in one
project can be extrapolated to future projects if the conditions surrounding the con-
struction of those elements are similar enough.

Moreover, the methodology offers versatility, considering its potential to accommodate
additional data sources. By building the RDF graph infrastructure with scalable ontol-
ogies, such as BOT and other domain-specific schemas, the system can integrate fu-
ture enhancements, such as productivity data for more intricate construction pro-
cesses. This means that as data capture methods evolve, whether through drone mon-
itoring or advanced loT integration, these can be readily incorporated into the existing
framework. This scalability not only applies to the number of building elements being
monitored but also to the system's ability to handle various construction scenarios,
making it a highly adaptable solution for both small and large-scale projects, as long
as the necessary infrastructure is implemented.

6.2 Limitations

6.2.1 Preprocessing Challenges

The methodology encountered challenges during the preprocessing stage of the IFC
model for RDF graph conversion. As presented in Chapter 4, the use of tools such as
IfcOpenShell and SimpleBIM was essential to optimize the IFC model by removing
unnecessary data that would not contribute to the analysis. However, this process re-
qguired manual effort, a level of expertise, and attention to detail to ensure proper data
filtering and prevent errors during the conversion process.

Another major challenge in the preprocessing stage was related to overall efficiency
when dealing with larger projects or more complex models than the case study.



52

For instance, although the methodology worked well for the specific set of building
elements used in the case study—primarily IfcColumn—it was not demonstrated how
effective the process would be when applied to a broader array of building elements,
or intricate architectural features. As the scale and complexity of a construction project
increase, so do the demands on data preprocessing if the user wants to monitor sev-
eral types of building elements, since the user will need to define for each of those
element types which triples should be maintained or not and adapt their preprocessing
algorithms to this.

Additionally, the need to retain geometric and semantic information relevant to produc-
tivity assessments while eliminating redundant data can lead to inefficiencies in man-
aging larger datasets. This limitation points to the need for developing more automated
methods to handle preprocessing tasks. Elements with complex and unconventional
geometry may also pose a challenge, as determining the correct geometric information
needed to assess construction efforts may be less intuitive and straightforward.

6.2.2 Generalizability of Findings

The case study focused primarily on a single construction project in Munich, examining
a limited subset of building elements, predominantly columns. While the methodology
proved effective for the selected elements, it remains uncertain how well it would per-
form when applied to different construction tasks or larger, more complex projects.

Even though scalability is possible, the construction tasks that involve more intricate
or multi-layered elements might pose challenges for real-time progress monitoring, as
these elements are harder to capture accurately using current methods. Moreover,
collecting detailed information for each building element on a larger construction site
could create additional challenges in terms of data processing and query efficiency,
especially when the number of elements grows substantially. A solution for this may
be to not perform the as-planned and as-performed comparison in real-time, but in a
less frequent periodicity, even though the as-performed data is being collected in real-
time.

Another factor affecting the generalizability is the specific nature of the construction
elements studied. Columns typically have predictable geometric forms and well-de-
fined construction processes. However, this may not be the case for other elements
such as unique architectural features that require custom construction techniques or
materials. As such, the productivity rate calculation step of methodology needs to be
adapted when applied to different element types or projects with non-standard con-
struction methods.

Additionally, as the scale of the project increases, so does the complexity of managing
and querying the RDF graphs, raising concerns about the system’s ability to maintain
efficiency. Query performance and data management become significant issues when
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the system has to handle hundreds or thousands of elements simultaneously. For ex-
ample, if querying the 304 as-planned column elements represented in the case study
would amount to a few seconds of query time, this would drastically increase if the
methodology was being applied also other building element types such as walls, slabs
and beams, and in a much larger project.

6.2.3 Data Acquisition Constraints

The productivity analysis was constrained by the availability of data, meaning that ex-
ternal factors such as subcontractor efficiency, supply chain delays, and unanticipated
project changes were not integrated into the model. Expanding the data sources to
include these factors would provide a more comprehensive understanding of construc-
tion productivity, but it also offers a challenge in terms of how this information can be
accurately measured and properly associated with the building elements in the graph.

