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Abstract—The construction jobsites are highly dynamic envi-
ronments involved with labor-intensive and manual tasks that
suffer from inefficiency and mis-management. To remedy these
issues, production control within the scope of lean construction
has been a hot topic in academia and industry. To this end, we
have developed a real-time coordination-based tracking system
using low-cost Bluetooth Low Energy beacons. This system is
implemented according to the trilateration method in order
to acquire the real-time location of resources and movement
trajectory in the construction jobsites. The prototype is tested
and implemented in the real construction site in China. The
results show that the implemented tracking system can be used
in the construction sites depending on the accuracy level required
in the project.

Index Terms—intelligent construction site, indoor positioning,
Bluetooth Low Energy, Onsite management, automated tracking
system

I. INTRODUCTION

The construction site is a complicated and dynamic envi-
ronment characterized by various interactions between

labor, material, and tools. As a major contributor to the
world economy, the construction industry is plagued by poor
productivity and high level of inefficiency resulting from
resource mis-allocation. The mismanagement, in turn, causes
over-using or under-using the resources in the construction
sites [1], [2]. Many studies confirm the reduction of efficiency
in the construction sites in the last few decades [3], [4].
Besides, this industry is very labor-intensive involving manual,
repetitive and physical tasks with exposure to high degree of
risk and health issues [5].

To assuage these issues, it is necessary to obtain real-time
information from the labors, materials, and equipment. The
location data can be further processed to evaluate the quality
of workflow and eventually to disclose the efficiency of the
work. All in all, real-time location information of material,
labor and equipment are valuable for measuring the efficiency,
consistent workflow and safety.

Even though a wide range of technologies have been utilized
for position and tracking, yet the analysis of productivity
has been manually conducted [6]. Furthermore, there is a
lack of affordable, easy-to-use, and easy-to-deploy solution
that fulfills the gap between online tracking information and

management concerns, in particular, in terms of jobsite safety,
productivity control, and supply chain. To this end, we have
developed a low cost, scalable, and easy-to-deploy solution for
automated tracking by using Bluetooth Low Energy (BLE)
Beacons. We have deployed and tested this solution in our
test-bed and construction sites in China.

II. PREVIOUS STUDIES

To enhance the onsite operation efficiency and eliminate
waste, lean construction methods have been discussed and ap-
plied in many construction projects [7]. Those approaches such
as the Location-Based Management System (LBMS) [8], Takt
time planning [9] and Last Planner System (LPS) [10] have not
been developed with automated data collection technology in
mind, and they have not been able to solve the substantial
time and labor efforts invested for an effective operations
management in construction industry [11]. Therefore, the next
generation of production control framework in construction
should integrate a system where automated data input could
play an important role in improving the onsite management
and monitoring process [12].

The tracking solutions [11] have served different purposes
of onsite management requirement but they all nevertheless
aim at promoting the transition from traditional onsite manage-
ment towards more intelligent and automated platforms [13].
Among many indoor tracking technologies, some of them have
been already successfully implemented in real construction
projects such as ZigBee [14], RFID [15], Ultra-wideband
(UWB) [2], and Bluetooth Low Energy (BLE) [16]. BLE has
successfully been implemented in several real construction
projects in order to measure and analyze the presence level
of workers onsite correlated with the value-adding time of
workers [11]. However, the presented tracking system could
only determine the location information of the closest gateway
to which the beacons broadcast their signals. That could be
problematic when the lack of location details might reflect
inaccurately upon the value-adding activities onsite. Therefore,
there is a need for improving the tracking systemso that
the actual value-adding movements of workers onsite can be
accurately identified.

