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Abstract: Many occupational accidents in construction sites are caused by the intrusion of a worker
into a hazardous area. Technological solutions based on RFID, BIM, or UWB can reduce accidents,
but they still have some limitations.The aim of the current paper is to design and evaluate a new
system of “virtual fences” based on Bluetooth Low-Energy (BLE) to avoid intrusions. First of all,
the system was designed using a number of beacons, a Bayesian filter, a finite state machine, and
an indicator. Secondly, its safety attributes were evaluated based on a scientific questionnaire by
an expert panel following the staticized groups” methodology. Results showed that the proposal
is inexpensive and easy to integrate and configure. The selected experts evaluated positively all
the attributes of the system, and provided valuable insights for further improvements. From the
experts’ discussions, we concluded that successful adoption of this “virtual fence” system based on
BLE beacons should consider the influence of factors such as cost savings, top management support,
social acceptance, and compatibility and integration with existing systems, procedures, and company
culture. In addition, legislation updates according to technical advances would help with successful
adoption of any new safety system.

Keywords: IoT; BLE; beacons; accident; safety; worker; location; virtual fence

1. Introduction

Occupational accidents are a very important concern at many countries [1]. Several
causes of accidents are identified in the literature, such as shortcomings with equipment,
deficiencies with risk management, or problems with conditions of materials [2-6]. In
order to reduce the negative accidents rates in the sector [7], different preventive strate-
gies have been proposed: safety training [8], collective measures [9], personal protection
equipment [10], safety signs [11], etc. However, the ones currently applied in practice are
not always enough to prevent all accidents. Although the construction sector is slow in
adapting to new technologies in comparison with others, such as manufacturing [12], the
higher rates of information and the implementation of advanced communication tech-
nologies are expected to improve this trend [13]. In this sense, existing barriers in the
sector, such as lack of information, limited technology useful life, or limited attributes and
features, are possible to be reduced [14].

Many occupational accidents in construction sites are caused by the accidental intru-
sion of a worker in a risky zone [15]. Intrusion, defined as unauthorized stepping-into
a hazardous area, is considered the prime cause of incidents such as fall from heights or
being struck by moving objects [16].
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The problem of tracking and location of objects and people indoors has been addressed
by several authors [17-19]. In order to compare the emerging approaches of the Indoor
Positioning system, some authors developed a modeling technique for measuring and
comparing effectiveness of cited systems [20]. Other authors reviewed existing real-time
location systems, and they found that the majority of them determine the indoor location of
a wearable tag via the known location of reference nodes [21]. Other researchers proposed
the combination of smartphones with radio beacons and maps to positioning pedestrian
in indoor environments [22]. In the particular case of hospitals, their specific solutions
are named as Hospital Real-Time Location systems (HRTLS) and are based on different
technologies [23]. Similarly, the construction sector has developed some specific solutions
adapted to construction sites [24]. For instance, an RTLS based on BLE and accelerometer
was designed to improve safety for workers in confined construction sites [25]. Aligned
with that, other RTLS are based on other technologies such as Ultra Wide Band [26], RFID
[27], or BIM [28].

Nowadays, existing technologies are very useful to detect the presence of a worker in
an unsafe zone. It is important to consider the privacy of workers when they are tracked
or located. A potential threat to their privacy can reduce its adoption and appropriate
use [29]. In accordance, some authors used the concept perceived privacy risk (PR) in their
research [30,31]. With regard to technologies, RFID has been used to detect the proximity
of the worker to dangerous heavy equipment [32], or the worker stepping into the risk
zone by using a detection arch [33], but, when the entrance is wider, it may not be suitable
to be covered by such an arch—for example, in a road maintenance operation or a railway
construction—preventing the implementation of RFID solutions.

Sensorizing workers by using wearables has been revealed as an alternative and
effective strategy to monitor the position of the person [34]. One of the technologies to
detect those positions in construction sites is GPS [35]. However, although it can be very
effective in open environments, it has two important issues: indoor signals are distorted,
and the error range is around meters, while the difference between a safe and an unsafe
zone may be of only a few centimeters [36].

