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ABSTRACT

On construction sites, communication is key to boosting teamwork and improving worker
performance. It allows workers to coordinate their activities, share information, and respond to
potential hazards quickly and efficiently. In current practice, workers on construction sites
typically rely on verbal, hand signalling, and two-way radio communication systems. Verbal and
hand signalling communication are used when the workers are in close proximity to one another,
whereas two-way radio communication is used when the distance is long and verbal and hand
signalling communication are not possible. However, construction sites today are increasingly
busy, congested, and noisy, making traditional means of communication less effective. This, in
turn, results in communication errors, which can lead to disastrous accidents on construction sites.
Meanwhile, the introduction in recent years of technologies such as deep learning and sensor-
based approaches has resulted in a number of applications to improve safety, productivity, and
surveillance. In this regard, the present research proposes a multimodal construction site
communication classification system that uses innovative technologies to improve the reliability
of communication on construction sites. In this research, communication between crane operator
and signalman on the construction site is used as a case. The proposed framework offers a reliable,
real-time communication classification system for use on construction sites as a supplementary
means of communication in crane operations. Firstly, by developing computer vision-based
integrated deep learning model with the capability to detect and classify dynamic hand signals in
real-time, even in the presence of complex and varying weather conditions at the construction site.
Secondly, by developing sensor-based smart construction glove that uses machine learning models
to classify crane signalman dynamic hand signals in real-time. Additionally, to enhance speech

communication, this research proposed a one-dimensional convolutional neural network model.
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This model is designed to identify the crane signalman speech commands in real-time by providing
crane operators with the necessary keywords to understand the signalman's instructions and
support their decision-making process. Finally, the proposed framework implement the concept of
redundancy by utilizing ensemble models. These models combine the decisions from computer
vision-based deep learning; sensor based smart construction glove; and keyword identification
model using weighted average and majority voting techniques, resulting in a single, reliable
decision output. Overall, this research improve the reliability of site communication by classifying
the hand signals and speech commands (both individually and in the aggregate using ensemble
models), classifying to a high level of specificity the hand signals and speech commands used in

the communication between crane operators and signalmen.
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Chapter 1: INTRODUCTION

1.1 Background

Communication technologies play a significant role in establishing and maintaining quality
working relationships in any industry. Means of communication have advanced over time. For
instance, in the early 1800s, communication in the aviation industry, shipping industry, and postal
services relied on Morse code and telegraph (OCN 2021), but with the rapid introduction of new
technologies, the means of communication have changed dramatically in recent years. In the last
50 years, communication technologies have advanced rapidly, from the development of satellite
radios in the 1970s to virtual reality and artificial intelligence more recently. Some of the most
popular technological advancements to enhance communication in each decade are shown in

Figure 1-1.

Technological \
@ 1980s @ @ @ Developrflem.: for

Communication

Advancement

Cell Phones Low speed Internet Fastinternet Smart Phones  Artificial Intelligence

Telephones Fax Machines First SMS Wireless internetVirtual reality
Video Calling  Automation
5G

Figure 1-1. Timeline of key advancements in communication technologies in recent decades.

Various industries have adopted advanced communication technologies in different ways over the
years. In the business sector, for example, corporations have used email, video conferencing,
instant messaging, and other digital tools to facilitate communication among staff and with clients
(Armirola Garcés et al. 2020; Scolari. 2009). Telemedicine and other forms of remote

1



communication have been implemented in the healthcare sector to enhance patient care and access
to medical knowledge (Matusitz and Breen. 2007; Zagan et al. 2017; Ratta et al. 2021). Streaming
services and social media platforms have been used to disseminate material and engage viewers in
the entertainment sector (Ahuja. 2021). GPS and other types of digital communication have been
used in the transportation industry to improve logistics and fleet management (Vivaldini et al.
2012; Hu et al. 2015). Overall, the introduction of communication technology has allowed various

economic sectors to boost efficiency and production.

1.2 Advancement of communication in the construction industry

Historically the construction industry has exhibited a reticence to adopt advanced technologies due
to the dynamic and unpredictable nature of construction work and the inconsistency of the results
achieved when implementing advanced communication technologies in this environment (Hwang
et al. 2022; Mansor 2010). Nevertheless, with these technologies become more well established,
and with the high volume and quality of research on their implementation now available, these
technologies are increasingly being adopted in the industry today (Hwang et al. 2022; Mansor
2010). For example, the introduction of Building Information modelling (BIM) technology has
provided the foundation for a digital transformation in the construction industry in recent years
(Azhar 2011). BIM allows for stakeholders to collaborate in a common digital platform on the
planning, design, and construction in order to speed the construction process, reduce ambiguities,
and improve the overall efficiency of building construction (Azhar 2011). Another example is
“remote monitoring” of the construction process. Remote monitoring allows supervisors to
monitor construction processes in real time from anywhere so that they can be apprised of updates

and issues and take remedial action as required (Soltanmohammadlou et al. 2019).



Project management software tools such as Microsoft Project allow for task, deadline, and progress
monitoring, as well as communication and collaboration among team members. Internet of Things
(IOT) devices, meanwhile, are used in the construction industry to monitor construction site
conditions such as humidity, temperature, and air quality, as well as to track the position and
movement of construction equipment and supplies (Teizer et al. 2017; Patel et al. 2016; Mishra et

al. 2022).

