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Abstract: Researchers have proposed several forms of beacon sensor-based hazard alarm systems for
increasing construction workers’ awareness of site hazards, but research on how to deploy beacon
sensors so that the system is adequate for achieving timely individualized hazard alarms is scarce.
Against this background, this research investigates the impact of different beacon sensor locations
in a construction site on how quickly a worker can receive the individualized hazard alarms. This
research took an experimental study approach to address this objective. After a prototype of a
beacon-based hazard alarm system was developed, the system was tested in a concrete structure
building under construction. In the experiment, the locations where the experimenter received the
first hazard alarm were recorded in repetitive trials while the beacon sensor was located in four
different locations, such as (1) at the entrance of the room, (2) behind the front side wall, (3) on the
internal wall facing the access point, and (4) on the internal wall not facing the access point and in a
partially enclosed room in the concrete structure. The rate of successful alarm notification (i.e., the
rate that the person received the hazard alarm before arriving at the target location) was 89%, 68%,
48%, and 19%, respectively, for the four locations of the beacon sensor. Meanwhile, the heat maps
indicating where the hazard alarm notification was received show that the “behind the front side
wall” setting yielded the most desired pattern of notification reception, wherein the person received
the hazard alarm just before arriving at the room. These results show that the hazard alarm function
of the system could be severely affected by the beacon sensor’s location and implies that the locations
of beacon sensors should be decided carefully based on the type of hazard involved and the workers
targeted for receiving the alarms.

Keywords: construction safety; construction site; hazard recognition; hazard alarm system; Bluetooth
Low Energy (BLE); sensor deployment

1. Introduction

Construction sites are hazardous work environments, even after a significant effort
is invested for identifying hazards and mitigating safety risks following the construction
safety management guidelines and standard practices. This is because many safety risks
on construction sites cannot be eliminated given the current construction methods and
techniques, and those “reduced” safety risks still require workers’ awareness and per-
ception of the risks and their ability to respond to those risks appropriately to prevent
accidents. In other words, construction sites rely on many administrative controls such as
training, policies, signs, interpersonal communications, and shift designs, which are all im-
plemented to increase workers’ risk awareness and control the residual hazards. However,
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those administrative controls are limited in preventing accidents and have proven to be
less effective than other measures in the hierarchy of controls, as they require significant
effort by the workers involved [1].

With interest in finding how to help workers maintain adequate recognition of hazards
and risk perception, researchers have investigated the effectiveness of training. Previous
research works unanimously state that safety training programs have a positive impact
on construction workers’ risk perception and safety attitude [2–4] but provided limited
discussion on how much safety training programs increase workers’ ability to recognize all
hazards and perceive appropriate risks in the work environment. Specifically, Man et al. [4]
found that their data did not support the links between safety training and workers’ ability
to recognize the probability and severity of specific safety risks.

Several researchers approached the problem of worker hazard recognition by devel-
oping a sensor-based hazard alarm system designed to alert construction workers in a
timely manner when they were around a hazard. The researchers used various types of
sensors, including Radio Frequency (RF) [5,6], Bluetooth Low Energy (BLE) [7–10], Global
Positioning System (GPS) [11], Chirp Spread Spectrum (CSS), and Inertial Measurement
Unit (IMU) [12] sensors, to name just a few examples, to create a system to quickly give a
warning to the worker exposed to a critical hazard. In addition, researchers reviewed the
use of these different types of sensor-based location- or proximity-based warning systems
for construction safety and found that the number of publications discussing sensing and
warning-based technology for construction safety has increased dramatically since 2013,
especially for BLE-based proximity warning systems [13–15].

However, the application of BLE-based hazard alarm systems on construction sites is
in an early stage in the construction industry, and many questions need to be answered
before such a system can be fully implemented. One of the important questions is about
the suitability and reliability of Bluetooth signal-based distance measures and proximity
detection in construction work environments. Researchers indicated that BLE sensors are
influenced by the ambient temperature and humidity, and therefore, the performance of
proximity sensing and alert systems can be compromised by these factors [8]. As BLE
signals are also significantly attenuated when they hit an obstacle like concrete walls in
indoor environments [16], the applicability of BLE-based proximity sensing for construction
worker hazard alert systems needs to be tested in real-world settings to provide clearer
empirical evidence for such a system’s viability and possibly reveal the potential issues to
be addressed before such systems can be implemented in construction sites.

To address this research need, this paper aims to investigate the impact of differ-
ent beacon sensor deployment locations on the location where a worker would receive
a proximity-based hazard notification in a concrete building structure. This goal was
achieved by conducting an experimental study at a typical concrete structure building
construction site and marking the locations at which a BLE proximity sensing-based haz-
ard notification is received on a mobile phone through a cloud-based hazard notification
system. As environmental factors and random effects affect the exact location of the BLE
signal and mobile data reception, the data collection was repeated so that the notification re-
ception locations were visualized as a heat map, which was then qualitatively analyzed for
ascertaining the impact of the beacon sensor locations on hazard notification performance.

