Y engineering
proceedings

by

Proceeding Paper

Development of an Integrated Framework for Automated
Construction Progress Sensing, Monitoring and Evaluation *

Mofiyinfoluwa Tobi Olowe * and Michael Ayomoh

Academic Editor(s): Name
Published: date

Citation: Olowe, M.T.; Ayomoh, M.
Development of an Integrated
Framework for Automated
Construction Progress Sensing,
Monitoring and Evaluation. Eng.
Proc. 2025, volume number, x.

https://doi.org/10.3390/xxxxx

Copyright: © 2025 by the authors.
Submitted for possible open access
publication under the terms and
conditions of the Creative Commons
Attribution (CC BY) license
(https://creativecommons.org/license

s/by/4.0/).

Department of Industrial and Systems Engineering, University of Pretoria, Pretoria, South Africa;

emaill@email.com

* Correspondence: u23980321@tuks.co.za or mofiyinfoluwa.olowe@tuks.co.za

* Presented at the 12th International Electronic Conference on Sensors and Applications (ECSA-12), 12-14
November 2025; Available online: https://sciforum.net/event/ECSA-12.

Abstract

The construction industry is increasingly adopting digital technologies to enhance
productivity and efficiency, in alignment with the principles of Construction 4.0 (C4). The
progress and advances recorded thus far are largely due to advancements in cyber-phys-
ical systems (CPS), computational processing power, deep learning solutions, robotics,
and other related technologies. However, a major challenge in this research space is the
lack of an integrated solution for both the interior and exterior construction environments,
which has led to fragmented data, hindering efficiency. Several researchers have pro-
posed frameworks in recent years that focused on either indoor or outdoor construction
environments; this approach has resulted in the creation of siloed information, to the det-
riment of the C4 ideals and principles. In this study, a comprehensive system architecture
for raw data captured using sensors and other inputs to provide useful insight for the
construction team and stakeholders was mapped out. This study presents an integrated
framework of various technologies for both indoor and outdoor construction environ-
ments. The solution provided for localisation algorithms and technologies such as Simul-
taneous Localisation and Mapping (SLAM), odometry, and inertial measurement unit
(IMU) devices. The unified 5-level Cyber-Physical Systems (CPS) architecture was used
as the primary architecture, and it was compared with the IoT Architecture layers in terms
of data analytics and management perspectives. The Digital Twin (DT), which sits at the
cyber level of the architecture, warehouses and tracks in real-time the dynamic complex-
ities of the construction site throughout the project life cycle, serving as the single source
of truth for the project. This system architecture and framework presented in this research
contributed towards advancing the field of construction automation by offering a scalable
solution for efficient construction in project management.

Keywords: construction 4.0; deep learning; cyber-physical systems; construction progress
monitoring and evaluation; building information modelling; digital twin; construction
project systems architecture

1. Introduction

The planning and implementation of large and complex construction and installation
projects are often rife with cost overruns due to schedule delays and rework [1]. This is
often a result of improper constructability considerations at the design phase of the project
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and inaccurate schedule and cost estimates at the planning phase. This can also be a result
of the inability to properly capture, access, and respond correctly to the variabilities that
arise from the dynamic nature of the construction and installation site [2]. This study fo-
cuses on creating an integrated framework for capturing construction activity data and
variations from project baselines during the construction and installation phase of the pro-
ject lifecycle, utilising emerging technologies.

Traditionally, construction activities are captured in logbooks, photographic images,
which are later transferred into project report templates and fed into the construction
management software manually. This workflow leaves a lot of room for error due to mis-
takes as a result of human fatigue and other factors. The data and information collected
are also often siloed within each discipline, department, and subcontractor’s reposi-
tory/databases [3]. This creates friction in the flow of information, impacting the ability of
the project management team to make data-driven decisions based on the current state of
the construction and installation project. The data/information captured is also sometimes
subjective [2], and often lacks positional context, as similar geometry and aesthetics can
be found at different locations within the construction site.

Information technology systems are used to bridge the physical and digital aspects
of the construction industry. While the use of technology is not new to construction, the
level of connectedness, speed of execution, and cost of execution are rapidly making it
ideal for the construction engineering and execution phase, as well as for the entire project
lifecycle. Embedded, cyber-physical systems are enabling this integration towards the
goal of C4 [4].

The technology adoption rate in the construction industry lags behind that of other
sectors, such as manufacturing [5]. This has resulted in low productivity, cost overruns,
and safety issues, among others [6]. However, there has been an increase in the adoption
rate of technology in the fourth industrial revolution (4IR) era.

There are several emerging technologies- Cyber-Physical systems (CPS), Internet of
Things (IoT), Big Data, Cloud Computing, Wireless Sensor Networks (WSN), and Radio
Frequency Identification that are now being adopted to reduce mistakes and provide ob-
jects (data and visual images) with the metadata that provides the context that previously
lacked. These IT systems come as standalone or integrated embedded systems, which in-
clude physical environment, embedded computing devices, and smart objects that indi-
cate real-time data that are processed into the workflow and then provide insights that
are used by the Construct project management team for making project decisions.

Construction 4.0 (C4), inspired by Industry 4.0, has emerged as a paradigm shift em-
phasising the integration of cyber-physical systems (CPS), automation, and data-driven
decision-making to enhance efficiency and sustainability to eventually achieve autono-
mous intelligent systems in the construction industry. The key enablers include Internet
of Things (IoT) sensors, robotics, building information modelling (BIM), and artificial in-
telligence (Al), which facilitate real-time monitoring and predictive analytics [5]. It is im-
portant to note that the goal of C4 is not to digitalise our current construction approaches
and workflow, but to re-imagine an autonomous, self-adapting intelligent system that dy-
namically responds to variation and trends outside the established project baseline [7].