Other technologies that involve the use of BIM [37] or UWB [15] are very complex to
set-up, and have poor adaptation to changes of the working place, an aspect especially
important in construction sites. Then, advantages and disadvantages were identified at
every available technologies as it is showed in Table 1.

Table 1. Comparison of location technological solutions.

Technology Advantages Disadvantages

Low power, easy to configure,

BLE [18,25,38,59] low price, maintainability

Low precision

RFID [27,33] No battery in tag, low price reliability, scalability

High coverage, not additional

GPS [35,36] . C . Low precision, Only outdoors
communication support required

BIM [28,37] Information management High cost, Complex configuration

UWB [19] High precision Complex configuration

COMPUTER Good accuracy, data acquisition Workers privacy, Controlled

VISION [40] Y ! environment only, Human error

In the literature, a substantial amount of related works were based on BLE beacons
and RFID. RFID combined with wireless sensor networks (ZigBee and 6LowPan protocols)
presented some important challenges as their reliability, scalability, and energy consump-
tion [41]. In contrast, the main disadvantage of BLE beacons can be addressed increasing
the number of beacons and the sample size at a relatively low cost [17].
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A recent approach to the problem is the use of devices to locate workers that periodi-
cally broadcast messages, using Bluetooth Low Energy (BLE) radio, commonly named as
beacons. Beacons have been successful in particular to monitor the proper use of harnesses
by workers in construction sites [38]. In contrast with GPS, the accuracy of BLE beacons is
relatively high, and their effectiveness can be proven indistinctly in indoor and outdoor
environments. Moreover, their configuration is easier and their installation cheaper, and
they are much more suitable for dynamic environments [39].

The aim of this paper is to design and evaluate a new safety system for the detection
of workers in risky zones based on BLE beacons as core components. It consists of the
creation of a “virtual fence” using these devices. The delimitation of risk zones can be
achieved by simply using the relative distance between beacons that can be easily placed
in the site. Once the “virtual fence” is defined, the signals processed from the beacons will
warn the worker if someone is trespassing.

In the paper, we describe this system and evaluate its feasibility through the answers
to a questionnaire by a number of selected experts. We analyze both the questionnaire
items and the free discussion conducted with these experts in order to provide a clear and
complete account of the possibilities and improvements that our proposal would provide
in preventing accidents in construction sites.

This paper is organized as follows: Section 2 describes the design and development
of the proposed system, and the methodology to evaluate it based on an expert panel.
Section 3 described results from the evaluation carried out by the expert panel, and the
discussion of their results. Finally, the main conclusions are highlighted in Section 4.

2. Materials and Methods
Our research methodology has been divided into four main stages, as shown in

Figure 1.
— R -_— Worker intrusion in hazard zone
problem
STAGE 0 | Physical barrier Working
Background _ Curment preventive (guardrails, walls,..) procedures
measures _ Technological systems
(GPS,RFID,UWB)
B 1_ - Propusal el = Design a “virtual barrier” based on BLE
Virtual barrier preventive measure
AETAGE 2 i — Assessment Qualitative methodology
Sessmen framework | Staticized groups
method
S;A?E 3 _ System proposed __ Bvaluation of the virtual barriers through
e assessment an expert panel
assessment

Figure 1. Methodological summary.

e  STAGE 0—Background. The safety problem in construction sites consisting of the
intrusion into a hazardous zone has been identified, as explained in the Introduc-
tion section. Existing preventive measures and relevant previous works have been
catalogued (see Section 2.1).

¢ STAGE 1—Virtual fence system. In this step, a virtual fence system has been devised
based on BLE beacons technology. The system is composed of beacons attached to
signing cones, a beacon detector carried by the worker as a wearable, and a finite
state machine with localization filters implemented in the monitoring software. This
is described in Section 2.1.
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e STAGE 2—CQualitative assessment design. Once the system has been established, a
framework for evaluating it has been designed following the existing literature. The
qualitative methodology of choice has been the one of staticized groups, i.e., a group of
qualified experts to form an assessment panel.

e  STAGE 3—Qualitative assessment run. Interviews have been conducted with the
experts selected at stage 2. The results have been analyzed and discussed.

In the rest of this section, we describe stages 1 and 2 in more detail. Stage 3 is dealt
with in the Results section.