Additionally, the method’s reliance on real-time data presents another challenge. The
continuous integration of real-time data, although beneficial, requires advanced infra-
structure and reliable internet connectivity, which may not be available on all construc-
tion sites. The cost associated with setting up and maintaining such systems may limit
their adoption, particularly for smaller projects with fewer resources. A possible solu-
tion, as mentioned earlier, is to perform the as-planned and as-performed data inte-
gration and comparison at less frequent intervals, even if the as-performed data is
collected in real time.

These limitations highlight areas where future research and development are needed
to improve the robustness and scalability of the proposed methodology.

6.3 Research Gap Discussion

The identified research gap revolves around the need for an integrated end-to-end
framework that can effectively combine as-planned and as-performed data to assess
productivity in construction projects. This gap highlights the absence of a standardized
methodology that facilitates real-time tracking and comparison of planned versus ac-
tual construction progress. The methodology proposed in the thesis, which involves
the use of BIM models, IFC to RDF conversion, and data-driven monitoring, is de-
signed to address this challenge. It emphasizes the use of linked data technologies to
provide a dynamic and adaptable structure that can integrate different data sources,
allowing for continuous updates and progress tracking throughout the project lifecycle.

Throughout the thesis, various aspects of the proposed methodology are tested and
validated. For instance, the case study demonstrates how as-performed data is inte-
grated with as-planned BIM models using RDF graphs. This allows for an efficient
comparison between the expected and actual progress, and the detection of
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deviations. The thesis demonstrates that this integration enhances productivity track-
ing, allowing for real-time adjustments to the project plan. While the framework effec-
tively integrates data and allows for productivity assessment, there are still challenges
to generalize this approach for more complex projects, as discussed in this chapter.

Overall, the thesis successfully addresses the research gap by proposing a robust end-
to-end methodology. However, it opens new directions for improving the adaptability
and scalability of this approach in different construction scenarios, and connecting the
insights with an automated construction schedule update.
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Chapter 7

Future Work and Conclusion

Chapter 7 summarizes the main conclusions of the research, while also identifying
potential directions for future work. The methodology proposed and applied in the case
study demonstrated several promising outcomes. However, there are some limitations
and challenges that arose during the research process, which point to areas that re-
quire further exploration. This chapter will first discuss the directions for future re-
search, followed by the final conclusions drawn from the study.

7.1 Future Work

Based on the limitations discussed in Chapter 6, there are some areas that future re-
search could address to enhance the proposed methodology. One of the key areas for
improvement is the automation of the preprocessing stage. As mentioned in Section
6.2.1, the manual preprocessing required for IFC models before they can be converted
into RDF graphs was labor-intensive and error prone. Automating this process, or at
least semi-automating it, would reduce the time and effort required, thereby making
the methodology more scalable and applicable to larger and more complex construc-
tion projects. Future work could explore the development of scripts or tools that auto-
matically streamline and optimize the IFC-to-RDF conversion process.

Another area for future work is exploring the applicability of the findings in other con-
struction project types and tasks. As noted in Section 6.2.2, the case study focused
primarily on a single construction project involving columns, which limits the generali-
zability of the results. Further studies could apply this methodology to a wider range of
construction elements and in different types of construction projects. Additionally, ex-
ploring how other external factors such as subcontractor performance, supply chain
delays, or material quality affect productivity could provide a more holistic view of con-
struction performance. Incorporating these factors would make the system more robust
and practical for real-world applications.

The integration of the insights from the as-planned and as-performed comparison and
analysis into an updated construction schedule can also be explored in future work.
This topic can be explored in terms of how to operationalize the process, as well as
how to incorporate the variation update in a way that considers the interdependencies
between activities and all other factors influencing scheduling.

Lastly, advancing data acquisition technologies is critical. In Chapter 6, limitations were
discussed regarding the dependency on image data and the need for better integration
of real-time data from diverse sources, including 10T sensors and weather information.
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Future research could explore the integration of advanced IoT systems or drone-based
monitoring to provide continuous and accurate data. Additionally, optimizing the que-
rying performance of RDF graphs in large-scale projects remains a challenge that
needs to be addressed to ensure that the system can handle larger datasets.

7.2 Conclusion

This thesis presented an approach for integrating RDF graphs into construction pro-
gress monitoring, using as-planned and as-performed data to assess productivity and
identify discrepancies in real-time, or in another periodicity, depending on the project
management requirements. The methodology was successfully applied to a case study
in Munich, where construction progress for a set of concrete columns was monitored,
and insights were gained regarding the factors that influence productivity, such as ge-
ometric complexity and environmental conditions. By utilizing RDF graphs, the data
collected from the BIM model and progress monitoring systems were made more ac-
cessible and queryable, enabling stakeholders to adjust schedules and improve project
outcomes based on real-time insights.