The outdoor construction industry exhibits far more complexity, variability and un-
certainty compared to manufacturing, which is mostly characterised by repeated opera-
tions to produce a specific product in a controlled environment. This means directly
adopting the Industry 4.0 principle (the foundation for C4) is not recommended [4]. Sev-
eral data points are also being collected from different sources during a project’s construc-
tion activities. The data are typically siloed in separate repositories and databases across
different disciplines. There is therefore a need to create a framework that synchronises
and coordinates data from various cyber-physical data sources into an operable and
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optimisable data storage that can be turned into insight for all technical teams and other
stakeholders [4].

1.1. Problem Statement

Despite these advancements in the adoption of IT in construction, a significant gap
persists: the existing frameworks for construction progress monitoring focus either on in-
door or outdoor environments. The two environments employ different systems due to
the distinct nature of lightning, occlusions, and satellite access, among other variables that
vary between the two environments. For instance, outdoor monitoring often relies on
drones and GPS-based systems, while indoor solutions utilise fixed cameras and RFID
tags. This fragmentation results in inefficient data management, delayed decision-making,
and increased project risks. It is therefore imperative to develop an integrated framework
that highlights the differences, limitations, and mitigating/bridging approaches. A major
challenge faced in this research space is the lack of an integrated solution for both the
interior and exterior construction environments has led to fragmented data, hindering ef-
ficiency.

The outdoor-indoor paradigm is basically that of a difference in the efficiency of the
sensors used. It is important to ensure that the dichotomy is grounded in an integrated
workflow for implementation. Therefore, a systems architecture that showcases the over-
all flow of data and information, highlighting the systems and technologies involved from
data collection to insight and from perception to cognition, is included.

Recent studies have explored partial solutions that focus on the combination of dif-
ferent technologies. For example, automated progress monitoring models using lidar scan
capture, as well as a photogrammetry approach, a computer vision (CV) technique that
utilises convolutional neural networks (CNNSs), reconstruct site images to form a 3D
model of the site. Several combinations have been proposed for the indoor and outdoor
site environment, based on cost, internet access, satellite access, and lightning conditions,
among other limiting factors. Other researchers embedded IoTs into the workflow to
achieve a digital twin (DT). Digital Twins (DTs) have gained traction for lifecycle man-
agement, offering virtual replicas that synchronise with physical assets via IoT and BIM
integration. However, only a few frameworks address the integration of indoor and out-
door monitoring within a unified DT ecosystem.

1.2. Research Objectives:

The objectives of this research are to develop an integrated framework for automated
construction progress sensing, monitoring and evaluation. This was carried out at two
levels. These include:

1. Highlight the system architecture that highlights the connectivity of different data
collection, process and executing layers of the construction management operation
in the Construction 4.0 context. Many segmentation perspectives will be considered
within the framework.

2. The study also highlights an integrated framework that highlights the complemen-
tary use of sensors in an indoor and outdoor construction environment.

1.3. Research Contributions

There is an increasing need for civil and construction workers to not only understand
the art of construction, but also IT skills, especially sensing technologies and data analytics
knowledge, to function in the current data-driven construction practices. While many re-
searchers have discussed the different aspects of technological use in construction, it is
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important to present a big-picture, top-down, systems approach in order to see how they
are all connected.

This study addresses the gap highlighted by first presenting a system architecture of
a construction site management using the unified 5-level Cyber-Physical Systems (CPS)
architecture [8], and the broad architecture was delineated to focus on the integrated
framework for construction progress sensing, monitoring and evaluation. The integrated
framework combines sensors, the fundamental building block for perception. It combines
them to achieve localisation technologies (e.g., Simultaneous Localisation and Mapping
(SLAM), odometry, Inertial Measurement Units (IMUs), cameras, CPS, and IoT sensors);
deep learning (computer vision (CV)); and BIM within a DT platform. The objective is to
enable automated, real-time progress sensing, monitoring, and evaluation for both indoor
and outdoor environments, promoting scalable C4 adoption. This research contributed
towards advancing the field of construction automation by offering a scalable solution for
efficient construction in project management through the use of an integrated DT frame-
work.

2. Related Works

Ref. [9] posit that a huge amount of live data is being collected when Internet of
Things (IoT), CPS smart devices, and construction management software (such as BIM
and Construction Intelligence (CI)) are deployed on a construction project. The data being
collected is often siloed in heterogeneous repositories; therefore, there is a need to create
an integrated framework that takes a system-driven perspective, which is what the inte-
grated framework being worked on aims to achieve. They developed a Service-Oriented-
Architecture (SOA) that combines software and other services. Their architecture im-
proved on the traditional, static, one-way interactive 3D-BIM approach that focuses on the
semantic, geometry, function and feature information of a construction project, and fails
to provide information about the current state of the outdoor or indoor conditions of the
construction site, to a more dynamic, two-way interactive, cognitive model that indicates
all the aforementioned information. The SOA integrates high-fidelity BIM and real-time
IoT devices that are used by other construction management applications to provide con-
struction insight for the CPT. They also discuss the challenges, limitations, and barriers
that face BIM-IoT integration, such as interoperability issues and Cloud computing. The
focus on their integrated framework is on the operational construction and facility man-
agement domain in the construction lifecycle.

Ref. [4] proposed a strategic roadmap for synchronised construction management
that coordinates and maintains relationships between construction activities in a spatial-
temporal scope. Their framework integrates CPS into the digital twin. They emphasised
the achievement of a human-centred, sustainable, and resilient C4. Ref. [10] developed a
pilot indoor/enclosed navigation project using mobile phone standard 5G as the orienta-
tion signal and without additional infrastructure for navigation in indoor environments
managed by a pedestrian site worker.