The rest of the paper is organized as follows. First, the relevant literature is reviewed,
primarily focusing on three areas of research: construction worker hazard recognition and
risk perception, site hazard information communication, and sensor-based site hazard
alarm systems. The subsequent section will explain the detailed design of the BLE-based
hazard notification cloud system used in this study. Next, the experimental design and the
case site are explained, followed by the results. Lastly, the implications of the experiment
results and findings are discussed, and the paper concludes.



Appl. Sci. 2021, 11, 11654 3 of 17

2. Research Background
2.1. Construction Worker Hazard Recognition and Risk Perception

The hazard recognition and risk perception of workers are essential for safety in
construction work environments, but unfortunately, recent studies showed that many con-
struction hazards are not recognized by the workers, leading to accidents and injuries [17].
Furthermore, many previous studies indicated that workers frequently underestimate the
safety risks [17]. Researchers found that among the many reasons for such missed hazard
recognition or underestimated risks are safety knowledge [18], distraction [17], training [2],
blind spots [19], the emotional states of the workers [20], and the organizational safety
climate [21].

Researchers have found that situation awareness (SA) is a useful theoretical frame-
work for understanding how a construction worker recognizes a hazard within a work
environment and the factors involved with the process of risk perception [11,19]. SA is a
comprehensive term denoting the perception of the elements in a constrained environment
and consists of three dimensions: “a constrained time and space, the comprehension of the
meaning, and the projection of their status in the near future.” [22]. Endsley [23] viewed
situation awareness as part of a person’s state of knowledge related to perceiving risks
and making decisions in a dynamic environment. To achieve good SA, the first step is to
perceive the details of the relevant elements. The second step is to comprehend the per-
ceived information and its meaning in the given environment. The third step is to project
future events and possibilities to make a decision for an action that is most appropriate
in the given situation [24]. This process of situation awareness is influenced by internal
and external factors, including the individual’s ability to recognize and comprehend an
observed situation and previous experience and mental models [24].

It is difficult for workers to keep aware of all hazards in the surrounding environment
during work. Furnham [25] developed an accident causal process model showing that
incomplete cognition of hazards can cause multiple human errors. Previous research
revealed that keeping good SA is even harder for people who work in a dynamic and less
organized environment, such as military, construction, and road environments [26–28].
Salmon et al. [29] identified some implications of the theory of SA regarding the use of
road environments and explained accident causation based on the theory. In the con-
text of construction works, the theory of SA explains why workers’ correct and timely
recognition of hazards is critical for safety. Such criticality has already resonated among
several researchers in the construction domain, who have investigated how technology
can assist workers with maintaining good SA. For example, Oloufa et al. [30] integrated a
Differential Global Positioning System (DGPS) and wireless and web-based technologies
into construction equipment to track mobile targets and inform workers when they are
approaching. Their research revealed that various technologies can be used to define,
detect, and evaluate the SA performance of workers and supervisors. Mamessier et al. [31]
conducted a virtual reality-based experiment to evaluate the SA of workers in a simulated
environment and proved that eye-tracking technology is a practical way to examine the
level of SA. Additionally, Hasanzadeh et al. [32] investigated construction workers’ SA in
dynamic construction work environments using eye-tracking devices.

2.2. Site Hazard Information Communication

There would be four critical components in site hazard information management:
site rules, site inductions, permits to work, and on-site training, such as toolbox talks [33].
Among these, site inductions and toolbox talks play a crucial role in site hazard manage-
ment, as they affect workers’ knowledge and skills to recognize and appropriately respond
to site hazards. Kines et al. [34] conducted an experimental study and found that workers
involved in toolbox meetings had a significant increase in interaction with their supervisor,
and as a result, they had higher levels of hazard awareness. Esmaeili et al. [35] reviewed the
literature on the effectiveness of on-site safety training programs and found that specific
training and safety meetings were the two most effective programs among the twelve
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different types of safety training programs they reviewed. Hinze et al. [36] found that the
participation of contractors in safety meetings had the most significant relationship with the
reduction of the injury rate. With an understanding of the importance of toolbox meetings
and hazard information communication with workers, many safety authorities require
toolbox meetings in site safety management systems [37–39]. However, researchers also
indicated limitations in the current toolbox meeting practices in the construction industry.
Olson et al. [40] reviewed the toolbox meetings in the US and found that the time for
workers and subcontractors to talk and engage needs to be increased. They also found
that more visualization and specific incident case studies can increase the effectiveness of
toolbox meetings in increasing workers’ hazard recognition.