Trilateration with BLE beacons for indoor positioning has
been a popular research topic that has also been applied to the
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Fig. 1. Overview of the solution architecture.

construction context [17] [18]. Wang et al. (2013) proposes
three algorithms for trilateration using RSSI [19]. Two of
them, Least Square Error (LSE) and Centroid algorithm, are
implemented in this case study. There are clear challenges with
the trilateration of Received Signal Strength Indication (RSSI)
in the construction context. Most of the indoor positioning
systems using the trilateration of RSSI using BLE have to
assume a stable indoor environment, which construction site
never is. However, the fluctuations of RSSI measurements
due to environmental factors can be softened with mathemat-
ical methods such as average filtering, Kalman filtering, and
weighted trilateration [20] [21] [22]. Zhu et al. (2014) uses
various mathematical methods for handling the instability of
RSSI and achieves the accuracy of less than 1.5 meters error
during 80 % of the time [23]. Paterna et al. (2017) achieves
even higher accuracy with weighted trilateration combined
with Kalman filtering and channel diversity [22].

There are also different approaches than trilateration for
obtaining location estimates from RSSI measurements. Park et
al. [18] uses probability-based positioning algorithms together
with motion sensors to compute the location rather than
trilateration algorithms that rely on accurate distance estimates.

Fig. 2. The utilized beacons in iCONS.

Despite the known challenges with signal fluctuation, trilat-
eration with RSSI was the natural next step to increase the
precision of our existing BLE positioning system [16], because
it did not require extra hardware equipment and could be
achieved merely by implementing the algorithm on top of the
system. In this paper, we implemented the trilateration method
in our already existing location tracking platform (based on the
Cell of Origin method) to increase the accuracy of the tracking
system. This system has been tested in the real construction
site with a harsh indoor environment.

III. STRUCTURE OF THE SOLUTION

A. Architecture

We introduce the architecture of our tracking and position-
ing system in this section. This system comprises of three
separate areas: a) Bluetooth Low Energy (BLE) beacons, b)
gateways, and c) cloud. In addition, there are two independent
data-flow in this solution as tracking data plane and man-
agement plane. The overview of our tracking and positioning
system is presented in Fig. 1. The details of the solution are
provided in the following.

1) BLE Beacons: BLE beacon uses Bluetooth Low Energy
(BLE) radio technology [24] to send data to the surrounding
environment. This can be compared to a lighthouse that emits
light and therefore can be observed in the vicinity. Beacons
similar to the concept of lighthouse broadcast the data to their
surroundings. The signal can be captured by any compatible
device. We have used a dedicated beacon for each individual
in our solution. Since each beacon has a unique MAC (media
access control) address, we have utilized the MAC address
and mapped each individual to that specific MAC address. By
mapping the MAC address and individual in the database, the
individuals can be identified in the cloud. Figure 2 shows the
beacons that are used in our tracking system.

2) Gateway: The broadcasted signals of the beacons are
collected and aggregated by the gateways. The aggregated
data is transmitted to the cloud in an adjustable time interval.
In other words,the gateways play the role of intermediate
entities between beacons and the cloud. The connectivity of
the gateways is provided by WiFi or cellular technology.

3) Cloud: The heart of our tracking and positioning so-
lution lies in the cloud. The gateways send their tracking
data to the cloud using Message Queuing Telemetry Transport
(MQTT) protocol [25]. MQTT is a publish- subscribe based
messaging protocol in which clients communicate with the
server which is often called broker. The clients located in
the gateways publish the data and send it to the broker
located in the cloud. Data Analyzer, one of the modules in the
cloud, subscribes to the broker and consumes the data directly
coming from the gateways. Data Analyzer is the brain of the
cloud, responsible for analyzing incoming data, filtering out
redundant information, selecting the gateway for the beacons,
and storing data in the database. Furthermore, Data Analyzer
provides the required data for the Positioning module. The
positioning module determines the coordination of the beacons
relative to one of the gateways in the system as a reference
point.



The major role of the Data Analyzer is to select the
closest (distance-wise) gateway to a given beacon used at the
site. This is done by using the RSSI of the beacons. The
gateways measure and collect the RSSI of the beacons and
send them to the cloud. Upon the receiving of these values,
Data Analyzer analyzes and compares the RSSI values of the
beacons reported by several gateways and selects the gateway
for the given beacons based on the highest RSSI. The locations
of the gateways are known at the site. By knowing the selected
gateway for a given beacon, the location of the beacon is
determined. This method of positioning is known as the Cell
of Origin [26]. In this method, each gateway assumed as a
cell has a predefined coverage. This coverage is determined
by the maximum transmission range of the beacons, which is
assumed to be the same for all beacons. Once a given beacon is
mapped to a given gateway, since the location of the gateway
is known therefore the location of the beacon is known.