2.1. Virtual Fence System Design

Currently, preventive measures to avoid intrusions into risk zones can be classified
into three categories: physical barriers (walls, gates, safety rails), safety procedures, and
technological location systems (GPS, RFID, UWB, etc). Physical barriers are sometimes
difficult to assemble and disassemble in dynamic environments with daily changes, and
they may fail [42]. Safety procedures, on the other hand, can be poorly designed or
insensitive, and frequently they are not updated according to the changing environments
of construction sites [43,44].

Virtual barriers have been implemented using different methods, such as infrared light
beams to limit the working area of automatic indoor cleaning robots and global positioning
methods (i.e., GPS), which are suitable for outdoor environments but with only moderate
accuracy, and dual beacon arrangements with isolation metal plates [45].

Local methods that only provide relative positioning have some advantages over
global ones in terms of flexibility, ease of deployment, and privacy. They can be imple-
mented with passive (i.e., receiver only) wearables, and notify the user without providing
ID or location information to the system [46].

Although particular localization technologies have their own disadvantages—RFID
have low precision and GPS are only recommended for outdoors [47]—BLE has interesting
features as well: low cost, good maintainability, stability, good accuracy, and low power
usage. Therefore, this has been our choice for the virtual fence proposal.

An example of BLE beacon and wearable receiver is shown in Figure 2. It is possible to
retrieve the distance of the wearable to the beacon from energy level readings by a suitable
exponential model, as depicted in Figure 3.

Figure 2. BLE Beacon (left) and an ESP32-based wearable receiver used to implement the virtual
fence detection (right).

The new system proposed is based on an IoT paradigm. The IoT concept can be
defined as a “network of items each embedded with sensors which are connected to the
Internet” [48]. The most extended architectural model of IoT systems is based on a three
tier framework: sensing, network, and application [49]. The main elements included in
the proposed system are sensors (BLE), receiver, IoT broker (MQTT), WI-FI network, a
Bayesian filter, and a Finite state machine. From the application layer, relevant information
for safety management will be obtained. For instance, if the worker crossed the virtual
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fence from a safety zone to a dangerous one, the system will detect it, and it will warn
the worker. This information can reduce fatal accidents linked to a fall from heights. In
addition, exposure time to the worker near of the delimited zone by the virtual fence will
be tracked too.

-10 —

RSSI data
20 - ——cxp. fit +10: h(x) = 40.92¢ 15257 4 34.83¢7008 _ 94 86

(dB)
8

RSSI from beacon

-70

-80

-90 | | | | | | J

GT distance to beacon (m)

Figure 3. Readings of energy level from a BLE beacon vs. ground-truth distances (provided by LIDAR) in a scenario where
we moved away from the beacon and then came back. An exponential sensor model is also shown [38].

For designing our virtual fence system, it has been necessary to choose the number
of beacons, the reception technology, data transmission and recording, and also to define
a finite state machine and localization methods to be implemented in order to locate the
worker in a robust manner. For the proposal in this paper, we rely on technical research
done previously on the detection of entering risky zones in construction sites through
the use of isolated (non-virtual fence based) BLE beacons [38]. Figure 4 shows a general
scheme of the “virtual fence” system that can be constructed upon those results.

RF Beacons

’
/
Virtual Wall

/
—r —

I S N\ :
I - Ssee NN/
1 \:i Wearable
I RF Receiver
| dn(t)
- o w I
0 T |
SideX ! sidey
Worker

Figure 4. Schematic of the virtual fence system.
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The proposed virtual fence implementation is based on a set of RF beacons B; with
fixed position relative to the virtual barrier, as shown in Figure 4 and described in Table 2;
the user is equipped with a receiver R; (e.g., wearable RF receiver) and an embedded
microcontroller unit (MCU), which estimates the relative distances d;(f) to the beacons.
The chosen MCU is an ESP32 Chip-set (Espressif Systems, Ltd, Shanghai, China) integrated
into a commercial wearable development system (M5Stick from M5Stack, Guangdong,
China). This small device features a 240 MHz dual-core, 600 DMIPS processor with WI-
FI/Bluetooth communications. It also includes an 80 mAh LiPo battery, display, and an
Inertial Measurement Unit (IMU). It can be programmed under an Open Source program-
ming platform (Arduino, from Arduino.cc), taking advantage of the large availability of
libraries and programming resources.