A key contribution of this research is the combination of data-driven methodologies
with linked data technology to create a comprehensive end-to-end productivity assess-
ment tool. The methodology demonstrates how various data sources can be integrated
into a unified system to improve decision-making in construction project management.
Furthermore, the potential for scalability and the versatility of the system suggest that
this approach could be applied to a wide range of construction projects.

However, some limitations were identified, particularly in the areas of data prepro-
cessing, scalability, and generalization. While the research demonstrated the feasibility
of the approach, further investigation is required to streamline the methodology and
ensure its applicability across a broader range of construction tasks and environments.
Nonetheless, this thesis provides a solid foundation for future work in the field of Digital
Twin Construction, demonstrating the potential for linked data and RDF technologies
to contribute to construction progress monitoring and productivity assessment.
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Appendix A

RDFLib Python Script for Triple Filtering

Phase 1 — RDF Graph Filtering

import rdflib
from tgdm import tgdm

# Paths to the input and output TTL files
ttl_file_path = "..."
output_file_path = "..."

# Define namespaces
IFC = rdflib.Namespace("https://standards.buildingsmart.org/IFC/DEV/IFCA/ADD2/OWLE")
INST = rdflib.Namespace(”https://waw.ugent.be/myAwesomeFirstBIMProjects”)

# Closs type to filter yor (change this variable to filter for different closs types)
class_type_to_filter = "IfcWall" # Change to "IfcSlab” or other class types as needed

# Prefixes

prefixes = """

@base  <https://www.ugent.be/myAwesomeFirstBIMProject#> .

@prefix ifc: <https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/0kLE> .
@prefix inst: <https://www.ugent.be/myAwesomeFirstBIMProject#> .a

@prefix list: <htips://w3id.org/listi#> .

@prefix express: <https://w3id.org/express#> .

@prefix rdf: <http:/ www.w3.org/1999/82/22-rdf-syntax-ns#> .

@prefix xsd: <http://www.w3.org/2801/XMLSchemat> .

@prefix owl: <http://wew.w3.org/2002/87/owli> .

def process_chunk{chunk, graph):
relationships = []
try:
graph.parse{data=chunk, format="turtle'}
for subj, pred, obj in graph:
if {isinstance(subj, rdflib.URIRef) and str(subj).startswith{str(INST)) and class_type_to_filter in str{subj}) or %\
{isinstance{obj, rdflib.URIRef) and str{obj).startswith{str{INST)) and class_type_to_filter in str{cbj)):
relationships.append({subj, pred, obj})
print(f"subject: {subj}, Predicate: {pred}, Object: {obj}")
except Exception as e:
print(f"Error parsing chunk: {e}")
return relationships

def filter_ifc_elements(ttl_file_path, output_file_path, class_type):
# Initialize the RDF graph
filtered_graph = rdflib.Graph()
filtered_graph.bind("ifc", IFC)
filtered_graph.bind("inst", INST)

# Count total Lines for progress bar
total lines = sum{l for _ in open(ttl_file path, 'r', encoding='utf-8'})

# Process the file Line by Line with @ progress bar
chunk = prefixes # Start egch chunk with prefixes
with open(ttl_file_path, 'r', encoding='utf-8') as file:
for line in tgdm(file, total=total_lines, desc="Processing TTL file"):
chunk += line
if line.strip().endswith(".
# Bind prefixes for each chunk
temp_graph = rdflib.Graph()
temp_graph.bind{"ifc", IFC)
temp_graph.bind{"inst", INST)

chunk_relationships = process_chunk(chunk, temp_graph)

for rel in chunk_relztionships:
filtered_graph.add(rel)

chunk = prefixes # Reset chunk to stort with prefixes

# Write the filtered triples to the new TTL file

with open(output_file_path, 'w', encoding='utf-3') as out_file:
out_file.write(prefixes)
out_file.write(filtered_graph.serialize{format="turtle'}))

print(f"Filtered triples saved to {output_file path}")

# Run the filter function for the entire file
filter ifc_elements(ttl_file path, output_file path, class_type_to_filter)
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Phase 2 — IfcGloballyUniqueld Insertion

from rdflib.namespace import RDF, QWL
from tgdm import tgdm
import os

# Paths to the TTL files
ifc_wall_ttl_path = "..."

scg_ar_ttl_path = .
output_ttl_path = "...