Site induction is another commonly used method to increase hazard awareness in
construction workers. Since OSHA started a hazard awareness program called Smart
Mark in the US in 1997, such site induction programs have become a norm in construction
sites across the US [41]. In 2007, the Western Australia government also developed a
similar mandatory site induction program called Construction Induction Training (CIT),
and more recently, an online version of this type of training also became available [42].
Similar site induction programs are required in other countries in Asia and Europe as
well [33,43]. Researchers investigated the effectiveness of the current practices in site
induction programs applied in the construction industry. Bahn and Barratt-Pugh [42]
conducted two studies in 2006 and 2010 in Western Australia to assess the benefits of site
induction training programs from the worker’s perspective. They found that practitioners
in general changed their attitudes from indifference or even a refusal to support them. Bahn
and Barratt-Pugh’s subsequent research found that site induction programs contributed
to decreasing accident rates in Western Australian construction workplaces [44]. Other
research also proved that safety training intervention programs could reduce injuries at
construction sites.

Despite the successful results of those worker safety training and site induction programs,
researchers indicated that a worker’s ability to appropriately recognize site hazards and
correctly perceive the level of safety risks can still be compromised due to distraction [17],
blind spots [19], and their emotional state [20]. In addition, workers’ sensitivity to important
hazards and safety risks can be reduced over time. For example, Perlman, Sacks, and
Barak [45] found experienced workers who regularly worked at heights underestimating
the risk of falling when using a ladder. Such unrecognized or underestimated safety
hazards increase the possibility of catastrophic workplace incidents [46]. These limitations
of the current methods for communicating site hazards and the human nature of becoming
insensitive to hazards motivated researchers to look into the possibility of using sensor-
based systems to address the problem of the hazard recognition and risk perception of
workers, as discussed in the following section.

2.3. Sensor-Based Site Hazard Alarm Systems and Knolwedge Gaps

In general, many of the safety injuries at construction sites would be associated with
whether the workers have a possibility to be close to or make contact with any existing
safety risks such as floor holes or open spaces without proper safety protection, which
can lead to “falls from height”, or working areas that are exposed to “struck-by hazards”
(e.g., flying, falling, swinging, and rolling objects). As a result, monitoring the locations of
workers or any sources of forcible contact (e.g., equipment) is important to provide a timely
alarm to workers and avoid potential hazards. The primary function of such sensor-based
hazard alarm systems would be to obtain accurate worker location information by using
various positioning and localization sensors such as Global Positioning Systems (GPSs),
Radio Frequency Identification (RFID), Ultra-Wide Band (UWB), Wireless Local Area
Networks (WLANs), or BLE. For example, Fu [47] designed an alarm system that obtained
distance data through a GPS to remind railway construction workers of a coming train at
the sites. Fang et al. [48] used RFID to localize workers to provide a timely warning if a
worker was near predefined hazardous areas. Giretti et al. [49] applied UWB technologies
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to develop a real-time monitoring system for workers and equipment. Woo et al. [50]
developed a WLAN-based indoor positioning system to track laborers at construction sites
and conducted a case study at the Guangzhou MTR tunnel construction site. Park, Yang,
Cho, and Seo [8] proposed a BLE beacon-based safety alert system for indoor worker safety
monitoring [7].

Fang, Cho, Zhang, and Perez [48] pointed out several features of sensors when select-
ing localization technologies, such as (1) accuracy, (2) affordability (e.g., required capital
hardware investment), (3) need for line of sight, (4) wireless communication, (5) need for a
power supply, and (6) scalability. Considering these features, BLE beacons have compara-
tive advantages compared with others, especially for sensor deployment at dynamically
changing construction environments. These days, various cheap, off-the-self BLE beacons
with long-lasting batteries (more than 2–3 years without changing batteries) are available
on the market. They can communicate with mobile phones to serve as signal receivers and
hazard alarming devices by using mobile applications. Even though they may suffer from
low accuracy in long-distance and line-of-sight issues (blocked signals can be degraded),
deploying multiple BLE beacons somehow can address these issues. In particular, they
can be quickly installed and relocated only by attaching and detaching them at the site,
allowing flexible deployment when considering dynamic hazardous site conditions.

However, from a practical point of view, how to deploy the beacon sensors is still
challenging. In general, two different strategies for beacon deployment have been widely
used: (1) point-based (deploying at specific places) and (2) grid-based (deploying to cover
the entire space) beacon deployment. For hazard alarm systems, point-based deployment
would be preferred, as the alarm system aims to give an alarm to workers who are exposed
to hazardous areas or objects, and it can also save the costs and efforts of buying and
managing multiple beacons. However, point-based deployment may need to compromise
the reliability of safety alarms due to the limited coverage and vulnerability to blockage of
BLE beacons. In this regard, understanding how beacon-based alarms can be affected by
various site conditions would be essential for more cost-effective beacon deployment for
hazard alarm systems.