Table 2. Virtual fence system description.

Parts of System Function Units

RF Beacons (Bn) Eiiiz?ifre?l; signal from the RSSI

Wearable RF receiver (R1) Measurement of signal strength RSSI

Bayesian filter Proximity detection RSSI and distance
Finite state machine Status detection Worker status

These distances can the used to determine the position of the receiver relative to the
Virtual Barrier.

For increased robustness in the detection of the worker passing near the beacons, the
MCU system implements a Bayesian filter for the distance estimation to each beacon plus a
finite state machine (FSM) for the detection of state changes in those distances (as shown in
Figure 5 and was demonstrated technically in [38]). The results of the localization process
can be notified about the user using, for instance, an acoustic indicator.

The Bayesian filter is the union of two different filters—an approximation to the
true estimation problem for reducing computational cost: firstly, an EKF is in charge of
estimating dy, the metrical distance from the receiver to the beacon at step k; then, a discrete
(also Bayesian and recursive) filter designed for this problem uses the result of the first
filter as an observation in order to estimate the distribution of the binary variable cj that
models whether the receiver and the beacon are close or far from each other.

The implementation of the EKF is the standard one that can be found in any textbook
(see, e.g., [50]); thus, at each step k, a prediction on the beacon—receiver distance is made
that is updated by a correction stage. For this, we need to provide concrete values for Qy
(motion uncertainty), the Jacobian of h; (observation model), and R (sensor uncertainty).
The two latter ones are just the derivative of and the variance of /1 (x) when x is instantiated
with a particular value of beacon-receiver distance, respectively, both already defined in
our observation model shown in Figure 3. Regarding Qy, under the non-motion model of
transition, it is known that Q = 92,,,/x? , if the expected maximum speed of the system
(the worker in this case) is Uy, with a pfobability of 1 — a. In our case, we have chosen
0.5 m/s as the maximum worker speed at all times with 95% of probability (« = 0.05), thus
we obtain Q = 0.067.

As for the discrete filter, the equation to implement is as follows, where z; comes
from the EKF at the same step (it is the probability of the distance beacon-receiver dj to be
smaller than a threshold 7. that we set at 70 cm, i.e., zx = cdfexr, (T)):

P(cklz1k, dr:k) & p(zkler) Y Plcklex—1, dx) P(ck—1|21:%-1, d1—1) €))
N—— H’—Jckfl
posterior atk  likelihood transition posterior at k-1

prior
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Here, we define these probabilities and parameters:

*  p(z | cx) is the likelihood of being closer than the threshold provided that we know
we are close or far. The shape of this likelihood and its parameters are designed as a
first-order system step response, as explained in detail in [38].

®  P(cg | ck_1,dx) is the probability of changing from close to, far, or between any
other combination of close/far in one step of motion, provided that we know the
metrical distance between beacon and receiver. We approximate this (since the value
of dy is unknown) as a modulation of the simpler P(cy | cx_1 through dy: P(ck|cx_1) is
increased linearly if the evidence provided by the estimate of dy supports the particular
combination of c;_1 and ¢, and is decreased linearly when that evidence contradicts
it (again, see details in [38]).

e The prior distributions for dy and ¢y are not critical, since the filters usually converge
in a few steps. In our experiments, we have chosen values compatible with practical
scenarios, in particular for the worker being initially around 10 cm from the true
distance from the beacons with 95% probability and, consequently, in state ¢y = close
with 100% probability.

BLE
Beacon
A
Indicator/storage

BLE {Rssi,, Rssiy} {P., P} State (X or Y)

Receiver Bayesian Filter Finite State Machine

BLE
Beacon
B

Figure 5. An example of a virtual fence formed by placing two BLE beacons in sequence and using a
BLE wearable receiver to notify the user when a change of area occurs.