# Namespaces

IFC = rdflib.Namespace{"https://standards.buildingsmart.org/IFC/DE
INST = rdflib.Mamespace("https://www.ugent.be/myAwesomeFirstBIMProj
EXPRESS = rdflib.MNamespace("https://w3id.org/express#")

JIFC4/ADD2/OWLE")
cti”)

# Prefixes
prefixes =
@base  <https://www.ugent.be/myAwesomeFirstBIMProject#> .

@prefix ifc: <https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWLE> .
@prefix dinst: <https://www.ugent.be/myAwesomeFirstBIMProject#> .

@prefix list: <htips://w3id.org/listi#> .

Eprefix express: <https://w3id.org/express#> .

Bprefix rdf: vl .w3.0rg/1999/02/22-rdf-syntax-nsi#> .

Bprefix xsd:  feiveed w3 0rg /2000 / ¥MLSchemady .

@prefix owl: <http://www.w3.org/2002/87/owlf> .

print{"Loading IFC Wall graph...")

# Load the IFC Wall graph

ifc_wall_graph = rdflib.Graph()
ifc_wall_graph.parse(ifc_wall_ttl_path, format="ttl")

print{"Collecting all IfcGloballyUniqueld instances...")
# Collect all IfcGloballylnigueld instances
globally_unique_ids = set()
for subj, pred, obj in ifc_wall_graph.triples{(None, IFC.globalld IfcRoot, Mone)):
if obj.startswith({INST):
globally_unigue_ids.add{obj)

print{f"Found {len(globally_unique_ids)} IfcGloballyUniqueId instances.")

# Initialize the SCG AR graph and bind namespaces
scg_ar_graph = rdflib.Graph()
scg_ar_graph.bind{"ifc", IFC)
scg_ar_graph.bind("inst", INST)
scg_ar_graph.bind{"express", EXPRESS)

print{"Loading 5CG AR graph..."}
total_lines = sum{l for _ in ocpen{scg ar_ttl_path, 'r', encoding='utf-8'))
# Function to copy triples
def copy_triples(source_graph, target_graph, subject):
for 5, p, o in source_graph.triples((subject, None, None)):
target_graph.add((s, p, o))

# Process the SC6 AR TTL file in chunks
def process_in chunks(file path, chunk_size=190008):
chunk = prefixes
line_count = @
with open(file path, °r', encoding="utf-8') as file:
for line in tqdm(file, total-total_lines, desc="Reading SCG AR TTL file"):
chunk += line
line count += 1
if line_count % chunk_size == @ or line.strip().endswith(".
try:
temp_graph = rdflib.Graph(}
temp_graph.parse{data=chunk, format="ttl")
for guid in globally unique_ids:
copy_triples{temp_graph, ifc_wall_graph, guid)
except Exception as e:
print(f"Error parsing chunk: {e}")
chunk = prefixes
line_count = @
if chunk.strip({): # Process any remaining data in the chunk
try:
temp_graph = rdflib.Graph()
temp_graph.parse(data=chunk, format="ttl"}
for guid in globally_unique_ids:
copy_triples(temp_graph, ifc_wall_graph, guid)
except Exception as e:
print(f"Error parsing final chunk: {e}")

print{"Processing SCG AR TTL file in chunks.
process_in_chunks{scg_ar_ttl_path)

print{"Writing the updated graph to a new TTL file...™"}

# Write the updated graph to @ new TTL file

with open(output_ttl_path, 'w', encoding="utf-8') as out_file:
out_file.write(ifc_wall_graph.serialize(format="turtle'))

print{f"Updated TTL file saved to {output_ttl path}")
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Table 10: IfcWall RDF Graph Triple Types List