3. Beacon-Based Hazard Alarm System Design

In this section, the three aspects of the beacon sensor-based alarm system developed
for this study are explained: (1) the design rationale, (2) the structure of the system, and
(3) the details of the system components.

3.1. Design Rationale

The system is designed to connect workers with the work environment through an IoT
sensor system facilitated by beacon sensors, cloud platforms, and mobile devices. Figure 1
depicts the conceptual design of the proposed mobile communication system.

A few types of data can be extracted from beacon sensors, including the temperature,
distance, position, and acceleration, depending on the beacons used. This research used
proximity data produced by LTE beacon sensors manufactured by the Estimote Inc. Based
on the proximity data collected by the sensor, an alarm process is activated when the
distance between the hazard source and the user is closer than the pre-set threshold. To
achieve this, one beacon sensor that can broadcast BLE signals can be arranged at a suitable
location for the hazard source. If the hazard source itself is an object with a large volume
or covering a large area, such as large-sized mobile equipment, multiple beacon sensors
can be deployed.

Once a proximity case is detected, the system activates an alarm process to ensure
that the user perceives the hazard existing in the surrounding environment. There can be
several ways to communicate the hazard information to the end user, including visual cues,
auditory cues, and tactile cues. This research uses a mobile phone as the end user device to
support the availability of all three types of cues with a single device. When the distance
between the user and a hazard source is closer than the threshold, the mobile phone can
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sound an alarm, vibrate, and show a notification on the screen. The end user system
interface can ensure that workers do not ignore the alarm by requiring a confirmation of
reception of the hazard alarm.

Figure 1. Overview of the design rationale.

To achieve this design concept, three specific objectives were developed: (1) design
an IoT application for the LTE beacon sensor to receive the Bluetooth Low Energy signal
(so-called “BLE package”) from other beacons and parse the BLE package; (2) build a
connection between the LTE beacon sensor and a personal mobile phone using APIs,
Estimote Cloud, and Google Firebase Cloud Messaging platforms; and (3) develop a
mobile phone application for the mobile phone to receive an alarm message through the
Google messaging service and produce the visual, auditory, and tactile cues, as explained
above. The next section explains each of the structural elements of the system.

3.2. Structure of the System

Figure 2 depicts the structure of the system. The system includes components to sense
and generate data in the backend, transmit data to the frontend (a phone application) by
server platforms, and send the hazard alarm to the affected workers. The details of the
system are expounded below in this order.

Figure 2. The structure of the system.

3.2.1. Sensing and Data Generation (Backend)

The primary function of the BLE beacon is to keep broadcasting Bluetooth packages
in the form of BLE signals to the surrounding environment. This research used an LTE
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beacon manufactured by Estimote Inc. for the beacon signal generating component. A
BLE package can contain several different types of data, depending on the type of the
beacon sensor, and the origin of data is identifiable, as each beacon sensor has a unique ID
number [51].

The second part of generating proximity data is to transmit the BLE package. A BLE
package is a type of Bluetooth signal which beacon signal-reading devices can receive.
While the beacon sensor device continuously sends out Bluetooth packets, a corresponding
receiving device can receive Bluetooth signals within a certain range. This means that
in the proposed system design, two LTE beacon sensors are used: one as the BLE signal-
generating unit and the other as the BLE signal-receiving unit. The distance between
a beacon and a receiving device varies from 7 m to 200 m, depending on the different
types of Estimote Bluetooth equipment [52]. The Bluetooth Special Interest Group (SIG)‘s
research [53] found that the factors that influence the transmission distance include the
radio spectrum, physical layer, receiver sensitivity, transmit power, antenna gain, and
path loss.

The third part of data generation is to parse the Bluetooth package. Another LTE
beacon sensor works as a BLE signal receiver and collects BLE packages when the sensor is
located within the Bluetooth signal distance range. In this way, the LTE beacon sensor can
generate proximity data as the person who holds the sensor gets close to the location of the
beacon signal’s origin, which is the location of a hazard in the context of this application.
Another IoT application needs to be installed in the receiver device to extract the data
within the package. The IoT application receives, parses, and analyzes the Bluetooth signals,
translating the Bluetooth packages into data transmitted across the internet by mobile data.
In this manner, the Bluetooth signal-receiving device works as a micro-Bluetooth signal
processor. In addition to data transmission, the application also synchronizes the processed
data with the server platform to trigger the hazard alarm process.

3.2.2. Server Platform

Two server platforms were used and integrated into this system; one was Estimote
Cloud, an Integrated Development Environment (IDE) provided by Estimote Inc. New
York, US, and the other was Firebase Cloud Messaging (FCM), provided by Google. Using
APIs provided by Estimote Cloud, a web application was developed to process the data
from the beacon receiver device. This application analyzed the identifier and the Bluetooth
energy power data, defined a threshold for triggering the alarm system, and sent the alarm
notification to FCM. Then, the FCM platform worked as a mobile phone notification hub; it
received messages from Estimote Cloud and sent them to an Android mobile application.

