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Featured Application: This review article aims to highlight the capabilities and limitations of a wide
range of remote sensing (RS) technologies for their possible use for automated data acquisition on
construction job sites. More attention is given to integrated RS technologies for the purpose of
tracking, localization, and 3D modeling in construction projects. This article is expected to facilitate
the use of RS technologies for automating progress reporting, improving safety and productivity
in construction.
Abstract: Near real-time tracking of construction operations and timely progress reporting are
essential for effective management of construction projects. This does not only mitigate potential
negative impact of schedule delays and cost overruns but also helps to improve safety on site.
Such timely tracking circumvents the drawbacks of conventional methods for data acquisition,
which are manual, labor-intensive, and not reliable enough for various construction purposes.
To address these issues, a wide range of automated site data acquisition, including remote sensing
(RS) technologies, has been introduced. This review article describes the capabilities and limitations
of various scenarios employing RS enabling technologies for localization, with a focus on multi-sensor
data fusion models. In particular, we have considered integration of real-time location systems
(RTLSs) including GPS and UWB with other sensing technologies such as RFID, WSN, and digital
imaging for their use in construction. This integrated use of technologies, along with information
models (e.g., BIM models) is expected to enhance the efficiency of automated site data acquisition.
It is also hoped that this review will prompt researchers to investigate fusion-based data capturing
and processing.
Keywords: automated data acquisition; remote sensing technologies; automated progress reporting;
data fusion; tracking resources

1. Introduction
Having timely access to accurate and reliable onsite information is vital for the efficient management
of construction operations. On the contrary, late detection of onsite operations can be problematic,
leaving insufficient time for members of the project team to react which can result in negative impacts
on project cost and schedule [1]. Real-time information can provide feedback to support tracking
project operations [1–5], safety management [5], productivity analysis, and progress reporting [1,6].
This is especially critical for tracking activities with highly dynamic nature such as lifting activities [7].
Appl. Sci. 2020, 10, 2846; doi:10.3390/app10082846
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Using the conventional manual progress reporting methods is time-consuming, labor-intensive
and may not be accurate, even for small projects. Besides, the integration of manual data collection and
available electronic interfaces can be a challenging task [1]. To overcome the drawbacks stated above,
one can make use of automated site data acquisition for schedule updating and progress reporting.
Such automation can provide project management teams with needed timely information on the status
of onsite construction operations with sufficient accuracy [8]. The use of various remote sensing
(RS) technologies for onsite automated data-capturing can result in more robust progress reporting.
The captured data can be compared to related as-planned data to perform progress reporting [6,9].
This article encompasses four main areas: an overview of research on automated site data
acquisition, standalone RS technologies, integrated use of RS technologies and a general discussion.
It is based on a carefully selected set of articles from 20 diverse scientific journals and a couple of
conference proceedings in the domain of construction engineering and management. In this search,
keywords such as ‘remote sensing’, ‘automated data acquisition’, and ‘progress tracking’ were used.
A total of 56 selected studies are used in this review, among which over 50% were published within
last five years. Table 1 presents a list of selected journals and conference proceedings.
Table 1. Source journals, conferences, and the publications used in this review
Journal/Conference

Quantity

Automation in Construction
Advanced Engineering Informatics
Journal of Computing in Civil Engineering
Applied Sciences
Advances in Informatics and Computing in Civil and Construction Engineering
Computing in Civil Engineering
Construction Management and Economics
EURASIP Journal on Embedded Systems
Journal of Construction Engineering and Management
Journal of Construction Engineering and Project Management
Journal of Information Technology in Construction (ITcon)
Journal of IET (The Institution of Engineering and Technology)
Measurement
Remote Sensing
Robotica
Sensors
Visualization in Engineering
IEEE Transactions on Computers
IEEE Transactions on instrumentation and Measurement
IEEE Transactions on Intelligent Transportation Systems
Conference and congress (ISARC, CSCE, ICRA, etc.)
Thesis
Online archives
Total