https://www.ugent.be/myAwesomeFirstBIMProject#
IfcRelDefinesByProperties
https://www.ugent.be/myAwesomeFirstBIMProject#
IfcRelAssociatesClassification
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#lIfcWall
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#lIfcWall
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#lIfcWall
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#lIfcWall
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcWall
https://www.ugent.be/myAwesomeFirstBIMProject#
IfcRelDefinesByType
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#lIfcWall
https://www.ugent.be/myAwesomeFirstBIMProject#
IfcRelContainedInSpatialStructure
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#lIfcWall
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#lIfcWall
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcWall
https://www.ugent.be/myAwesomeFirstBIMProject#
IfcRelVoidsElement
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcWallType
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcWallType
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcWallType
https://www.ugent.be/myAwesomeFirstBIMProject#
IfcRelDefinesByType
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcWallType
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcWallType
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcWallType
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcWallType
https://www.ugent.be/myAwesomeFirstBIMProject#
IfcRelAssignsToGroup
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcWallType

https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
relatedObjects_IfcRelDefinesByProperties
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
relatedObjects_IfcRelAssociates

http://www.w3.0rg/1999/02/22-rdf-syntax-ns#type
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
predefinedType_IfcWall
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
ownerHistory_IfcRoot
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
objectType_IfcObject
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
name_|fcRoot
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
relatedObjects_|fcRelDefinesByType
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
globalld_IfcRoot
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
relatedElements_IfcRelContainedInSpatialStructure
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
representation_lfcProduct
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
objectPlacement_IfcProduct
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
tag_IfcElement
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
relatingBuildingElement_IfcRelVoidsElement
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
hasPropertySets_|IfcTypeObject

http://www.w3.0rg/1999/02/22-rdf-syntax-ns#type
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
ownerHistory_lfcRoot
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
relatingType_IfcRelDefinesByType
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
tag_IfcTypeProduct
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
name_IfcRoot
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
globalld_IfcRoot
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
predefinedType_IfcWallType
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
relatedObjects_|fcRelAssigns
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
predefinedType_IfcWallType

https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcWall
https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcwall
https://standards.buildingsmart.org/IFC/DEV/I
FC4/ADD2/OWL#IfcWall
https://standards.buildingsmart.org/IFC/DEV/I
FC4/ADD2/OWL#NOTDEFINED
https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcOwnerHistory_8
https://www.ugent.be/myAwesomeFirstBIMP
roject#l|fcLabel
https://www.ugent.be/myAwesomeFirstBIMP
roject#l|fcLabel
https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcWall
https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcGloballyUniqueld
https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcWall
https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcProductDefinitionShape
https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcLocalPlacement
https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcldentifier
https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcwall
https://www.ugent.be/myAwesomeFirstBIMP
roject#IfcPropertySet
https://standards.buildingsmart.org/IFC/DEV/I
FC4/ADD2/OWL#IfcWallType
https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcOwnerHistory_8
https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcWallType
https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcLabel
https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcLabel
https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcGloballyUniqueld
https://standards.buildingsmart.org/IFC/DEV/I
FC4/ADD2/OWL#STANDARD
https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcwall
https://standards.buildingsmart.org/IFC/DEV/I
FC4/ADD2/OWL#NOTDEFINED

14423

1666

1476

1476

1476

1476

1476

1476

1476

1476

1476

1476

1476

1149

578

121

121

121

121

121

121

116
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Table 11: IfcSlab RDF Graph Triple Types List

https://www.ugent.be/myAwesomeFirstBIMProject#
IfcRelDefinesByProperties
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcSlabType
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcSlabType
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#lfcSlab
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcSlabType
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcSlabType
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcSlabType
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcSlab
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#lfcSlab
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcSlabType
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcSlab
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcSlab
https://www.ugent.be/myAwesomeFirstBIMProject#
IfcRelDefinesByType
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcSlab
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcSlab
https://www.ugent.be/myAwesomeFirstBIMProject#
IfcRelDefinesByType
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#lIfcSlab
https://www.ugent.be/myAwesomeFirstBIMProject#
IfcRelAssociatesClassification
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcSlabType
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcSlab
https://www.ugent.be/myAwesomeFirstBIMProject#
IfcRelContainedInSpatialStructure
https://www.ugent.be/myAwesomeFirstBIMProject#
IfcRelAggregates
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcSlab
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/0OWL#lfcSlabType
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcSlab
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/0OWL#lfcSlabType

https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/0
WL#trelatedObjects_|fcRelDefinesByProperties
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/0
WL#thasPropertySets_IfcTypeObject
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/0
WL#ownerHistory_IfcRoot
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/0
WL#ownerHistory_IfcRoot