Ref. [11] used the integration of Point Cloud Data and IoTs (real-time sensor data) to
monitor concrete strength and the concrete curing process, and worker safety. They pre-
sented an integrated smart construction monitoring system that combines point cloud
data (PCD) from a 3D laser scanner with real-time IoT sensors and ultrawideband (UWB)
indoor positioning technology to enhance construction site safety and quality manage-
ment. Their system mitigates the limitation of the traditional Building Information Man-
agement (BIM)-based methods by leveraging high-precision PCD that accurately reflects
actual site conditions.
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2.1. Construction Management Data

During construction management activities, data are being used to plan, execute,
monitor, evaluate, and optimise the construction of the project to prevent schedule and
cost overruns. The generated data drives data-driven decisions, enhances efficiency, im-
proves safety, and mitigates risks. Traditionally, the data are collected manually and rec-
orded in logbooks or stored in databases. It can either be real-time and historical data on
process efficiency, resource utilisation, site conditions, progress status and performance
metrics. In the C4 era, digital technologies are used to collect data through various sensors,
integrated cyber-physical systems and are then stored/warehoused in the enterprise data
infrastructure.

The construct management data include:

e  Project management data integrates into BIM, which includes project schedules,
costs, timelines, progress monitoring, safety metrics, and workflows (e.g., integrated
via Building Information Modelling or BIM).

e  Project resource data, these are materials, equipment, and labour information cap-
tured from the staff clock-in database, RFID and sensors data.

e  Site environmental data, which includes weather or terrain conditions. These are
captured from drones or IoT sensors.

¢ Simulation and visualisation data captured from digital models for design, recon-
struction, and virtual simulations.

Construction 4.0 —representing the digitisation and automation of the industry —em-
ploys advanced technologies for real-time, data-driven approaches, integrating cyber-
physical systems for seamless collaboration and decision-making.

2.2. Construction Progress Sensing, Monitoring and Evaluation

Construction Progress Sensing, Monitoring and Evaluation (CPSME) is an important
aspect of construction management that allows visibility into the current state of work at
the construction site. This information enables the construction management team (CMT)
to adequately respond to the complex and dynamic nature of construction sites.

The adoption of digital technologies on construction sites affords the CMT with the
data and visibility required to make data-driven and context-aware decisions, as opposed
to the traditional approach that is riddled with human error from data collection and
transfer. This has led to increased productivity and project success. Making traditional
evaluation methods based on manual data collection and direct observation less effective
[12].

Construction 4.0, which is based on the principle of integrated information between
the people, process and the product (built environment assets). It adopts emerging tech-
nologies and algorithms to improve efficiency and productivity in the way construction
assets are managed through their lifecycles [13].

2.3. Description of Key Technologies in the Integrated Framework

Before the proposed integration is discussed, the core technologies in the framework
must be discussed. Due to space constraints, only the major technologies will be discussed
below.

2.3.1. Sensors

Sensors are devices that detect and measure physical properties or environmental
conditions and convert this data into electrical signals for processing. In the construction
management context, sensor-enabled technologies like GPS, LiDAR, and IoTs are used to
monitor progress, ensure safety, and optimise resource use. These are the foundational
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elements of the integrated framework proposed. Sensors include tilt sensors, vibration
sensors, strain sensors, moisture sensors, gas sensors, and thermal sensors.

2.3.2. Embedded Systems

Embedded systems are the integrated computing systems within devices that process
sensor data locally, enabling smart functionality in tools like drones or machinery. They
include a microcontroller or microprocessor and software designed for a specific task.

2.3.3. Internet of Things (IoT)

IoTs are networked embedded systems that connect sensors and devices for data
sharing and remote monitoring over the internet. In IoTs, a Microcontroller Unit (MCU)
acts as the “brain” of an IoT device, a small, self-contained computer on a single chip that
collects sensor data, runs the device’s software, makes decisions, and controls operations.
MCUs are ideal for IoT because they are simple, cost-effective, and have integrated
memory and I/O peripherals. They enable devices to be portable, battery-powered, and
communicate wirelessly with gateways and the cloud to collect, process, and transmit
data for monitoring and control purposes.

IoT is an architecture of interconnected IoT devices that send information into and
from a digital environment, such as BIM, to create a common operating environment. IoT
devices are composed of advanced hardware (sensors and actuators), software, and cloud
platforms. IoT sensor devices can sense, identify, and recognise changes in environmental
conditions, construction elements and people’s activities on the construction site.

IoT extends the capabilities of embedded systems by adding internet connectivity.
IoT devices can collect, share, and analyse data from their environment through networks,
enabling remote monitoring and control. Think of smart homes, connected cars, and in-
dustrial IoT applications that rely on cloud-based analysis and real-time data sharing. In
summary.

Embedded Systems = Hardware + Software for specific tasks.; while
IoT = Embedded Systems + Internet Connectivity for smarter interactions.

2.3.4. Cyber-Physical Systems (CPS)

CPS integrates physical processes with computational and networking capabilities,
using IoT to bridge real-world assets and digital controls for automated responses. Ref.
[14] defined CPS as “a system composed of collaborative entities, equipped with calcula-
tion capabilities and actors of an intensive connection with the surrounding physical
world and phenomena, using and providing together services of treatment and commu-
nication of data available on the network.”

CPS is a vital enabler of C4, which is used to sense and collect data concerning the
physical state of construction elements and resources, and then used to gain insights into
their integrated and simulated digital equivalent state. According to [8], CPS are com-
posed of two broad sub-systems: (1) advanced connectivity, and (2) intelligent data man-
agement, analytics and computational capability [15]. In addition to CPS, Cyber-Physical
Production System (CPPS) is another component of Industry 4.0 that provides data any-
where and anytime, enabling a strong connection between the cyber world and the phys-
ical world and its ongoing processes.

2.3.5. Building Information Modelling (BIM)

BIM is the digital representation of building characteristics, serving as a collaborative
platform for design and data management. Ref. [16] define BIM as “a model-based process
of generating and managing coordinated and consistent building data that facilitates the
accomplishment of established sustainability goals.”
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BIM is a visualisation and collaboration tool that warehouses and displays the geo-
metric interaction of construction elements, as well as the functional and semantic infor-
mation about the elements, being carried out by the different architectural, engineering
and construction (AEC) disciplines in the achievement of a construction project’s objec-
tives [17]. BIM is a data-rich, intelligent, and object-oriented parametric building model-
ling tool. They warehouse outputs from different software programs and database con-
tents for the management of construction visualisation and management of construction
activities. BIM integrates a digital archive of geometric, semantic, and topological data,
which can be performed in various formats and contents within parametric objects.