While many of these advancements have focused on the tools and methods used to complete
construction tasks, worksite communication also plays a vital role, given its impact on worker
safety, performance, and productivity (Kines et al. 2010; Neitzel et al. 2001). On construction sites,
communication among workers can be categorized into short- and long-distance communication.
When the distance between workers is short, face-to-face verbal communication is the most
reliable means to convey the message, while hand signals are used when verbal communication is
not possible, such as when the site is noisy (Hagan et al. 2015). For long-distance communication,
meanwhile, two-way radio speech communication and hand signalling are the primary means of

communication (Hagan et al. 2015).

1.2.1 Hand signals

Hand signals have been in use for millennia as a means of communication. In recent years, hand
signalling has been used widely in many applications, such as for speech- and hearing-impaired
people as a means of communication (Sriram and Nithiyanandham 2013), for traffic direction on
roadways (Guo et al. 2017), and in aviation for safe flight operations (IATA 2020). On construction
sites, workers use standard hand signals for long-distance communication, as well as for short-
distance communication in noisy areas where verbal communication would be impossible or

severely hampered (Hagan et al. 2015). Hand signalling is also used extensively to send commands



to operators of heavy construction machinery (e.g., excavator, concrete truck, bulldozer) when the

working area is not clearly visible to the operator. A trained signalman stands in a location from

where the site is clearly visible and guides the operator using hand signals to ensure safe

construction site operations. Examples of hand signals are shown in Figure 1-2.
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Figure 1-2. Examples of hand signals.

In crane operations, hand signalling is used to facilitate communication with the crane operator

(All-West Crane and Rigging 2019). The advantage of using hand signals is that they are simple

and effective, and they can be used in noisy areas where verbal communication is not possible.

The operator receives direction from the signalman clearly and immediately, which makes the

communication process efficient and effective (CCOHS 2019). On the other hand, site congestion

and obstacles in the line of sight between signalman and operator can make the process less



efficient and effective, since a second signalman is often needed to relay the signals from the
primary signalman to the operator, reducing the efficiency and increasing the risk of an accident

due to transmission errors between signalmen (Fang and Cho 2016).

1.2.2 Two-way radio speech communication

Two-way radio speech communication is another solution for communication on construction
sites. This approach is used when neither face-to-face verbal communication nor hand signalling
is possible. On the construction site, this approach is mostly used for communication between
workers on the ground and heavy construction machinery operators, such as in crane operations,
where a two-way radio speech communication system is typically used when it is difficult for the
operator to see the signalman due to an obstacle in their line of sight (Stevenson 2019). This
communication approach requires a dedicated radio channel for the communication between the
operator and signalman that must be maintained at all times. If there is any problem in the
channel/communication line, such as radio interference from another radio, loss of signal due to
radio blackspots, or excessive noise on the construction site, the operator may be unable to hear
the signalman’s voice clearly, in which case operations must be halted until the disruption to the
line of communication is resolved (Maxim Crane Works 2019). These communication disruptions
may also lead to misjudgments on the part of the operator, in turn resulting in safety and
productivity issues. Furthermore, construction workers are often from different linguistic
backgrounds and have different accents, meaning that it may be difficult for the listener to
understand the speaker in some cases, leading to misjudgments in decision-making (Bust et al.

2008).

Given the inherent disadvantages of traditional means of communication such as verbal

communication, hand signalling, and two-way radio speech communication, the construction



industry can benefit from recent developments in information technology. In particular, an
intelligent and automated communication classification system can be introduced to improve
communication between heavy construction machinery operators and workers on the ground and
thereby enhance the safety and productivity of site operations. In this context, the present study
develops a framework that provides an intelligent and advanced communication classification

system to reduce the risk of miscommunication on construction sites.

1.3 Problem Statement and Motivation

One of the major concerns in the construction sector today is construction site safety. However,
the inherent deficiencies of traditional means of communication on construction sites (i.e., hand
signalling and two-way radio) mean that construction workers are still exposed to safety hazards,
especially in heavy construction machinery operations. For example, in a recent case, a concrete
truck struck an electrician who was replacing a traffic light due to a misread of a hand signal given
by an officer (Reakes 2018). In another example, an accident occurred when a crew chief in an
All-Terrain Vehicle (ATV) travelled into an active work area. Although he had been asked to clear
the area by a foreman using a hand signal, the signal was not received by the crew chief. As a

result, the ATV was struck by a bulldozer and the crew chief suffered an injury (ENFORM 2013).

In crane operations in particular, communication is among the most significant challenges (Neitzel
et al. 2001). With the emergence and continued evolution of modular construction in recent
decades, heavy mobile cranes play an increasingly important role on construction sites, as cranes
are required to load and assembly increasingly large, heavy, and complex modular components.
This shift toward modular and offsite construction underscores the criticality of effective crane
operations to project productivity and safety (Bernold et al. 1997, Ali et al. 2021). In practical

terms, the rise in the fatality rate due to accidents involving cranes has meant that every activity



involving a crane on the construction site is now considered hazardous (King 2012). Indeed, a
small error on the part of a crane operator or a rigging failure during a heavy lift can pose an
enormous risk to both the operator and the workers in close proximity to the crane and load.
According to statistics from the US Bureau of Labor Statistics (2017), from 2000 to 2017, the
number of fatalities in crane-related accidents in the United States totalled 1,097 from all industry
sectors, as shown in Figure 1-3. The construction industry was responsible for 632 (57%) of those
fatalities. According to the U.S. Department of Labor as reported by Beavers et al. (2006), the
construction industry had the third-highest fatality rate among the main economic sectors in 2001,
with 13.3 fatalities per 100,000 construction workers. They estimated that about 84% of the
fatalities in the construction sector were linked to crane operations on the site. Further