Once the locations of the beacons are determined, the Data
Analyzer stores this information in the database using the
Database API (Application Programming Interface) module.
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Fig. 3. Data Analyzer algorithm.
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Fig. 5. Trilateration in xy-plane; d1, d2, and d3 can be calculated from the
respective RSSI values.

The stored data is consumed by third party applications using
REST (Representational State Transfer) API and visualized
using WEB or mobile applications.

B. Tracking and positioning algorithm

Data Analyzer adopts the algorithm depicted in Fig. 3 in
order to implement the Cell of Origin method. This algorithm
records the history of the RSSI of the beacons reported from
the gateways. In other words, there is more that one buffer of
RSSI history for a single beacon reported by the gateways
which can hear that beacon. In this way, several parallel
histories of RSSI, which are reported by several gateways,
can be recorded for a single beacon. These RSSI values
are associated with their timestamps. These timestamps are
used to remove the RSSIs that arrived before a predetermined
time duration. In this way, only those RSSIs are kept which
reported within a predetermined time duration. This is vital
for comparing the average RSSI of one gateway to the average
RSSI of another gateway for a given beacon. The data structure
for recording RSSI history is depicted in Fig. 4. Furthermore,
in order to reduce the ping-pong effect, the cell (gateway)
is only changed for a beacon when the average RSSI for
the reporting gateway is higher than the RSSI reported by
the currently associated gateway plus a margin, which is also
called hysteresis margin. Ping ping effect occurs when the
beacons are at the edge of two or more cells (gateways) and the
associated cell (gateway) for the beacon is repeatedly changed
between the cells [27].

On top of the beacon positioning based on the (Cell of
Origin method), a coordinate-level location tracking is im-
plemented according to the trilateration method. Trilateration
requires the knowledge of at least three gateways detecting a
single beacon (see Fig. 5). The coordinates of the gateways
are known, so the distances of a beacon to three distinct fixed
points can be determined. The origin of the coordinate system
can be arbitrarily defined, for example as a corner of the
building.

The theoretical relationship between RSSI and the signal
detection distance d can be calculated by an indoor radio
signal propagation model that takes into account the reference
transmission power A and the environmental factor n [19].

RSSI = A− 10n log d (1)
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The reference transmission power A represents the RSSI at
distance d=1 meter [23]. The environmental factor n indicates
the attenuation of the radio signal due to the environment, and
thus it is also referred to as the attenuation factor [23] and
usually determined experimentally [19] [28].

For this system, n=2 was selected after experiments de-
termining the distance-to-RSSI relationship. Fig. 6 shows the
distance-to-RSSI measurements with two co-located gateways
and two beacons. The yellow and the red data sets show the
measurements for individual beacons, while the blue data set
shows their average. The transmission power was set such that
A=-59 dBm.

Selecting the nearest three gateways for a beacon is based
on the average RSSI value of the gateways detecting this
beacon. This average RSSI value for a gateway is calculated
from the latest three RSSI values in the history buffer of this
beacon-to-gateway connection (see Fig. 4, circular buffer).
Thus trilateration takes three nearest gateways as the input
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determined by the average RSSI values.
The trilateration algorithms are implemented in the Posi-

tioning System module (refer to Fig. 7). Two trilateration
algorithms are implemented and tested. The first one is the
Least Square Estimation (LSE) and the other one is the
Centroid algorithm [19]. LSE turned out to be more accurate
when it yields coordinate values, but the Centroid algorithm
yields coordinate values more often than LSE. LSE suffered
from a low output rate, as it was less tolerant for measuring
errors. Centroid algorithm was more resilient. With the general
degree of inaccuracy of the system, the slightly more accurate
output of LSE was unimportant. The Centroid algorithm was
more reliable in total and thus chosen.

The Centroid algorithm is based on finding the centroid of
the polygon confined by the points of inner intersections of the
circles with radius indicating the measured distance from the
beacon to each of the three gateways. There are three ways of
how three circles may intersect with each other (see Fig. 8).
When there are no intersections, the algorithm does not yield
any coordinate.