8
4
2
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
12
6
6
56

2. Overview of Research on Automated Site Data Acquisition
Most previous attempts in this field were focused on single-sensor models which are not usually
applicable for the entire duration of a project [10,11]. The literature reveals that the use of a single
source of sensory data does not provide sufficient information about the status of onsite construction
operations. For example, the point cloud data captured by laser scanners require a direct line-of-sight
and they will become less effective as the project progresses and the site becomes obstructed due
to increased congestion. In this way, the usage of another data acquisition technology could help
to alleviate the drawbacks associated with individual usage of each RS technology in each of the
project execution phases. That integration provides more timely and accurate information due to
the complementarity and possible fusion of the captured data [3]. Further incorporation of captured
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data with building information modeling (BIM) can lead to more robust progress reporting [8,9].
Despite current progress, obstacles still exist for achieving a practical and comprehensive automated
solution for onsite progress tracking [6].
Indoor tracking of the construction operations has some difficulties associated with a wide range
of materials and structural objects that need to be recognized [6]. Activity tracking was another area
of interest in recent years. In fact, an automated progress reporting system based on both activity
and material (or objects) tracking has some advantages over systems which are solely based on object
tracking [8].
In this article, the latest efforts on automated data acquisition are reviewed. More specifically,
methods that integrate various RS technologies are investigated. For instance, the integration of
the radio frequency identification (RFID) technology with GPS-based technologies are reviewed to
enhance outdoor tracking of resources [12,13]. Data fusion of imaging technologies (e.g., laser scanning
and photogrammetry) with technologies such as RFID, UWB, and GPS have also been investigated
recently [14,15].
3. Standalone Remote Sensing (RS) Technologies
There are a wide range of RS technologies for data acquisition on site. Each of these technologies
has its capabilities and drawbacks based on the domain of applications. Selection of one particular
technology can vary depending on the type of information required, the accuracy and the environment
in which the data will be acquired [16]. One group of these RS technologies includes real-time location
systems (RTLSs) such as GPS, robotic total station (RTS), and ultra-wideband (UWB). These technologies
generally function based on the time-of-arrival (TOA) principle, where the propagation speed and the
propagation time of a signal directly lead to a corresponding distance [10]. Recently, there are some
efforts to localize and track people and objects using Wi-Fi-/Bluetooth/BLE technologies for the purpose
of occupancy measurement. In fact, by installing some receivers in a target area, the location and number
of detected items are estimated using held and/or worn smart phones, Bluetooth headsets, and smart
watches. It is done by tracking the changes in the received electromagnetic wave patterns and compare
them with calibrated models to count the number of workers or vehicles on site, and to provide rough
information about their location and behavioral algorithms. However, due to some legal restrictions
for using smart phones on site and not fully accurate results of this technology its use in construction
industry is not common yet [17–19]. In a different context, barcode and radio frequency identification
devices (RFID) proven to be useful technologies for material identification with applications in
tracking resources for a supply chain management system [20,21]. Vision-based technologies such as
photo/videogrammetry and laser scanning have also found applications in construction industry for
making 3D as-built models of site which provide sufficient information for an automated progress
reporting [1]. Table 2 provides a brief overview of these technologies along with their capabilities,
limitations, and accuracy.
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Table 2. Capabilities and limitations of standalone remote sensing (RS) technologies
RS Technology

Capabilities

Limitations
(1)

(1)
(2)
GPS, RTKGPS 1 ,
and GNSS 2
(3)

(1)
Robotic total
station (RTS)

(2)
(3)

(1)
(2)
Barcode
(3)
(4)

(1)

RFID

(2)
(3)
(4)
(5)
(6)

Global access in an outdoor environment
RTK GPS provides centimeter-level
positioning accuracy in real time over
long distances
Flexibly and reacting quickly based on the
needs in a construction site

Enhanced tracking and automation
capabilities in the positioning of objects
High positioning update rate
Higher vertical positioning (elevation)
accuracy than unaided GNSS and
GPS-based technology

Reasonable price
Straight forward usage with standard
implementation protocols
Speeding up the computer data entry
Portability

Longer range than barcodes (up to 100 m for
Ultra-high frequencies)
Non-line-of-sight
Providing cost efficient location information
Tags are light and easy to attach
Unlike barcodes, RFID tags are durable in
construction environments
Batch readability of tags making
identification process much more efficient

(2)

(3)
(4)

(1)
(2)
(3)

Accuracy

Refs.