While many software packages are used to create BIM models. Most of the popular
software has not adopted the open data formats, like the most widely used formats —the
Industry Foundation Classes (IFC) from buildingSmart. To achieve the goal of C4, data
interoperability must be encouraged.

2.3.6. Virtual Design and Construction (VDC)

VDC uses BIM and simulation tools for virtual planning, testing, and optimisation of
construction and installation processes before physical implementation.

2.3.7. Digital Twin (DT).

DT is a dynamic virtual replica of physical assets, synced in real-time with sensor
data via IoT and CPS, for predictive simulation and lifecycle management. DT is ideally a
high-fidelity, fully automated, closed-loop system which creates a bidirectional flow of
data between the construction site and virtual digital construction software applications.
It is used to simulate, monitor, and predict the performance of a construction site, and can
also be used for decision-making and control of construction management variables. DT
warehouses several site monitoring technologies such as sensing technologies, BIM, Al
algorithms, etc. [18].

Ref. [6] posit that the concept of Digital Twin is associated with Cyber-Physical inte-
gration. The developed framework incorporated a project construction site Digital Twin
(DT) that tracked the dynamic nature of the construction site throughout the project life
cycle from conceptualisation to end-of-life, as a single source of truth for the project. The
dynamic aspects incorporated improve situational awareness for the CMT.

2.3.8. Construction 4.0 (C4)

C4 is the overarching concept that brings together all the above-listed elements to
achieve an advanced digitisation, automation, and connectivity of the AEC industry
[19,20]. C4 uses a centralised data warehousing to achieve data-centric construction engi-
neering and management. The warehoused data is often used for applications such as
Computer Aided Engineering (CAE), BIM, VDC, etc. To achieve this, several sensing de-
vices are used for data capture, and data analytics algorithms are data processing.

The use of information and communication technologies (ICT) in the construction
industry has evolved from the use of Computer Aided Engineering (e.g Computer Aided
Design (CAD) and Drafting (CADD), structural analysis programs) to BIM, often de-
scribed as Construction 3.0 (C3). In C3, human agency is the connection between the phys-
ical construction site and the digital construction information systems [7]. However, with
the proliferation of sensors and controllers used in IoTs and CPS, the construction work-
flow is gradually reaching a stage where human intervention is being reduced, and is of-
ten limited to that of an accessor and decision-maker at the insight stage, rather than the
connection stage. The new workflow is often called digital transformation or Construction
4.0 [5].
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To achieve a real-time and dynamic visualisation, perspective, and situation aware-
ness of the construction site, various streaming sensors are deployed.

2.3.9. Intelligent Systems

This is the pinnacle of the systems. At this stage, the system is autonomous and
closed-loop. It is Al-driven systems that leverage data from the entire chain for autono-
mous decision-making, optimisation, and predictive analytics in construction. This is
equivalent to the configuration layer of the Unified 5-level CPS implementation architec-
ture (5C Architecture) by [8].

2.4. Indoor— Outdoor Sensor

Unlike exterior maps of a construction site, which can be managed using drones and
static cameras, the indoor areas cannot be universally mapped due to partitions, walls
(mainly x-z or y-z oriented), floors (mainly x-y oriented), obstructions, and occlusions that
make data capture extremely complex. Therefore, 3D site reconstruction is relatively eas-
ier for outdoor environments, as there are fewer obstructions and partitions [7]. Unique
challenges arise when sensors are deployed in indoor and outdoor environments for con-
struction progress sensing, monitoring, and evaluation. These challenges are environmen-
tal, technological, and operational in nature.

2.4.1. Indoor Sensors Limitation

In indoor environments, issues include: (1) satellite signal blockage caused by walls,
roofs, and other structures, which severely weaken or obstruct signals indoors. As an al-
ternative to GPS, technologies like UWB, BLE, Wi-Fi, and IR can be used; however, they
are affected by (2) multi-path interference resulting from reflections of signals off walls,
furniture, and equipment, which reduces the accuracy of positioning and localisation.
These alternative technologies also have (3) a limited operational range, typically around
100 metres or less. Other limitations involve (4) environmental factors such as dust, hu-
midity, and temperature fluctuations common on construction sites, which can impact
sensor performance — particularly optical sensors in RGB cameras and environmental sen-
sors measuring temperature and humidity. (5) The constant movement of machinery and
personnel can cause line-of-sight issues, with some IR and UWB applications requiring
direct line-of-sight that may be blocked by construction materials or machinery indoors.

2.4.2. Outdoor Sensors Limitation

The challenges of the sensors operating in an outdoor environment include: (1)
weather conditions such as rain, fog, snow, or extreme sunlight, affecting visibility and
signal quality, thereby impacting the behaviour of sensors like LIDAR, RGB cameras, and
GPS. (2) The presence of tall buildings, trees, or terrain can block or weaken satellite sig-
nals, leading to reduced accuracy or dropout zones. (3) Due to the remote nature of some
construction sites, long-range signals like LoRa, SigFox, and GSM can degrade due to poor
network coverage or interference from natural obstacles. (3) Outdoor sensors, such as IoT
devices, GPS trackers, may suffer from battery life limitations, leaving the sensors non-
functional. (5) The exposure of the sensors to harsh climate conditions (such as UV radia-
tion, moisture) can cause physical damage to sensors like RFID tags, cameras, and IMUs
over time.

2.4.3. Indoor-Outdoor Sensors Corrective Measures

To address the issues in indoor systems, it is crucial to use hybrid systems (e.g., UWB
with IMU) and install repeaters or anchors to extend range and enhance signal reliability.
For outdoor sensors, weather-resistant casings should be employed, and redundancy



Eng. Proc. 2025, x, x FOR PEER REVIEW 9 of 21

should be incorporated into the sensor network. For example, in a terrestrial system, LoRa
can be used alongside GSM. Additionally, regular calibration, robust data filtering (e.g.,
Kalman filters), and strategic sensor placement are vital.