IV. RESULTS AND DISCUSSION

A. Case study

The location tracking system was tested in a construction
site in Shijiazhuang, China. The case was a large shopping
mall that was under the mechanical, electrical and plumbing
(MEP) installation phase. The second floor is a large open
space without many load-bearing walls, but rather with a
regular grid of load-bearing pillars (see Fig. 9). This was
a suitable real construction site environment for testing the
trilateration-based tracking system because of the absence of
walls within a floor. Bose et al. (2007) shows that when there
is not line-of-sight between a transmitter and a receiver, the
multipath effect increases, which makes distance estimation
from RSSI more difficult [28]. This study was meant to test
the trilateration system first in the simplest possible (but yet
common) construction site layout.

Seven gateways were attached to the building pillars onsite.
Each adjacent pillar is nine meters away from the other. We
set point D2C2 from the blueprint (not shown in the pictures)
as the origin (0,0), and all gateways received their coordinates
with respect to it (see Fig. 10 to 12). To be able to test the
system, we have conducted several experiments on the site:

1) Decide one fixed path connected with 20 test points for
one to walk within the area where the gateways are
installed.

2) Walk following the path with different time intervals that
are used to stay at each test point. The chosen time
intervals are 30 seconds, 1 minute and 2 minutes at
each test point. Therefore one round of walking took 10
minutes, 20 minutes and 40 minutes, respectively (see
Fig. 10 to 12).

3) Given the system configuration parameters where the co-
ordinates of the beacons were sent in second time interval,
the coordinate data of beacons need to be averaged to fit
in our chosen test points. We first filter out obvious error
coordinates (X-axis larger than 100 or smaller than 0, or
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Fig. 8. Centroid algorithm scenarios.

Fig. 9. Photo from Shijiazhuang construction site

Fig. 10. Validation with 2 min intervals, average points

Y-axis larger than 100 or smaller than 0); then we filter
out the first 5 seconds and last 10 seconds of each time
intervals because it is likely at that time the beacon was
moving from one place to another; Finally we average
the coordinates in each test time intervals and determine
the averaged system-recorded coordinates of each chosen

Fig. 11. Validation with 1 min intervals, average points

test point.
4) Reduce the movement line in the system based on the

averaged system-recorded coordinates of the chosen test
point and examine how accurate the tracking system
could capture the movement on site.

Fig. 10 to 12 show the results of three validation rounds. The
edges of the green polygon show the validation path, and the
blue and red points along it are the measuring points. The path
and the measuring points were the same for each validation
round. The person walking along the validation path stopped
at each measuring point for 2 minutes in the first round,
1 minute in the second round, and 30 seconds in the third
round. In these three figures, for each measuring point, the
averages of the recorded points (each recorded point calculated
by trilateration) are taken and marked in the figure as a single
point in the dark. The blue decorated line shows the output
path formed by connecting the average points, and the red
densely dotted lines represent the differences of the average
points to the real measuring points. Fig. 13 shows the last
validation round (30 sec), but unlike Fig. 12, it shows all non-
repetitive recorded points instead of the average measurements



Fig. 12. Validation with 30 sec intervals, average points

Validation round x-coordinate
correlation

y-coordinate
correlation

AVG deviation
of all recorded
points (m)

Standard deviation
of all recorded
points (m)

2 min 0.86 0.81 10.69 6.72
1 min 0.67 0.71 14.06 9.71
30 sec 0.74 0.35 19.18 11.62

TABLE I
RESULTS OF THE VALIDATIONS ROUNDS WITH 2 MIN, 1 MIN, AND 30 SEC

MEASUREMENT INTERVALS

at each measuring point.
As the figures show, the 2 min validation round achieved the

highest accuracy, while the 1 min validation round yielded the
least accurate results. The deviation of each validation round
are presented in Table I.

B. Potential use cases in construction

One important managerial implication regarding the
coordinate-integrated tracking system applied in indoor con-
struction projects is to obtain more accurate information on
value-adding activities automatically onsite from the workers.