The virtual fence can be formed by placing beacons along a corridor or gate that links
safe and risk areas. In Figure 6a, particular geometrical arrangement of the beacons A
and B along a corridor is shown, with different distances related to the received power
(RSSI) P(A) and P(B) and the proximity threshold T. In the figure, we both consider
non-overlapped and overlapped areas (Figure 6a,b, respectively).

Corridor

Obstacle Obstacle Ladder
Corridor Stairs
Ladder
~, e

Door

.- Stairs

Door

/’ P - \\ " ’I,' = e \“
/ AreaX 7 \
Ar?é Y \ Aea Y Ar‘f‘ea «
i B A i a B A ,=

— / \ ; /
\‘ J \‘ / \ \ B /
/“ =" N/ e }' P(A)>T / l f _____________ "’/P(AbT

P(B)>T Detection boundaries PB)>T Detegtion boundaries

a) - b)

Figure 6. Beacons A and B define a virtual barrier in the transition between a safe place and a risk
area. Proximity areas are defined by the proximity function. In (a), the proximity areas to A and B are
separate. In (b), the two proximity areas overlap [38].

The Finite State Machine that complements and robustifies the relative distance esti-
mations, based on the threshold T, from the worker to the beacons made by the Bayesian
filter is shown, as a simplified diagram, in Figure 7. With this approach, the actual side of
the user can be deduced even when the user crosses and then gets far from the barrier, and
can even take into account the fact that the path should be travelled again in reverse order
afterwards. In this way, the risk exposure time and other measures of risk assessment can
be properly and consistently recorded.
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Figure 7. Finite state machine that estimates the location of a receiver relative to the virtual fence of
Figure 6. Transitions are based on the proximity function to beacons A and B [38].

Scenarios for Potential Application in the Construction Sector

The system proposed presented an easy configuration in different potential construc-
tion scenarios. Then, its possible applicability against safety risks is not limited to only a
very restricted circumstances. Some of these potential scenarios were sketched in Figure 8
and described in the following figures.

Figure 8. Usage scenarios in a construction site.

In scenario 1 (Figure 9), the virtual fence system was configured to avoid the risk of
falling and being struck by linking to an accidental intrusion in the dangerous zone close
to the excavation and the heavy equipment. Worker was wearing a receiver (R), and the
dangerous zone was delimited by five beacons, although the fence could be extended until
the number of beacons needed (n). Distance from workers to the beacons was calculated
by receiver (R) attached to the worker and processed by the system.

Figure 9. Scenario 1. Virtual fence on excavation works.
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In the second usage scenario (S2) (Figure 10), the system was placed in a scaffold
structure. Virtual fence was set in the edge of the platform, and the receiver was attached
to the worker. Similarly, in the third scenario (S3), electric risks were delimited by beacons.
Finally, the system was suitable to improve roofing tasks, as it was described in scenario
four (S4).

Figure 10. Different usage scenarios of the virtual fence on scaffolding task (S2), with electric risk
(S3) and roofing (S4).

2.2. Qualitative Assessment of the Proposal

The effectiveness of the system proposed in Section 2.1 has been evaluated following
the methodology by Hallowell and Gambatese [51]. The staticized groups method is a
systematic research technique for obtaining the judgement of a panel of independent
experts on a topic. These experts are selected according to predefined requirements, and
asked to participate in a structured survey in only one round—if the number of rounds is
two or more, it is known as the Delphi method.

Staticized groups improve simple surveys because respondents are certified previously
as experts. The method is recommended when objective data are not possible to obtain (as
it happens in the current state of development of our proposal), or experimental tests are
not realistic or ethical (as it happens in reality when a worker is in a risky situation). In
particular, it has been identified as a suitable methodology for validating results of a safety
intervention without exposing construction workers to increased safety risks [51]. The
procedure was summarized by Hallowell and Gambatese [51]. This is to be instantiated to
evaluate the applicability and effectiveness of the previously described system of virtual
fences for safety in construction works, as we explain in the following.

2.2.1. Panel Members Selection

A crucial step is to identify potential experts for the evaluation of our approach. Their
level of expertise is a very important trait; thus, a flexible scoring system, based on the
expert achievements and experience in certain categories, has been used for their scoring
(see Table 3).

Table 3. Scoring categories for the qualification of experts.