2.5. Positioning, Localisation and Navigation (PLN)

When using an integrated and embedded sensor device, such as those in hand-held
capture devices (like cameras, robots, and drones), it is crucial that they can determine
their position and localise themselves within their environment before navigating to their
destination, if necessary. Positioning refers to establishing the precise spatial reference
(e.g., latitude and longitude) in global coordinates of the sensor, whether in a device, ma-
chine, or person, while localisation involves tracking the sensor’s location, movement, and
orientation within its environment. Positioning typically employs technologies like Global
Positioning System (GPS), Global Navigation Satellite System (GLONASS), or inertial sen-
sors, whereas localisation depends on data from maps, sensors, or real-time location sys-
tems (RTLS).

Navigation involves moving a sensor from point A to point B. The sensor, drone, or
robot first determines its position through ‘localisation” and then navigates to its destina-
tion. The need to identify precise locations for various applications is unavoidable; these
include surveying, navigation (automobile, aviation, maritime), tracking, mapping, earth
observation, mobile-phone technology, rescue operations, and more [21].

For outdoor environments (land, sea, and air), satellite-based positioning, navigation,
and timing via Global Navigation Satellite Systems (GNSS) such as the US’s GPS, Russia’s
GLONASS, Europe’s Galileo, and China’s BeiDou, offer users accurate location, speed,
and time information through signals transmitted by these satellites. This is possible be-
cause of their open-space access to satellites, which enhances signal reception for devices.
However, indoor environments and enclosed spaces require specialised solutions that
serve limited buildings or users, as GNSS does not function in such environments. Large
building complexes and connected facilities may also necessitate navigation aids [10,21].

2.5.1. Implementation Approaches, Algorithm, and Technology deployed in Positioning,
Localisation and Navigation in Indoor and Outdoor Environments

To achieve the best PLN result for both indoor and outdoor environments, the table
presents the implementation approaches, the algorithm and the technology to be de-
ployed in each of the approaches.

Table 1. PLN Implementation approaches, algorithm and technology for indoor and outdoor envi-

ronments.
Implementation . .
Outdoor Algorithms Indoor Algorithms Technology
Approach
, _ GPS-based trilateration with 0 e Wideband (UWWB) = g o) 0NASS, BeiDou,
Trilateration . Bluetooth Low Energy (BLE) tri-
satellites . ) UWB, BLE
50 lateration with anchor nodes
(e .
8= . . Angle-based with GPS/ .
g T lat - PS, GLONASS, BeiD
8 riangulation GLONASS/BeiDou GPS, GLONASS, BeiDou
'% . IMU-based for short-term Inertial Measurement Unit .
~ Dead Reckoning updates (IMU)-based with step detection Inertial sensors (IMU)
Wi-Fi/BLE fi inti ith
Fingerprinting - i-Fi/BLE fingerprinting wi Wi-Fi, BLE
radio maps
Lol GPS and IMU fusion f UWB/BLE and IMU fusion f
3% Kalman Filter an vston for /BLE an SN IOt Gps, IMU, UWB, BLE

tracking, tracking,
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Probabilistic tracking with Probabilistic tracking with GPS, UWB, BLE, Wi-Fj,

Particle Filter GPS and maps, RTLS and maps maps
PS ali ith digital
Map Matching CPSa 1gnTnent with digita - GPS, digital maps
site maps
PDR w1th. Step De- ) Accelerometer/gyroscope with Inertial sensors (IMU), maps
tection map data
. A-star algorithm with GPS A-star algorithm with RTLS and GPS, digital maps, UWB,

c Path Planning, o
g and map data, map data BLE, Wi-Fi
ED Wayp01.nt Naviga- GPS. waypoint follgwmg BLE/UWB w.aypomt following GPS, IMU, UWB, BLE
> tion, with IMU correction, with IMU
4 . Dynamic path adjustment Dynamic path adjustment with LiDAR, GPS, UWB, proxim-

Obstacle Avoidance with LiDAR/GPS, UWB/sensors ity sensors

2.6. Deep Learning and Computer Vision

For automated construction progress sensing, monitoring and Evaluation purposes,
computer vision in construction utilises Convolutional Neural Networks (CNNs) like
YOLOvVS8 and Mask R-CNN to perform tasks such as object detection and progress esti-
mation with an acceptable level of accuracy [22]. They are often used to identify structural
elements like columns, beams and slabs, as well as construction elements wet and dry
wall, at different levels of completion (from framing to paint). Images captured from a
360-degree camera are also often 3D-reconstructed and compared with the BIM geometry
and metadata [23]. The two are used to detect deviation, evaluate the progress of work
against the baseline project schedule. Training these models requires annotated construc-
tion site images, often leveraging transfer learning from pre-trained models on datasets
like COCO, with fine-tuning to address domain-specific challenges such as diverse light-
ing or limited dataset availability.

2.6.1. Vision-based Progress Monitoring

Different techniques are used to monitor and estimate construction progress using
computer vision using imaging sensors. They are explained below [24]

¢  Occupancy-based progress monitoring: This technique compares the elements pre-
sent in the 3D-BIM models with the presence or occupancy of construction elements
in the 3D-reconstructed. The 3D reconstruction from point clouds from photogram-
metry and laser scans. It focuses on geometric and spatial accuracy.

e  Appearance-based progress monitoring: This technique uses machine learning (ML)
assisted construction material classification using the textures, colours, or patterns of
the construction elements in the images or videos captured by the 360-degree cam-
eras

e  Deep learning-based progress monitoring: This technique employs deep learning
models, such as Convolutional Neural Networks (CNNs) like YOLOvS8 or Mask R-
CNN, to detect and classify and classify construction elements present in the images
and videos captured by the 360-degree camera.