3.2.3. Frontend

The frontend of the system is an Android application. The Android application
integrates the FCM notification service into an Android application and allows a mobile
phone to receive a notification. Once the alarm message is transmitted and received by
the target mobile phone, the application makes an auditory alarm sound, and the message
contained within the alarm data shows up on the screen to warn the user to recognize
the hazard and take measures to mitigate the risks. The application keeps producing the
alarm sound until the user responds to the alarm message and confirms the reception of
the alarm message.

3.3. Detailed Design of the Components
3.3.1. Beacon-Based Distance Monitoring

A set of parameters is integrated into a BLE package. The Received Signal Strength
Indicator (RSSI) value, measured power value, type, and name are the four types of data
used in the alarm system. An RSSI value is a value to represent the distance from one
Bluetooth point to another Bluetooth point based on the Bluetooth propagation energy loss
model [54]. It is generally expressed as
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RSSI = −10nlg
(

d
d0

)
+ A + Xσ , (1)

where Xσ is a Gaussian distribution random variable, usually taken as zero in calculations,
and n is the space obstacle attenuation factor. Generally, the more factors that hinder
Bluetooth transmission in the environment, the larger its value. A is defined as the average
measured power value, meaning the RSSI value obtained at a distance d0 (generally taken
as 1 m). Subsequently, the distance estimation model is written as

RSSI = −2nlg(d) + A. (2)

The type and name information in the Bluetooth data package are used to identify
the beacon signal source. A construction site is a complicated environment with multiple
hazards located in the same workspace, and therefore, it is likely that more than one
BLE sensor is deployed at the same time. For that reason, the package type and name
information are essential for the beacon signal receiver to identify the sources of particular
beacon signals. Similarly, a unique package name is the identifier of a specific hazard, for
which separate safety measures may be required for effective risk mitigation.

Algorithm 1 [55] shows the computational process through which a distance between
the beacon sensors is calculated based on the RSSI value. In this system, the receiver
application first checks the received package type and the identifier to choose the proper
BLE package. The threshold for triggering the alarm system is set to be 3 m, and the
receiver’s responding range is set to be 5 m. This means the receiver sensor starts to send
data to the cloud when the estimated distance is equal to or less than 5 m and sends an
alarm trigger when the estimated distance is equal to or less than 3 m. Parameters n
and A are related to the environment as mentioned, obtained, and calibrated from the
experimental measurements. To minimize the fluctuation of the distance estimation results
caused by surrounding obstacles and interference electromagnetic waves, this algorithm
utilizes 1 average value based on every 10 readings.

Algorithm 1 LTE beacon sensor distance algorithm [55]

RSSI (i): RSSI value in package (i)
Type (i): the type of package (i)
ID (i): Identifier of Package(i)
MP (i): measured power of package (i)

Input: Package (i), Beacon_ID, I(i)
Output: Average Distance

1 function Dist (i)
2 Dist (i) = 10 ˆ ((RSSI (i)- MP (i))/(−10n))
3 end function
4 Scan BLE Package
5 if Type(i) == ‘est_lot’ then
6 if ID(i) == Beacon_ID then
7 if Package (10) == Ture then
8 I(1) = Dist(i)
9 I(2) = Dist(i + 1)

10 I(3) = Dist(i + 2)
11 . . .
12 I(9) = Dist(i + 8)
13 I(10) = Dist(i + 9)
14 Average Distance = (I(1) + I(2) + I(3) + . . . + I(9) + I(10))/10
15 end
16 end
17 end
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3.3.2. Cloud Computing-Based Alarm System

In the FCM platform, a project named “SendTopicTest” was created. The project
is a pivotal online file providing a connection channel between Estimote Cloud and the
Android mobile application, and it activates the cloud messaging function. The project
generates a unique project ID and project number for Estimote Cloud and the Android
application to connect them to the project. FCM also provides a credential key number for
Estimote Cloud to adopt the cloud messaging service. A topic is necessary for broadcasting
messages to multiple Android applications within an FCM project. For this research, a
topic called “notification” was created to receive the messages from Estimote Cloud and
transfer it to the listed mobile applications.

In Estimote Cloud, another IoT application was designed to create a notification and
send it to the FCM topic based on the data received from the LTE beacon. As shown in
Figure 3, the system uses the “Post” method to create both the data and notification within
FCM and send them to the mobile applications. The two fields within the data correspond
to the district and the identification number of the beacon sensor to locate the hazard source.
The notification is the words shown on the screen of the Android application, and the title
and body text of the notification instruct the user about the hazard and the appropriate
actions to be taken to mitigate the safety risks.