Achievement or Experience Abbreviation Score
Years ’of professional Exp 1 (each year)
experience

Professional registration Reg 3
Safety manager Saf 3
Faculty member at university Uni 3
Bachelor of Science BS 4
Master of Science MS 2
Doctor of Science Ph.D 4

Following the guidelines proposed by Hallowell and Gambatese [51], the panelists
should score at least 1 in four different categories, and a minimum of 11 total points in order
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to be selected as valid. The number of panelists suggested in the literature [52] should be at
least 8 and not more than 16. During the selection process, some experts may not complete
the round.

According to this procedure, the authors have contacted 14 construction business
and three universities. Once the background and availability of the candidates have been
reviewed, 12 experts have been selected according to the guidelines previously described.
Three experts from among them did not pass the procedure in the end. The general
qualifications of the panelists are as follows:

e All have a Master’s degree in Occupational Health and Safety, which demonstrates
their training in Safety topics.

¢ Allhave a Degree or a Master’s with a technical profile.

e All panelists together have a total experience of 139 years.

¢  Three of them have published more than five scientific papers related with construc-
tion safety.

In Table 4, you can see the detailed scoring of every expert.

Table 4. Summary of experts scoring using Table 3.

Expert Exp Reg Saf Uni BS MS Ph.D Total
1 38 3 3 0 4 4 0 52
2 17 3 3 0 4 4 0 31
3 8 3 0 3 4 4 4 26
4 15 3 0 0 4 4 0 26
5 22 3 0 0 4 4 0 33
6 4 0 3 0 4 4 0 15
7 3 0 0 4 4 0 20
8 14 0 3 3 4 4 4 22
9 12 3 3 3 4 4 4 33

2.2.2. Questionnaire Design

The questionnaire that the experts selected in Section 2.2.1 have to answer has been
designed by including the main aspects of an existing one that assesses poka-yoke devices,
proposed by Saurin [53]. Poka-yoke can be defined as a system to easily avoid failure and
mistakes in the workplace [54]. According to literature guidelines [55], an equipment with
a warning system, such as the virtual fences proposed in this paper, can be considered as a
poka-yoke device.

This approach provides a scoring system to perform the assessment rigorously, based
on a number of attributes with several possible answers that score differently. In addition to
the questionnaire, all of our experts have been invited to explain and justify their answers,
and we have added their comments about any aspect they considered relevant.

A rigorous research should control the bias in the answers to the previous ques-
tionnaire. In order to minimize the effects of these biases, we have used the controls
summarized in Table 5.

Table 5. Control for bias in our staticized groups procedure.

Control Affected Bias
Randomize the order of questions for each expert. Contrast effect and primacy effect.
Remove members who experienced recent events. Recency effect.

Ensure anonymity of panelist. Dominance
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3. Results and Expert Discussion

The questionnaire results obtained from the experts are summarized in Table 6. In
the following, we detail and comment on them. In order to test the reliability of the
questionnaire, Cronbach’s Alpha was calculated (0.777). This value can be considered as
adequate or high [56]. Cronbach’s alpha if the item is deleted and correlations are shown
in Table 7.

Table 6. Questionnaire results.

Attribute Average Median sd var
Warning and control function 2.11 2 0.11 0.33
Workers affected 3.11 4 1.05 0.99
Performance 244 2 0.88 0.69
Safety risk for workers 4.00 4 0.00 0.00
Maintenance planning 3.78 4 0.67 0.40
Maintenance tests 2.67 2 1.00 0.89
Total system’s attribute 3.02 3 0.66 0.50

sd = standard deviation; var = sample variance.

The average obtained from the attributes” scores and showed in the last row of
Table 5 are very close to those obtained from the other safety system assessed previ-
ously [53] using a similar questionnaire. In the cited research, a presence sensor installed
in a press obtained 3.12 points, and the access gate to the freight elevator scored 2.94 [53].

Table 7. Cronbach’s Alpha test results.