Other approaches include: photogrammetry-based progress monitoring, augmented

Reality (AR)-based, thermal Imaging-based progress monitoring, and stereo vision-based
Progress Monitoring

3. System Architecture and Integrated Framework

To fully deploy (4, it is important that business executives and engineers understand
what the system architecture of an integrated construction operations system that caters
for the entire project lifecycle is like. It is therefore important to present the system
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perspective for clarity of execution. The presented system architecture will advance the
field of construction automation by offering a scalable solution for efficient construction
project management operations.

3.1. Review of the Previous Framework

Construction sites are highly dynamic environments characterised by continuous
changes in workers, machinery, and equipment, making prediction challenging [11]. Pre-
venting construction site accidents requires systematic management and continuous mon-
itoring across various dimensions.

Ref. [25] posit that IoT and communication technologies, such as Cellular Communi-
cations (LTE, 5G), Bluetooth Low-Energy (BLE), Wi-Fi, and UWB, enhance safety by ena-
bling real-time data collection and alert notifications. Individual sensing technologies are
suitable tools for monitoring construction sites. However, most existing research focuses
on specific technologies and limited scopes, with insufficient studies addressing compre-
hensive monitoring for areas such as worker safety management and quality control [11].
Ref. [6] conducted an extensive literature review of C4 and developed a four-layer imple-
mentation plan for adoption throughout the project’s lifecycle, using a case study ap-
proach. Their work presented an integration framework for nine C4 technologies. These
are BIM, augmented reality (AR), and virtual reality (VR). Ref. [8] proposed an architec-
ture that leverages CPS to bridge physical and digital realms. With sensors as the core for
real-time data collection, the unified 5-level architecture can guide the deployment of CPS.
The proposed architecture expanded the traditional two functional components of CPS,
which they described as ‘the advanced connectivity that ensures real-time data acquisition
from the physical world and information feedback from the cyber space; and intelligent
data management, analytics and computational capability that constructs the cyber space.’

3.2. Framework Ouverview

The proposed integrated framework is structured as a multi-layer system inspired
by C4 implementation models, comprising data acquisition, processing, integration, and
visualisation layers. The unified 5-level CPS implementation architecture, as proposed by
[8], is adopted as the base architecture. The architecture is analysed from the perspective
of data extraction and acquisition, data analysis, data engineering and data management.

3.3. Unified 5-Level CPS Implementation Architecture (5C Architecture)

The unified 5-level Cyber-Physical Systems (CPS) architecture, commonly known as
the 5C architecture, serves as a guideline for implementing CPS in Industry 4.0 (I14) man-
ufacturing environments. 5C structures the progression from raw data acquisition to ad-
vanced system adaptation. Levels of data analysis (or analytics maturity) align closely
with these 5C levels, evolving from basic descriptive processing to sophisticated adaptive
decision-making. Figure 1 below shows the breakdown of the architecture:
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Figure 1. Unified 5-level CPS implementation architecture.

Though the architecture was originally proposed for manufacturing systems, this
study has adapted it for the construction project monitoring and management systems.
The implications of the [8] are discussed below:

. Smart Connection Level (Connection): Here, devices or sensors and other Internet
of Things (IoT) technology are used to collect construction-related data. The data in-
cludes environmental data (temperature, humidity, lightness, atmospheric pressure),
state of work, surveillance information, images and videos [8]. The focus is on the
collection and extraction of accurate, reliable raw data from physical assets via sen-
sors and networks.

. Conversion Level (Conversion): At this level, the data collected at the connection
layer is converted to insight/information through statistical tools and machine learn-
ing for prediction, forecasting and decision-making in construction operations and
responding to the variations from the initially set baselines [8].

° Cyber Level: At this level, the information collected is warehoused. In the C4 context,
the information is collected in the same structured database to prevent information
silos. This is the central data hub for the construction company/enterprise. The data
collected across all are used to update the BIM, digital twin of the physical asset,
Enterprise Resource Planning (ERP), project and construction management software.
The data collected are used for predictive and prescriptive purposes [8].

e Cognition Level: At this level, the data gathered is converted to information that
guides the engineering, project, and construction team, as well as the necessary pro-
ject stakeholders. The CMT uses the information to make decisions. [8].

e  Configuration Level: At this level, feedback from the cyber level is used to adjust,
improve, and correct the physical assets and the construct team activities dynami-
cally and autonomously. In the context of construction project management, machine
learning and deep learning algorithms are used to suggest preventive and corrective
actions to the CPMT [8].

The goal and the core of the proposed integrated framework is the collection and
management of construction data. If the collected data are not integrated, then the goal of
C4 cannot be achieved. While the 5C architecture and others like it govern the systems’
connection to the people and project outcome, the implementation is governed by data
management. It is therefore important to consider the data analysis and data management
perspective.

3.4. Data Analysis Levels

Insights from collected and warehoused data are mined at different levels, ranging
from basic data processing to advanced, autonomous decision-making. The levels are
briefly described below .
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e  Descriptive analytics answers the what question; it focuses on describing, summa-
rising, and providing real-time insights into what is happening in the raw data col-
lected. This level is used for monitoring the performance or status of a construction
site.

e Diagnostic analytics answers the why question; it provides deeper insight that helps
to determine why something is happening. Here, the root causes of issues or anom-
alies are identified through data correlation and analysis.

e  Predictive analytics forecasts what will happen by using historical and current data
to predict future events, like construction delay, cost overrun, or any other construc-
tion trends.

e  Prescriptive analytics recommends what should be done to cause-correct any anom-
alies and variations. This level of analysis supports decision makers with actionable
insights needed to optimise construction processes or mitigate risks.

e Adaptive/Autonomous analytics uses autonomous, self-optimising actions where
systems dynamically adjust based on real-time insights, ensuring resilience and effi-
ciency. AI/ML/DL technologies are used to imitate human decision-making. The sys-
tems continuously learn from new data to improve their ability to analyse and make
decisions over time.

Each of the levels above corresponds to the levels in 5C Architecture.