Fig. 13. Validation with 30 sec intervals, unique points

Zhao et. al [11] have argued that the presence level of workers
onsite should be correlated to their value-adding level and the
BLE-based location tracking system they applied is one way
to automate the data collection process. However, in their
paper, the installed gateways could only detect and identify
which beacons are closest using the cell of origin method. The
current coordinates of workers onsite with time stamps enable
tracking the task flow lines thus leading to more accurate
and automated value-adding task movement detection. For
instance, in this case where we tracked the MEP workers doing
the pipeline installation, the coordinates of workers on the
site could be visualized for checking if the system recorded
movement matches the real pipeline installation direction (Fig
9), and how deviant the movement line could make influence
on the daily productivity of the pipe installation. Furthermore,
coordinates can be used for generating heat-maps of working
areas onsite, which can outline the actual working edges with
different colors indicating onsite presence levels.

The coordinate feature of the system can also enhance the
tool management onsite for workers. Workers often spend
much wasteful time looking for the right tools. With the help
of more accurate positioning information of their tools, the
workers could identify them faster in the chaotic environment.
Furthermore, tools could move only when they are in use and
this helps site managers more precisely estimate the value-
adding level of the workers performing the tasks.

C. Discussion and future work

Given our attempts to improve the BLE-based tracking
system applied in construction with coordinate features using
trilateration technology, we aim to answer the following re-
search questions in the paper: How does trilateration improve
the existing BLE Beacon based location tracking system? How
can a real-time tracking system with coordinate positioning
feature help operation management in construction? And what
are the use cases in construction for this prototype?

Our trilateration based coordinate-level location tracking
reaches the accuracy of at best 10.69 meters in a real construc-
tion environment (2 min case). Park et al. (2016) achieved an
excellent accuracy of less than 2 meters error with probability-
based algorithms with BLE combined with motion sensors.
However, the beacon density was not specified [18]. Wang
et al. (2013) conducted the positioning experiments in a 6 m
x 8 m room with four beacons at the corners and reached
an accuracy of less than 40 cm of error. Here mobile phone
was used as the tracked object, whereas the beacons here had
the same role as the gateways in our system [19]. Bose et al.
(2007) reached the accuracy of less than 3 m of error with WiFi
in an ordinary indoor environment with walls [28]. Compared
to these results, our results seem very inaccurate. However, the
technology and the environments in these studies were more
or less different from ours. Out of these three references, Park
et al. (2016) is the most comparable to our study as it shares
the same type of environment and technology, although their
additional use of motion sensors makes a large difference.

The current coordinate-level location tracking can be used
in the projects with different levels of the requirements on



the accuracy. The accuracy of the current system depends
on the movement trajectory as well. Also, the density of the
deployed gateways affects accuracy. In this study, we placed
gateways 15 to 20 meters apart, because of a limited amount
of gateways in use. By deploying gateways more densely,
more accurate results will be expected. The requirement for
accuracy of the coordination is subject to the degree of the
waste to be controlled in the project. As an example, this
system can be beneficiary for tracking big tools and machinery
in the construction sites when the error in meter scale can be
negligible.

The future work regarding the localization is to even further
increase the accuracy of the coordination system by using the
new technology and techniques such as using Angle of arrival
(AoA) and Angle of departure (AoD) methods. These methods
are standardized in BLE version 5.1 and soon will be utilized
in the devices.

V. CONCLUSION

The construction industry as a major contributor to the
world economy is currently undergone massive efficiency and
waste due to managerial reasons and resource misallocations.
To rectify these issues, obtaining real time information from
the laborers, materials, and equipment is essential. In this
regard, we have developed and implemented a real-time
coordinate-level location tracking system utilizing the low-cost
BLE beacons. The localization method in this work is based
on the trilateration method. The corresponding algorithms
are developed to use the received signal strength from the
beacons and calculate the coordination of the trajectories in
the construction environments. Three rounds of validation
experiments are held in the real construction site in China.
The study shows that the current setup can be beneficiary
in the construction sites to obtain the real-time location of
the workers and materials to obtain managerial information
regarding the waste in the construction sites.
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