The acquired data are limited to position and time of
objects, and not the identity or type of activities
Delays in data processing and transferring (an important
issue specially for real-time operations such as equipment
tracking or kinematic surveying)
Multipath errors in the congested environment
Signal blockage and building obstructiveness in an
indoor environment

Almost one meter
for GPS and
few centimeters
for RTKGPS

[5,22,23]

The high investment
Limited capability to track only one point at a
particular time
Positioning errors will occur if the angles and distances are
not captured simultaneously

Down to few
millimeters and
arc seconds

[7,24]

N.A

[20,21,25]

Down to few
meters for 2D
localization

[4,5,11–13,21,25–30]

(1)

Very limited reading range

(2)

Sensitivity to the harsh environment 3 (e.g., tags are not
readable if covered by snow)
Low data storage capacity

(3)

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)

Lack of accuracy and difficulties for 3D positioning
Calibration difficulties (e.g., the need for a path loss model)
Affected by multipath effect
Problems associated with simultaneous identification of
many tags
Active tags are fairly expensive.
Plus, relatively wide range may cause obstruction
object detection
The need for battery replacement in active tags
Influenced by metal and high humidity specially in
high frequencies
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Table 2. Cont.
RS Technology

Capabilities
(1)

(2)
UWB

(3)
(4)
(5)
(6)

A longer range (up to 1000 m), higher
measurement rate and positioning
accuracy (less than 1 m) than typical
RFID systems
Less influenced by metal and
high humidity
Suitable for both indoor and
outdoor environment
Not affected easily by other RF systems
Relatively immunity to
multipath fading
Reliable 3D localization even in
harsh environment

Limitations
(1)

(2)
(3)
(4)
(5)
(6)
(7)
(8)

(1)

Infrared

(1)
(2)
(3)
(4)
(5)

High noise immunity
Low power requirement
Low circuitry costs
Higher security
Portability

(2)
(3)
(4)
(5)
(6)

Accuracy

Refs.

Violation of line-of-sight can lead to the
performance degradation specially in
congested areas
Limited update rate
Multipath and radio noise effect in the case of
metal occlusion
Some calibration difficulties (e.g., geometry and
number of sensors)
Tagging issues (e.g., battery replacement)
High cost
High missing data
Degraded range measurement as
distance increases

Down to a few
decimeter

[3,4,6,16,26,28,31,32]

Dependency on line-of-sight due to its inability to
penetrate materials
Sensitive to light and weather condition
Low data transmission rate
Short range
Not passing walls unlike other RF wireless links
Limitation associated with scalability

Down to a few
centimeters

[26]
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Table 2. Cont.
RS Technology

Capabilities

Limitations
(1)

(1)
(2)
(3)
(4)

Straightforward configuration
Cost-effective field data collection
Portability
Provides information about the
material, texture, and color of the
target object
High update rate
Well known internal geometry
Good interpretability

Photo/Videogrammetry
(5)
(6)
(7)

(2)
(3)
(4)
(5)
(6)
(7)

(1)

High accuracy in generating
point clouds
Simple and well-defined internal
coordinate system
Homogeneous spatial distribution
of range points
Ability to scan actively in darkness
and shaded areas
Ability to measure areas
without texture
Ability to scan a large area

(2)
(3)
Laser scanning
(4)
(5)
(6)

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)

1

Accuracy

Refs.