Attribute Correlation Cronbach’s Alpha if Item Deleted
Warning and control function 0.416 0.777
Workers affected 0.693 0.730
Performance 0.598 0.743
Safety risk for workers 0.449 0.772
Maintenance planning 0.636 0.717
Maintenance tests 0.636 0.717

In our case, all experts noticed that the system only has the warning function. Warning
functions such as intrusion alert technologies can improve worker safety [57], but their
effectiveness can be reduced by some factors, e.g., high levels of noise or frequent false
alarm. Some interviewed experts pointed out that the effectiveness of the alarm is linked
to the perception of its usefulness by the worker. One of them said: “Workers with low risk
perception probably will ignore the alarm”. Similarly, another professional added: “If the worker
is not properly trained about safety risks, he will not react properly to the warning signal”.

However, our proposal includes a functionality which could be considered as a control
function (although it is evident that respondents did not appreciate that as being very
useful). Particularly, the system can record when and how many times a worker enters
a dangerous zone, and these data can help the foreman with planning future tasks. The
experts considered that this input does not allow for controlling worker actions in real time,
and this is the reason that they did not consider it as an effective control tool. It is interesting
that, being asked about this issue, one of them commented regarding the limited practical
utility of any control system: “It is not possible to control a worker as a machine; you can not turn
him off like a device, you can only warn him about a risk. He makes the last decision.”. Control
strategies are obviously more useful on machines because you can modify parameters such
as its speed [58,59], but we claim that, since unsafe worker behavior is the major cause of
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fatalities in construction accidents [60], the improvement of supervisory control factors such
as project management, or task planning and scheduling, may effectively contribute to
reducing the likelihood of accidents [61]. According to that, although total control over
worker behavior is not possible, the system proposed here supports and improves this
kind of supervision, and therefore it would enhance worker safety through an indirect
modification of behaviors.

All interviewed experts agreed that the system positively impacts the workers, no
one considering that the system does not improve their safety conditions. However, some
doubts were exposed about the adoption of the system by companies and workers if it
only improves safety. “Companies are more likely to invest in technology when they identify
cost saving. Only potential safety benefits many times is not enough”. This opinion matches
with previous studies that identified cost saving potential as a primary factor to adopt
technology in the sector [29]. In spite of previous research demonstrating that, for every £1
spent on accident prevention, contractors obtain £3 as benefit [62], some authors still find
that the cost of accidents by themselves might not be enough to influence firms to invest in
safety prevention [3].

Another primary factor mentioned by our experts in this regard has been the influence
of managerial support “The final success or failure of the system adoption will be affected by
top management support. If they do not trust in the system, it will be disappear sooner than
later. Positive impact on workers is not the overriding factor”. This opinion is in concordance
with studies that indicate the top management support is an important factor to adopt
technologies in construction [63]. In this sense, some experts extend the positive impact of
the proposed system to the rest of the staff as well, not only to the workers with a receptor
attached. “Safety attitudes generate higher safety perception” was mentioned. This can be
motivated because of the influence of intention and social norms in worker behaviors [64].
As a preventive measure, the system proposed here can be classified as Personal Protection
Equipment: if a beacon receptor is supplied to every worker, the virtual fence will have the
same effect as a collective measure.

On another level, one expert commented: “Some workers could have the perception that the
beacon is a way to monitor their location and tasks performance in order to control their productivity
more than as a safety tool. It is important an explanation of the tool to avoid misunderstandings.”.
Workers’ privacy is a key factor in a monitoring device. It was found that a potential threat
to their privacy can reduce its adoption [29]. Indeed, social acceptance has been revealed
as a challenge in existing wearable systems [65]. A proper use of data ensuring anonymity
will help to improve the social acceptance of our proposal. Aligned with that perspective,
it has been pointed out elsewhere that the key to technology adoption is the integration in
the processes of the organization, systems, and cultures rather than technology itself [66].

With regard to the performance of the system, a majority of respondents considered
that a specific action of the worker for its proper use is necessary, for example to attach
the beacon as a wearable and turn it on. Only two experts considered that any action
to activate the system was not necessary. Asked about this opinion, they explained that,
if the activation of the system is done at the beginning of the workday, this step can be
considered prior to its normal use during the day.

A total consensus has been detected in the results concerning the safety risks for
the worker. Everybody agrees that the system does not introduce any additional risks to
the worker.

In terms of maintenance, a majority of experts have considered that the calibra-
tion or replacement should be included in maintenance plans as it occurs in comparable
systems [53].