Figure 3. Server connection detail.

3.3.3. Android Application

The Android application is designed to receive the notification and data from FCM
and warn the user by auditory signals and a notification message. The application includes
an FCM configuration and dependencies to enable the FCM platform to work with the
application for this function. The mobile application is connected with the FCM platform
by subscribing to the topic explained above, which allows a mobile phone to receive what
Estimote Cloud has sent to the FCM platform.

When a hazard alarm message arrives, the application produces an auditory alarm
and a message that can contain information about the type of hazard and how to mitigate
the risk. Figure 4 shows the user interface and the screen when a notification arrives on
a mobile phone. When the user opens the application, it is automatically subscribed to
the FCM topic, which means that it is ready to get notifications and data from the FCM
platform, and the system is activated, as shown in Figure 4. During the operation of the
application, when the receiver beacon sensor gets close enough to the sender beacon sensor
located near a hazard, the mobile phone keeps receiving notifications and sounding alarms,
as shown in Figure 4a. The alarm system continuously sends the alarm notifications until
the user pushes the “understood” button (Figure 4b), making the application unsubscribe
from the particular topic.
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Figure 4. Application interfaces ((a) when a hazard is notified and (b) when the user has confirmed
the recognition of the hazard).

4. Field Experiment
4.1. Experiment Design Concept

As the next step, a field experiment was conducted to investigate the impact of
different deployments of the beacon signal sending devices on the hazard notification
reception on the user’s mobile phone. The question to be addressed by this experiment
was the following: “What should be the locations of the Bluetooth sensors for the workers
to receive individualized hazard notifications most effectively?” In this question, the word
“effectively” is combinatory of several conditions the system would need to satisfy, such as
the timing and range of alarm notifications.

Depending on the type of hazards, the timing of the notification’s reception can be
critical for worker safety. If exposure to the hazard instantly poses a great threat to the
worker’s health and safety, such as live electrical wires, it would be ideal for the worker
to recognize the hazard before entering or nearing the workspace. On the other hand,
some hazards, such as dust and ergonomic hazards, are dangerous only when exposed
to the hazard for a while. In this case, it may not be a significant problem if the hazard
notification is received shortly after the worker enters the workspace. In addition, some
hazards, such as a poisonous chemical spill or gaseous hazardous materials, can affect
workers over a wide area, and therefore, every worker in the affected area needs to be
notified of the hazard. On the other hand, some hazards are exposed to the worker only
when the worker contacts an object or the structure, such as collisions or falling. In this
case, only the workers carrying out a task near the hazardous object or work environment
need to be notified of the hazard.

When a sensor-based hazard alarm system is designed, alarm fatigue also needs
to be seriously considered. Alarm fatigue has been identified as a major issue in many
sensor-based danger alarm systems in construction and other industries, such as health
care [56,57]. If a worker keeps receiving alarm notifications that are not relevant to their
task or workspace, redundant, or repetitive, it is likely that they will ignore the alarms
or even disable the alarm device. Therefore, how widely the hazard alarm notifications
should be sent is not a trivial issue when designing a location-based hazard alarm system.

This research took an experimental approach to address these questions related to the
beacon sensor deployment problem in the context of a hazard alarm system. A beacon
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signal-sending device was put at 4 different locations within a construction workspace (e.g.,
an unfinished room under construction). Each of these 4 different locations represented
(1) at the entrance of the room, (2) behind the front side wall, (3) on the internal wall facing
the access point, and (4) on the internal wall not facing the access point. Then, many
trials of approaching the workspace on various paths were performed, and the location
where the user received the first hazard alarm notification was marked in each trial. Then,
all the locations of the first hazard alarm notification from all trials were visualized as a
heat map, which could provide insights into how the beacon sensors would need to be
deployed for the system to notify of hazards most effectively while avoiding alarm fatigue
in construction workers.

4.2. Experiment Setting

An education building project that was under construction, located in Xi’an, China,
was selected for this experiment. The total construction area of the project was 77,535.52 m2,
including a 3-story basement, a 25-story building, and a 12-story building. The experiment
was conducted on a floor of this building for which the structure construction was just
completed, but the finishing work did not begin yet. Specifically, a semi-enclosed room
with two concrete walls and two open access points on the second floor of the building was
selected as the experiment site. The simulated scenario was that the room had a particular
hazard that required notifying all the affected workers. Figure 5 shows the floor plan
where the experiment took place and the 5 paths followed by the experimenter to approach
the workspace.

Figure 5. The floor plan of the experiment site.

Since the alarm system’s operation is based on the relation between the RSSI value
and distance, the parameters included in Equation (1) needed to be calibrated based on
initial measurements collected in the same environment. For this purpose, a preliminary
test was conducted for a known distance at the experiment site, and the parameters in the
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RSSI equation were determined. The hazard alarming distance was set to be 5 m, which
means the alarm system would be triggered when the distance between the beacon receiver
and sender sensors calculated based on the RSSI value was less than 5 m.