http://www.w3.0rg/1999/02/22-rdf-syntax-ns#type
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/0
WL#tag_IfcTypeProduct
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/0
WL#name_IfcRoot
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/0
WL#objectType_IfcObject
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/0
WL#name_IfcRoot
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/0
WL#globalld_IfcRoot
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/0
WLigloballd_IfcRoot

http://www.w3.0rg/1999/02/22-rdf-syntax-ns#type
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/0
WL#relatingType_IfcRelDefinesByType
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/0
WL#ttag_IfcElement
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/0
WL#trepresentation_IfcProduct
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/0
WL#trelatedObjects_IfcRelDefinesByType
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/0
WL#objectPlacement_|fcProduct
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/0
WL#relatedObjects_IfcRelAssociates
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/0
WL#predefinedType_IfcSlabType
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/0
WlL#tpredefinedType_IfcSlab
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/0
WLitrelatedElements_IfcRelContainedInSpatialStructure
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/0
WL#relatedObjects_IfcRelAggregates
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/0
WL#predefinedType_IfcSlab
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/0
WL#tpredefinedType_|IfcSlabType
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/0
WLi#tpredefinedType_lIfcSlab
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/0
WL#predefinedType_IfcSlabType

https://www.ugent.be/myAwesomeFirstBIMPr
oject#lfcSlab
https://www.ugent.be/myAwesomeFirstBIMPr
oject#lfcPropertySet
https://www.ugent.be/myAwesomeFirstBIMPr
oject#lfcOwnerHistory_8
https://www.ugent.be/myAwesomeFirstBIMPr
oject#lfcOwnerHistory_8
https://standards.buildingsmart.org/IFC/DEV/I
FC4/ADD2/OWLHIfcSlabType
https://www.ugent.be/myAwesomeFirstBIMPr
oject#lfcLabel
https://www.ugent.be/myAwesomeFirstBIMPr
oject#flfcLabel
https://www.ugent.be/myAwesomeFirstBIMPr
oject#lfcLabel
https://www.ugent.be/myAwesomeFirstBIMPr
oject#lfcLabel
https://www.ugent.be/myAwesomeFirstBIMPr
oject#lfcGloballyUniqueld
https://www.ugent.be/myAwesomeFirstBIMPr
oject#lfcGloballyUniqueld
https://standards.buildingsmart.org/IFC/DEV/I
FC4/ADD2/OWL#lfcSlab
https://www.ugent.be/myAwesomeFirstBIMPr
oject#lfcSlabType
https://www.ugent.be/myAwesomeFirstBIMPr
oject#lIfcldentifier
https://www.ugent.be/myAwesomeFirstBIMPr
oject#lfcProductDefinitionShape
https://www.ugent.be/myAwesomeFirstBIMPr
oject#lfcSlab
https://www.ugent.be/myAwesomeFirstBIMPr
ojecti#lfcLocalPlacement
https://www.ugent.be/myAwesomeFirstBIMPr
oject#lfcSlab
https://standards.buildingsmart.org/IFC/DEV/I
FC4/ADD2/OWL#FLOOR
https://standards.buildingsmart.org/IFC/DEV/I
FC4/ADD2/OWLH#FLOOR
https://www.ugent.be/myAwesomeFirstBIMPr
oject#lfcSlab
https://www.ugent.be/myAwesomeFirstBIMPr
oject#lfcSlab
https://standards.buildingsmart.org/IFC/DEV/I
FC4/ADD2/OWLH#LANDING
https://standards.buildingsmart.org/IFC/DEV/I
FC4/ADD2/OWL#LANDING
https://standards.buildingsmart.org/IFC/DEV/I
FC4/ADD2/OWL#ROOF
https://standards.buildingsmart.org/IFC/DEV/I
FC4/ADD2/OWL#ROOF