3.5. Data Management

Data management is the structured process, policy, and tools used for organising,
storing, and governing data to ensure its quality, accessibility, and security throughout its
lifecycle. Data management ensures that the data being collected and the metadata are
well integrated and interoperable across all applicable systems and devices in the work-
flow. This is achieved by stating the acceptable data formats, connectivity protocols, and
initial quality checks. In the 5C architecture context, data management ensures that, from
the raw data acquisition to autonomous system optimisation, data management defines
the foundational infrastructure and governance to support this progression.

3.5.1. Stages of Data Management

Data management from raw construction data collected onsite to advanced, auto-
mated systems in the 5C architecture can be explained in five stages, described below:

e Data Collection and Ingestion: Focuses on gathering raw data from various sources,
such as sensors, IoTs, CPS, databases, or manual inputs, ensuring accurate and secure
capture. Here, data sources are configured, establishing connectivity protocols, de-
fining metadata, and performing basic validation. This is equivalent to the ‘Extract’
level of the data engineering ETL (Extract, Transform, and Load) process.

e Data Processing and Quality Management: the goal here is to clean, transform, and
normalise raw construction data extracted into data that is consistent, accurate, and
usable for analysis. Data quality for reliable insights is the focus here. This level is
equivalent to the ‘Transform’ level of the data engineering process.

e Data Storage and Integration: Focuses on organising and storing data in scalable
repositories, such as databases or data lakes, while integrating data from multiple
sources for comprehensive analysis. This level ensures data is structured and acces-
sible. This level is equivalent to the ‘Load’ level of the data engineering process.

e Data Access and Governance: Ensures data is discoverable, secure, and compliant
with regulations, enabling effective use in analytics and decision-making. This level
focuses on governance policies and tools to manage data access and usage.
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e Data Automation and Optimisation: Enables real-time, automated data manage-
ment to support dynamic, self-optimising applications. This level focuses on stream-
ing data pipelines and automated governance to facilitate advanced, autonomous
systems.

Each of the levels above corresponds to the levels in 5C Architecture.

3.6. Architecture Interpretation Methodology/Approach

The proposed system architecture adopts the 5C IoT architecture paradigm, a 5-layer
architecture proposed by [8] as its base architecture. The 5C architecture (connection, con-
version, cyber level, cognition and the configuration level) is then compared with similar
IoT architectures with varying numbers of architecture levels/layers and nomenclature.
IoT layers are also compared with Data analysis and management perspectives.

From a broad data flow perspective, data flow vertically from the bottom up in each
layer of the architecture; data is collected at the bottom using CPS to capture data, it then
goes through the data/signal processing stage, and then to the services stage at the top,
where services are rendered. The level of insight achieved at each level of the IoT archi-
tecture corresponds to its respective stage in data analytics. In the horizontal direction,
tagged “information processing’, data/information flows from left to right across the IoT
architecture layers. The left is the perception stage. The level of information increases with
the increasing level of useful decision-making data/information, as the level of data ana-
lytics, till it reaches the cognition stage/level on the right side of the architecture.
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Figure 2. Architecture Methodology/Approach Schema.

There are four main groups for the rows, these are: the operational environment, IoT
architecture/data perspectives, data flow, and the technical disciplines/stakeholders.
These layers are colour-coded for easy delineation, as shown in Figure 3 below

CONSTRUCTION Sarmog {laty ENTERPFRISE DIGITAL frarvisrmny Senetyg e PROFESSIONAL
SITE LAYER —————— INFRASTRUCTURE LAYER - OISCIPLNES LAYENR

Figure 3. Operational Environment Layers.

Some of these main rows have sub-groups, which are indicated and explained below

e Operational environment: This group indicates the environment where the operation

is being carried out. There are three operational environments in this framework, they

are: the construction site layer, the enterprise digital infrastructure layer, and the pro-
fessional disciplines layer. These layers are explained below.
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*  Construction site layer: This is the outdoor brownfield or greenfield construc-
tion site where the construction activities are taking place. The sensors, actua-
tors, and CPS are deployed in this environment. As indicated in the schema,
sensing data collected in the Perception layer of the Connection level of the 5C
architecture are the output of this layer and are then transmitted through the
Transmission layer, still at the Connection layer of the 5C architecture, through
to the enterprise digital infrastructure layer. The disciplines that interact directly
or indirectly with this operational environment include the construction project
teams, suppliers/subcontractors, construction workers, etc.

=  Enterprise digital infrastructure layer: This layer is the digital infrastructure
layer of the construction company (enterprise). The infrastructure here helps
with the transmission and processing of the sensing data and the creation of a
single source of truth for all enterprise systems. The layer is not created and
maintained by civil/construction project teams but by the data engineering team.
The data engineering team ensures the appropriate data is extracted, trans-
formed and loaded, guided by the enterprise data governance policies, and is
made available to each team/discipline for decision-making. The IoT layers
(transmission layer and computation layers), as well as the data management
and analytics layers, were previously discussed in sections 3.3, 3.4 and 3.5

=  Professional disciplines layer: This layer is where business, engineering, con-
struction and other management teams carry out analysis, simulation, visuali-
sations and decision-making. There is a feedback mechanism tagged ‘control
data/feedback loop’ to pass signal/information to the sensors and actuators on
site, as well as the construction project team on the construction site. The disci-
plines that interact directly or indirectly with this operational environment in-
clude the construction project management teams, discipline engineers, man-
agement team, and other stakeholders.

IoT architecture/ data perspectives: This group deals with the IoT architecture, data
analytics and data management aspects of the processing of perceived data obtained
from sensors to a higher level of cognition across the architecture levels. The 5C archi-
tecture serves as the baseline, and the various IoT architectures with varying numbers
of architecture levels/layers and nomenclature, as well as the data analytics and data
management levels equivalence, are indicated in Figure 4 below
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Figure 4. IoT architectures and data perspectives.

Data Flow: Data flow vertically from the bottom up in each layer of the architecture;
data is collected at the bottom using CPS to capture data, and then processed in the
data/signal processing stage, and then used at the services stage at the top, where
services are rendered.