4.3. Procedure

Beacon sensors were placed at 4 different locations—at the entrance of the room and
3 corners of the room—as marked with small, numbered circles in Figure 5. With the beacon
sensor located at 1 of the 4 locations in the room, the user approached the room with one
beacon receiver and the mobile phone equipped with the hazard alarm application starting
from 5 different positions in the wider area of the floor, as marked with larger, numbered
circles in Figure 5. The lines with an arrow in Figure 5 show the directions of the routes.
To mark the locations on the building floor, a 2D coordination system was established.
For each route, the experimenter moved toward the room at a regular walking speed and
recorded the point at which the hazard alarm was received for the first time. This trial was
repeated 20 times for each route. If the hazard alarm was not received until reaching the
entrance of the room, the result was recorded as (0,0).

5. Results

The collected data (i.e., locations where the experimenter received the first alarm
notification, expressed as x and y coordinates) were then visualized in heat map-style
2D graphs. In this process, a data analysis and graphing software program, Origin, was
utilized, and specifically, a 2D kernel density algorithm in this software was used to create
the heat map graphs, as shown in Figure 6. This algorithm uses existing data points to
estimate the possibility of unknown data points falling in a certain local position. In this
type of graph, a higher density value means that the statistical probability of the function
(in the context of this research, the alarm notification) occurring at that location is higher.
As the experiment site was modeled as a 2D plane with XY grids, the 2D kernel density
results could be integrated with the site map, showing the distribution of the locations
where the first alarm notification was received in each trial.

Figure 6. Heat map of hazard alarm reception locations (when the BLE signal generating beacon
sensor was deployed at Location 1 (a), Location 2 (b), Location 3 (c) and Location 4 (d)).
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Figure 6 shows the heat map of the locations where the user received a hazard alarm
notification on the mobile phone for the first time in each of the four sensor deployment
cases. The denser the notification locations, the darker the color on the heat map. When the
beacon signal-sending sensor was placed at the entrance of the room, the results show that
the notifications were received many footsteps before, as shown in Figure 6a. The longest
distance between the beacon sensor and the notification point was approximately 10 m.
Therefore, the area of the notification points was the widest in this setting. Additionally,
the rate of successful alarm notification (meaning that the user received the notification
before the user arrived at the entrance of the room) was 89%.

When the beacon sensor was placed behind the front side wall close to the entrance,
the notifications were received mostly when the user was near the entrance, as shown
in Figure 6b. The rate of successful alarm notification was 68% in this case. Figure 6c,d
shows that the rate of successful alarm notification decreased dramatically when the beacon
sensor was placed on the back side wall, meaning that many times, the user did not receive
a hazard alarm notification until arriving at the entrance of the workspace. The rate of
successful alarm notification was only 48% and 19% when the beacon sensor was located at
positions 3 and 4, respectively. In these cases, the hazard alarm notifications were received
only when the user arrived at the entrance of the room or even after the user entered the
room, except for a few alarm notifications received early enough when the user approached
by following walking route 5, in which there was no obstacle in the straight line between
the user and the sensor. Table 1 summarizes the rate of successful alarm notification and
the longest distance at which the hazard alarm notification arrived for each of the four
sensor deployment cases.

Table 1. Summary of experiment results.

Sensor
Position 1

Sensor
Position 2

Sensor
Position 3

Sensor
Position 4

The rate of successful
alarm notification 89% 68% 48% 19%

The longest distance of hazard
alarm notification reception 11.6 m 10.6 m 5.8 m 2.8 m

6. Discussion

The results of this research help clarify both the feasibility and potential issues of
using a beacon sensor-based hazard alarm notification system at construction sites. The
experiment results show that, depending on the sensor deployment setting, the user can
receive a hazard alarm notification on time, meaning a worker would receive the hazard
information just before arriving at the workspace with the hazard in it. As the hazard
alarm system requires the user’s response, construction managers can confirm that the
hazard information has been transferred to the affected workers. In that sense, this method
of hazard information communication is not only helpful for enhancing workers’ hazard
recognition and risk perception but the record keeping of the fulfillment of the construction
manager’s duty of care regarding site hazard information communication. Such on-time,
on-the-spot hazard information notification can be effective and supplementary to conven-
tional hazard information communication methods such as signage, toolbox meetings, and
site induction and help increase the workers’ situation awareness regarding all the hazards
they might miss otherwise.