In addition to the questions included in the survey of Section 2.2.2, some of the experts
pointed out that the effectiveness of the system will be conditioned by particular barriers
existing in the sector. Concretely, construction sites are dynamic production environments,
can employ people with poor training, and there is the general industry resistance to
change, as pointed out by an expert: “Technology adoption culture in a dynamic construction
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site can not be compared with technological culture in the manufacturing sector. Firms’ usual
procedures and workers set of minds are very different”. This fact is not new; it has been argued
previously that some aspects of the integration of technologies process in construction are
different from other sectors [67].

One of the respondents said that “Although the tool could be effective, employee privacy
concern could be a problem; it would be necessary a previous agree with Unions”. This concern
about privacy and electronic gadgets at work is aligned with other authors as well [68],
and it is related to the previously issues mentioned about the worker perceptions on
their privacy.

Another panelist showed his special concern about legal regulations: “If the legislation
establishes that physical barriers are compulsory to prevent some specific risks, construction compa-
nies probably will not spend extra money in additional preventive measures, unless they obtained
some additional profits using the system such as safety coordination or productivity.”. The quoted
concern about safety regulations in the sector is not new either; the problem is extended
and frequently related to electronic safety applications, as it occurs with virtual reality
or augmented reality [69]. In many cases, legislation is outdated in relation to technical
advances. Therefore, legislation updates according to the current technological advances
would be necessary.

4. Conclusions

A virtual fence system based on BLE beacons was designed and evaluated by an
expert panel. It was composed of a set of RF beacons with a fixed position, a receiver
attached to the worker, and an embedded MCU that estimates the distance to the beacons.
For a higher robustness, a Bayesian Filter for the distance estimation and a finite state
machine were added to the system.

The proposal was considered suitable for different scenarios in construction projects
such as excavation, scaffolding, and roofing. The system we propose could improve
safety in construction sites by delimiting risk zones and detecting and warning about
worker intrusions in a robust manner. The system is cheap, lightweight to be integrated in
worker equipment, easy to configure, and it does not interfere with production tasks. Its
maintenance does not require special effort, and it can be adapted to the dynamic scenarios
of most construction sites.

The experts selected have evaluated positively all attributes of the system, and pro-
vided valuable insights into its attributes. The barriers they have found in the acceptance
of the system are very similar to the ones of other comparable technologies, such as RFID,
Virtual Reality, or Augmented reality.

A successful adoption of the proposed virtual fence system should consider the
identification of crucial factors provided by the experts, such as cost savings. The savings
of avoiding an accident, linked to the costs of the coordination and planning involved in the
solution, seems to produce a good balance to adopt it. Top management support is another
important factor considered by some experts, which would require clear explanations of
the utility and ease of use and configuration of the system. Social acceptance is identified as
a challenge whenever a new procedure or technology is proposed. Thus, it is important that
all stakeholders (workers, foremen,managers, safety coordinators, etc.) perceive the system
as a useful tool, knowing their advantages and potential benefits. Data obtained must be
computed carefully for respecting privacy in order to obtain a better acceptance of the
system. In addition, the compatibility and integration with existing systems, procedures,
and company culture will clearly affect the adoption, integration, and effectiveness of this
beacon based system.

Last but not least, the resistance to change traditional procedures and the slow tech-
nology adaptation in the construction sector can only be effectively overcome through
updating the legislation and promoting new techniques from public institutions.
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Future Research

Our current study has unravelled some improvement opportunities, as revealed by
the experts.

Although safety systems are frequently difficult to test in construction sites due to
ethics and the physical nature of the problems to test (fall from heights), in this case, and
under controlled conditions with physical barriers added to the virtual fence, the system
could effectively be tested. Implementing and evaluating a prototype in a real construction
site could help to develop its functionalities and to amend possible weaknesses.

Additionally, evaluating the social acceptance level between stakeholders will also
help, not only in this proposal but in improving existing strategies to extend the use of
technological systems in the sector.

Other future research lines also include the integration of the system with other
technological options, such as BIM or GPS, with the aim to obtain the best for each one
while dealing with their respective lacks.
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