Technical disciplines/ stakeholders: The disciplines that interact directly or indi-
rectly with each of the operational environments were listed in the operational disci-
pline group above.
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Figure 3. Integrated Framework IoT/CPS in Construction Progress Sensing, Monitoring and Evaluation —Block View.
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Figure 4. Integrated Framework IoT/CPS in Construction Progress Sensing, Monitoring and Evaluation —expanded view.
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3.8. Integrated Framework 1oT/CPS in Construction Progress Sensing, Monitoring and
Evaluation

In the integrated framework being developed, CPS are divided into four segments:
the vehicles, which serve as a medium of carriage for other sensors, this includes robots,
unmanned aerial vehicles (UAVs)/drones; the sensors which are used to detect, measure
and capture information about human’s activities, material movement and utilization of
equipment/machine operations, as well as construction progress. This includes IoT de-
vices, laser scanners, cameras, and GPS systems. Also, the transmitters used to send infor-
mation include the internet, cables, protocols, etc. And lastly, the processors which extract,
transform and load the CPS data into the data infrastructure (data lake, data warehouse).
The data is then filtered and made available to the relevant enterprise system from the
data mart of the particular system. Tools and technologies used include algorithms, ma-
chine learning, and deep learning technologies (computer vision, natural language pro-
cessing). The segments can then be grouped into (1) The Information Propagation, which
includes the vehicles, sensors and transmitters, and (2) The Information Processing, which
includes the processor [12,26].

PROCESSORS

Self-Adapting Intelligent Systems

Business Applications, Algorithms, —
Computer-Aided Engineering, Machine Learning and
Construction Management Deep Learning Technologies

Data Engineering
(Extract, Transform, Load)

)

TRANSMITTERS

2
@
:
o
5
E
£

Cloud Servers, loT Gateway,

Edge Computing Network & Communication Protocols,

VEHICLES

Remote Vehicles: Remofe Operated Vehicle (ROV),
Unmanned Aenal Vehicle (Drones), Robodog, Mobile devices
(Wearables, Smart thermostats, industrial loT devices)

loT Devices

Embedded Systems; Microconiroller/Processor,
Power Source, Connectivity Module, Sensors/Actuator,

Decision feedback to remote site

Cyber Physical Systems

Data Propagation

Embedded Systems; Micracontroller/Processor,
Power Source, Connectivity Module, SensorsfActuator,

SENSORS/ ACTUATORS

Proximity: Ultrasonic, LIDAR, or infrared for distance measurement.
Environmental Sensors: Temperature, humidity, pressure
Motion: Accelerometers, gyroscopes, PIR (Passive Infrared)
Optical: Light sensors, cameras, infrared sensors.
Chemical: Gas sensors (for detecting CO2 or smoke).

Data flow (from data to insight)

Figure 5. Integrated Framework IoT/CPS in Construction Progress Sensing, Monitoring and Evalu-

ation.
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In the integrated framework presented above, data flow from the sensors in the em-
bedded system, and are empowered for local signal processing by the CPS, which accesses
the other systems through IoT. It can be observed that data flows from the base, at the
sensor Level, to the processor level. Feedback can then be sent back to the construction
site in the form of a project parameter update, project schedule updates, and remote access
of sensors and actuators, etc. It should be noted that the integrated framework is a high-
level expanded sensor segment of the previously discussed system architecture for digital
construction site management. The usage of the sensors to be used in indoor and outdoor
and outdoor environments was discussed in Section 2.5.1. (Note: This framework can be
better interpreted when viewed through the overall system architecture.) This can be
adopted in the construction operations management, such as project management.

4., Discussion

The integrated framework will be used to visualise the physical and digital infra-
structure architecture, as well as the data management practice required to prevent data
silo and achieve a single source of truth for the construction project throughout its lifecy-
cle. The presented framework also fosters communication and collaboration among the
multiple disciplines in a construction project. It also enhances stakeholder engagement
[27].

The integrated framework overcomes siloed monitoring by unifying indoor and out-
door data streams, aligning with C4 four-layer models. Compared to CV-only approaches,
it enhances scalability through DT integration. The challenges in the presented framework
include high initial sensor costs and data privacy concerns.

The integrated framework provides a system overview —from the base data capture
component to the configuration level, which is more of a futuristic level. The prevailing
C4 use cases are currently at the cognition level, where, at best, the Al and other related
systems might suggest preventive and corrective actions, which are still subject to human
subjective decision for implementation. Therefore, while the 5C Architecture adopted in
this research work has five levels, the implementation or setting up of the systems in the
framework is not in the civil engineering and construction project management disci-
plines/domain, as shown in the discipline layer of the integrated framework. That said, it
is important for civil engineers, construction project management professionals, policy
makers and researchers to have a high-level overview of how to achieve higher produc-
tivity through the deployment of C4 systems.

4.1. Research Limitations

The presented framework has not been tested in simulations; real-world deploy-
ments may face environmental interferences. Future work could incorporate edge com-
puting for faster processing. While an effort was made to include the relevant elements,
there are some that may not have been included in the framework. Also. while a hypo-
thetical use case was analysed, the presented integrated framework was not validated in
a real-life project/use case.

4.2. Future Recommendation

It is important to implement the presented integrated framework in order to gain
relevant insights and the necessary updates required from feedback. Future studies will
thus focus on extending and bridging the gaps highlighted. It is also imperative to dive
deeper into the Configuration layer; to achieve the autonomous, self-adapting, and intel-
ligent goal, by investigating use feasibility of adopting agentic Al technologies.
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4.3. Conclusions

This study presents a sensor-driven framework for automated construction progress
monitoring, integrating SLAM, IoT, CV, BIM, and DT for indoor-outdoor unity. It ad-
vances C4 by enabling efficient, scalable project management, with potential for wide-
spread industry adoption. This research has contributed towards advancing the field of
construction automation by offering a scalable solution for efficient construction in project
management through the use of an integrated DT framework.
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