The results also show that careful planning would be strongly required regarding
beacon sensor deployment. Depending on the beacon sensor’s location, many workers can
receive redundant, irrelevant hazard alarm notifications, which will unavoidably create
alarm fatigue, or workers might not receive any hazard notifications until they enter the
workspace and start to be exposed to the hazard. The heat maps shown in Figure 5 might
look like they suggest the best location for beacon sensors for hazard alarms to be behind
the front side wall near the entrance, but it all depends on the type of hazard to the
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workers are notified about. If the hazard can expose workers in a wide area to a threat,
such as a gaseous poisonous chemical, the hazard notification and risk mitigation method
information, such as wearing respirators, needs to be broadcast to the widely affected
area. Therefore, in this case, placing the beacon sensor near the entrance would be most
appropriate. On the other hand, if the hazard exposes a worker to a threat only when he or
she contacts an object or a structure, placing the sensors on one of the internal walls of the
workspace would be more suitable, as this would prevent sending hazard notifications to
workers unrelated to the hazard, such as those workers just passing by the room.

In addition, understanding the relationship among the type of hazard, the location
of the on-site beacon sensor, and the location of the hazard notifications with sensor con-
figurations would help develop a sensor deployment planner system and enhance the
personalized notification of hazards for construction workers. A sensor deployment plan-
ner system would assist construction managers in deciding the best location of each beacon
sensor according to hazard type and location by visualizing the first alarm location on the
site before the actual installation of the sensors and even recommending the optimized
location of sensors to construction managers. Such a system would reduce workers’ fatigue
by receiving unnecessary alarms by the sensors without compromising the effect of the
beacon sensor-based hazard alarm system.

Last but not least, this type of sensor- and IoT network-based hazard notification
system should be planned with consideration of the failure modes that can be caused by
malfunction or disconnection of the communication network involved. The proposed
BLE-based system relies on existing communication network services and several cloud
computing platforms, including the LTE network, Estimote Cloud, and Google Firebase
Cloud. The LTE network is known to have good indoor data rates, indoor penetration,
and SMS services. In addition, the communication between the two cloud systems uses
HTTP and MQTT protocols, and these protocols have high reliability in data transmission.
However, if any of these system components has a breakdown or delays in response, it can
disrupt the entire hazard alarm system, creating a great risk for those workers relying on
the system. Therefore, the planning of this type of sensor-based hazard alarm system would
need to be complemented with a secondary hazard notification system, and it also should
have a built-in self-monitoring mechanism so that the workers do not rely on the hazard
alarm system when it is not functioning properly. Similar points have been put forward
by other researchers. As a BLE-based safety monitoring system has several limitations,
the integration of BLE with other sensor technologies, such as BIM, RFID, and GPS, can
improve the effectiveness of safety monitoring systems in the construction sector [58].

7. Conclusions

An experimental study was conducted to address the knowledge gaps regarding the
impact of the beacon sensor locations on the effectiveness of beacon-based hazard alarm
systems in construction sites. In the experiment, the locations where the experimenter
received the first hazard alarm were recorded in repetitive trials while the beacon sensor
was located in four different locations, such as (1) at the entrance of the room, (2) behind
the front side wall, (3) on the internal wall facing the access point, and (4) on the internal
wall not facing the access point, in a partially enclosed room in a concrete building. The
results show that the hazard alarm function of the system could be severely affected by
the beacon sensor’s location in such a context and implies that the locations of the beacon
sensors should be decided carefully based on the type of hazard to be warned of and the
workers targeted to receive the alarms. Furthermore, the findings imply that the distance
of the hazard alarm signal deliveries can be controlled by deciding the most appropriate
location for the beacon sensors in construction work environments. For example, beacon
sensors can be located behind walls to limit the area of interest for sending the alarms, and
beacon sensors can be located near the access point to the workspace to send the hazard
alarms to all workers in the wider area. These findings provide practical insights into how
beacon sensors can be deployed for the best performance of hazard alarm systems.
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This research has several limitations that need to be considered in future research.
As the RSSI value-based distance measure can be influenced by several environmental
factors, such as the temperature, humidity, and obstacles that can block the sensor signals,
the experiment would need to be repeated under different environmental conditions, such
as different times of the year, different climates, and different structural materials, for
a more comprehensive understanding of how beacon-based hazard alarm systems can
work most effectively to send targeted hazard alarm notifications. Additionally, future
research can investigate the sensor deployment problem in the context of multiple beacon
sensors used simultaneously to localize construction workers for better accuracy of haz-
ard alarming. Such location tracking-based hazard alarm systems can have advantages
over single-sensor-based and proximity-based sensor systems in producing hazard alarm
notifications with lower error rates, but sensor deployment plans cannot be as dynamic,
flexible, or cost-effective as single-proximity sensor-based systems. Hence, the benefits and
limitations of different sensor-based hazard alarm systems need to be investigated with
further experimental research efforts, and more experimental studies would be required to
compare the performance of different system designs while considering the practicality
and user experience perspectives.
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