Calibration difficulties (e.g., sensitive to the
surrounding light condition, visual occlusions,
and moving background)
Mirror effect caused by reflective surfaces
Less accurate than laser scanners in generating
point clouds
Problems associated with computing depth in
3D modeling
Difficulty in identification of objects with
unclear geometric configurations
Computational complexity of
photogrammetric surveying
The need for another technology (e.g.,
RTKGPS or RTS) to provide the geo-referenced
inputs for photo-based 3D modeling

Around 1% error
in volumetric
measurement

[1,5,7,25,28,33–35]

High cost of laser scanners
Scanning is a time consuming process
Occlusion problem and the need for a
clear line-of-sight
More post-processing effort is required if the
device moves
Limitations associated with modeling of edges
and linear features
High storage capacity is needed
Not suitable for modeling moving objects
Not providing information about material
type, texture, and color of the scanned objects
Eye-safety distance concerns

Around 2% error
in volumetric
measurement and
few centimeters
in ranging
measurement

[28,34,36–39]

Real-time kinematic GPS, 2 global navigation satellite system, 3 extreme cold or hot weather in an outdoor environment.
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3.1. GNSS-Based Technologies
The RS technologies which operate based on signals received from satellites have various
applications in civil engineering at global, regional, and local levels. Here we focus on the local
applications of satellite systems in construction engineering and management, with emphasis on the
global positioning system (GPS) as a real-time location tool. The most recent GPS-based systems with
applications in outdoor positioning and tracking of resources are global navigation satellite system
(GNSS), real-time kinematic (RTK), GNSS, and Russian GLONASS technology. These systems benefit
from widespread access to the free global satellite system. However, since an unobstructed line-of-sight
to the air is needed, the application of these systems for indoor tracking of resources is challenging in
confined areas. Plus, relatively high cost of the accurate GPS receivers is another limitation of these
systems for usage in a large-scale level. Below is a brief description of these tracking technologies
along with their limitations and capabilities.
3.1.1. GNSS and Differential GNSS Techniques
The GNSS is part of a satellite application, providing signals from space that transmit positioning
and timing data to GNSS receivers installed on the construction equipment. These receivers then
use this data to determine the equipment location [5]. A typical 3D GNSS system, employed in
a construction equipment consists of a roving receiver and a reference station [23]. The receiver
located on the body of a construction vehicle receives signals from GNSS satellites to determine its
position and direction. Besides, in a differential GNSS system the use of a reference GNSS station can
enhance the location accuracy by sending corrections to the construction vehicle using a radio modem.
These corrections can also be sent to a central unit over the internet through a GPRS modem connected
to the levelling system. Furthermore, in a 3D GNSS levelling system, some highly resistant sensors are
stuck on the body of a vehicle which make it possible to control any specific action demanded from the
equipment in real-time. For applications related to the road pavement which need high accuracy in
surface leveling, a 3D control unit processes the signals received from GNSS satellites and the reference
station compares them with the stored designed values for quality measurement. A reference station is
able to control any number of construction vehicles via onsite radio connections. The accuracy of such
a system is around 2–3 cm [23].
3.1.2. RTK GNSS
One of the most recent innovations in using the GPS signals is the RTK GPS or RTK GNSS. It is a
technology that provides position accuracy close to that achievable with conventional carrier-phase
positioning, but in real-time. The RTK GPS employs a method of carrier-phase differential GPS
positioning with centimeter-level positioning accuracy. It consists of a reference station and a roving
station with a single or dual frequency GPS receiver. The GPS reference station sends carrier-phase
and pseudorange data over a radio link to the roving station. Both single and dual frequency GPS
receivers can be used, however, dual-frequency systems usually have faster ambiguity resolution and
higher positioning accuracy over longer distances. To achieve the best results, the reference station
antenna should be mounted in a location with less barrier and the radio link antennas should be as
high as possible in order to maximize the link coverage [22].
Some RTK installations use combined GPS receivers at the reference and roving stations.
Besides, a faster ambiguity resolution and higher positioning accuracies can be achieved by using
GLONASS data in addition to GPS. However, the data collected at the reference station reaches the
rover after some delays which causes some troubles for a real-time operation. This is mostly because
of the need for the data to be formatted, packetized, transmitted over the link, decoded, and passed
on to the roving receiver’s software. This cannot all occur simultaneously and so there are some
delays (latency) which depending on the link data rate might be up to two seconds. This delay might
be acceptable for some static-point surveying applications, but it is not appropriate for kinematic