3982

1487

499

499

499
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Table 12: IfcColumn RDF Graph Triple Types List

https://www.ugent.be/myAwesomeFirstBIMProject
#1fcRelDefinesByProperties
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#lIfcColumnType
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#lIfcGloballyUniqueld
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcColumn
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#lIfcColumn
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/0OWL#lIfcColumn
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#IfcColumn
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#lIfcColumn
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/0OWL#lfcGloballyUniqueld
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#lfcColumn
https://www.ugent.be/myAwesomeFirstBIMProject
#IfcRelDefinesByType
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#lfcColumn
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#lfcColumn
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#lIfcColumn
https://www.ugent.be/myAwesomeFirstBIMProject
#IfcRelContainedinSpatialStructure
https://www.ugent.be/myAwesomeFirstBIMProject
#IfcRelAssociatesClassification
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#lIfcColumnType
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#lIfcColumnType
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#lIfcColumnType
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#lIfcColumnType
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#lIfcColumnType
https://standards.buildingsmart.org/IFC/DEV/IFC4/A
DD2/OWL#lIfcColumnType
https://www.ugent.be/myAwesomeFirstBIMProject
#IfcRelDefinesByType
https://www.ugent.be/myAwesomeFirstBIMProject
#IfcRelAssignsToGroup

https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
relatedObjects_IfcRelDefinesByProperties
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
hasPropertySets_IfcTypeObject

http://www.w3.0rg/1999/02/22-rdf-syntax-ns#type

https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
ownerHistory_IfcRoot

http://www.w3.0rg/1999/02/22-rdf-syntax-nst#type

https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
predefinedType_IfcColumn
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
objectType_IfcObject
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
name_|fcRoot

https://w3id.org/express#hasString

https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
globalld_IfcRoot
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
relatedObjects_IfcRelDefinesByType
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
objectPlacement_IfcProduct
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
representation_|fcProduct
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
tag_IfcElement
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
relatedElements_|IfcRelContainedinSpatialStructure
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
relatedObjects_IfcRelAssociates

http://www.w3.0rg/1999/02/22-rdf-syntax-ns#type

https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
ownerHistory_IfcRoot
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
predefinedType_IfcColumnType
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
name_IfcRoot
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
tag_IfcTypeProduct
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
globalld_IfcRoot
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
relatingType_IfcRelDefinesByType
https://standards.buildingsmart.org/IFC/DEV/IFC4/ADD2/OWL#
relatedObjects_IfcRelAssigns

https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcColumn
https://www.ugent.be/myAwesomeFirstBIMP
roject#IfcPropertySet
https://standards.buildingsmart.org/IFC/DEV/I
FC4/ADD2/0OWL#lIfcGloballyUniqueld
https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcOwnerHistory_8
https://standards.buildingsmart.org/IFC/DEV/I
FC4/ADD2/OWL#lIfcColumn
https://standards.buildingsmart.org/IFC/DEV/I
FC4/ADD2/OWLH#COLUMN
https://www.ugent.be/myAwesomeFirstBIMP
rojecttifcLabel
https://www.ugent.be/myAwesomeFirstBIMP
roject#lifcLabel

https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcGloballyUniqueld_965210
https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcColumn
https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcLocalPlacement
https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcProductDefinitionShape
https://www.ugent.be/myAwesomeFirstBIMP
rojecttifcldentifier
https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcColumn
https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcColumn
https://standards.buildingsmart.org/IFC/DEV/I
FC4/ADD2/OWL#IfcColumnType
https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcOwnerHistory_8
https://standards.buildingsmart.org/IFC/DEV/I
FC4/ADD2/OWLH#COLUMN
https://www.ugent.be/myAwesomeFirstBIMP
rojecttifcLabel
https://www.ugent.be/myAwesomeFirstBIMP
roject#lifcLabel
https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcGloballyUniqueld_3201127
https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcColumnType
https://www.ugent.be/myAwesomeFirstBIMP
roject#lfcColumn
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Appendix C

IfcOpenShell Python Script for Node Data Enrichment

Phase 1 — IFC Property Extraction

import ifcopenshell
import pandas as pd
import os

# Function to extract quantities and additional properties from an IFC element
def extract_quantities_and_properties(element, properties):

data = {prop: None for prop in properties}

data["IfcGloballyUniqueld”] = element.Globalld

data["Name"] = element.Mame

# Extract IfclocalPlacement
if element.ObjectPlacement:
data["IfcLocalPlacement”] = element.ObjectPlacemsnt.id()

# Extract IfcIdentifier and Ifclabel
for definition in element.IsDefinedBy:
if definition.is_a("IfcRelDefinesByProperties"):
property_set = definition.RelatingPropertyDefinition
if property_set.is_a("IfcPropertySet"):
for property im property_set.HasProperties:
if property.Name =:
data["IfcIdentifi
elif property.Name
data["Ifclabel™] = property.MominzlValue.wrappedValue

fier™:
] = property.NominalValue.wrappedizalue
"Label™:

# Extract quantities
for definition in element.IsDefinedBy:
if definition.is_a("IfcRelDefinesByProperties”):
property_set = definition.RelatingPropertyDefinition
if property_set.is_a("IfcElementQuantity™):
for guantity im property_set.Quantities:
if quantity.is_a("IfcQuantityVolume"):
if "GrossVolume” in quantity.Name:

data[ "GrossVolume™] = guantity.VolumeValue
elif "NetVolume" in quantity.Name:
data[ "NetVolume™] = gquantity.VolumeValue

elif guantity.is_a("IfcQuantitysrea”):
if "OuterSurfaceArea" in quantity.Mame:
data[ "OuterSurfacefrea™] = quantity.AreaValue
elif "CrossSectionArea™ in quantity.Name:
data["CrossSectionfrea™] = guantity.AreaValue
elif guantity.is_a("IfcQuantitylLength”) and "Length” in quantity.Name:
data["Length"] = guantity.LengthValue

return data

# Function to extract data from IFC elements and save to Excel

def extract_ifc_data(ifc_file path, ifc_type, output_file_name, properties):
# Open the IFC file
ifc_file = ifcopenshell.open(ifc_file_path)

# List to stare the data
data = []

# Iterate through elements of the specified type

elements = ifc_file.by_type(ifc_type)

for element in elements:
extracted_data = extract_quantities_and_properties(element, properties)
data.append(extracted_data)

# Convert to DataFrame
df = pd.DataFrame(data)

# Sgve to Excel in the some poth as the input IFC file
output_excel path = os.path.join(os.path.dirname(ifc_file_path), output_file_name)
df.to_excel{output_excel_path, index=False)

print{f"Data sawved to {output_excel_path}")

# Exomple usage for IfcColumn

ifc_file_path = " /1. Data/5CG_AR (EDITED).ifc"

output_file name = "IfcColumn_data.xlsx"

ifc_type_to_filter = "IfcColumn™

properties_to_extract = ["IfcGloballyUniqueld”, "Name”, "GrossVolume", "OuterSurfacefrea", "MetVolume®, "CrossSectionfrea”, "Length”,

"IfcLocelPlacement”, "Ifcldentifier”, "IfclLabel"]

extract_ifc_data(ifc_file_path, ifc_type_to_filter, output_file_name, properties_to_extract)
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Phase 2 — RDF Graph Node Properties Update

import pandas as pd
from neodj import GraphDatabase

# Lload the Excel file
file_path = * :
df = pd.read_excel(file_path)

# Connect to Neodj database
uri = "bolt://localhost:7687"
username = "neodj"

password = “Pockm@rkedchln!™

driver = GraphDatabase.driver(uri, auth=(username, password))

def update_ifc_column(tx, guid, name, gross_volume, outer_surface_area, net_volume, cross_section_area, length, ifc_local_placement):
query = """
MATCH (column:Resource:ns13_ IfcColumn)-[:ns13_ globalld_IfcRoot]->(guid:Resource:nsl3_ TfcGloballyUniqueld)
WHERE guid.ns14_ hasString = $guid
SET column.Name = $name,
column.GrossVolume = $gross_volume,
column.OuterSurfaceArea = $outer_surface_area,
column.NetVolume = $net_volume,
column.CrossSectionArea = $cross_section_area,
column.length = $length,
column. IfclocalPlacement = $ifc_local placement
RETURN column

result = tx.run(query, guid=guid, r , gross_volume=gross_volume, outer_surface area=outer_surface_area,
net_volume=net_volume, cross_section_area=cross_section_area, length=length, ifc_local_placement=ifc_local_placement)
if result.single():
print(f"Match found and updated for nsld_ hasString: {guid}")
else:
print(f"No match found for ns14_ hasString: {guid}")

def main():
with driver.session() as session:
for index, row in df.iterrows():
session.write_transaction(
update_ifc_column,
row[ ' IfcGloballyUniqueld®],

row[ ‘Hame* ],

[

row[ 'GrossVolume' ],

row[ 'OuterSurfaceArea’ ],

row[ 'NetVolume' ],
[
[
[

row[ ‘CrossSectionArea’ ],

row[ ‘Length'],

row[ ' IfcLocalPlacement ']

if __name__
main()
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