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surveys or for equipment navigation. To address this issue, the rover can extrapolate reference station
measurements based on its own current measurements with an appropriate filter using an intelligent
algorithm. This method can reduce solution latency to less than a quarter of a second, but accuracies
are still limited to a few centimeters [22].
3.2. Robotic Total Station (RTS)
A RTS system adds tracking and automation capabilities to enhance localization and surveying
applications on site. It consists of an electronic transit theodolite which is integrated with an electronic
distance measurement (EDM) unit in order to measure both slope distance and angle from a prism
attached to a target object. An on-board computer does the tasks associated with data collection and
calculations pertinent to triangulation. The distance is measured by counting the integer number of
wavelengths in a modulated infrared carrier signal, generated by a small solid-state emitter within the
instrument’s optical path. The angle is measured by electro-optical scanning of extremely precise digital
barcodes etched on the rotating glass discs within the instrument. These localization devices have the
angular accuracy of around one arc second, and distance measurement accuracy of one millimeter in
static mode and few millimeters in dynamic mode with a high positioning update rate around 20 times
per second. In fact, these systems are available in both statistic and dynamic mode for tracking and
measurement of a steady and moving object respectively. For the latter one, positioning errors will
occur if the angles and distances are not captured simultaneously depending on the vector and velocity
of the moving target. To overcome this inherent error, manufacturers have developed total stations in
which the angle and distance information are synchronized or they are with low latency [24].
Comparing RTS with technologies such as RTK GPS that we discussed earlier in this chapter,
RTK GPS offers an alternative technology to RTS, but its reliability and accuracy in positioning a
specific moving object are questionable. Furthermore, the RTS is one of the most accurate on-site survey
instruments in the market with accuracy in millimeter level [7]. High vertical (elevation) accuracy is
another factor that makes this system a better option than an un-aided GNSS system. These make
RTS a very good choice for fine and finish grade applications. Moreover, a total station does not
require line-of-sight to the satellites. It can be replaced with GNSS technology in case of obstructions
or doing underground operations. Manufacturers have made it easy to switch between GPS and total
station sensors for added flexibility. Having said that, total stations are constrained by the required
line-of-sight between the total station device and the target prism which is installed on the machine or
other resources. Moreover, their limited capability to track only one point at a particular time is another
challenging issue [7]. Besides, their limited range can also become an issue. Some manufacturers
have overcome this constraint by stringing total stations together in order to control an operation
over greater distances without any interruption [24]. High investment required for implementing the
devices of this type with acceptable performance specifications is another disadvantage of using these
devices for localization purposes.
3.3. Barcode
Barcode is one of the most used technologies in industry for data entry with much less error
rate and higher speed than those fully dependent on a human operator. A system using barcode
technology consists of four main modules including barcode labels, scanner, decoder, and a database for
gathering and analyzing information [20]. The barcode labels are available in one-and two-dimensional
formats. Generally, the capacity of two-dimensional barcode systems is about 100 times larger than one
dimensional system. However, one-dimensional barcodes are more common in industry by having a
more accepted governing standard. The scanners are usually available in three main categories such as
wand scanners, charged couple devices (CCD) scanners and laser scanners. They are categorized based
on maximum length of barcode to be read, maximum distance away from barcode label, ability to
read barcode labels attached to irregular objects and scanning reliability. Although wand scanners
can read longer barcode labels, laser ones are considered superior with regard to all other criteria
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mentioned. Accordingly, laser scanners were used as data collection devices in the developed system.
Decoders, on the other hand, receive the digitized barcode signals from scanners and then decode
them to the correct data. Decoders are available in both fixed and portable versions; however, the latter
one is more common in construction projects because of the distributed locations of activities in a
construction project. Finally, the data are transmitted to the hub computer over a wired or wireless
network [20,21].
A practical application of a barcode system in the construction industry is documentation
of engineering data. In this way, barcode labels are produced and, then get assigned to each
document. After that, coded information is scanned and transmitted to the database. For retrieving
the information, developed queries are utilized and results will be shared with industry practitioners.
Besides, the performance of this system can be improved by using feedbacks from industry practitioners.
A system which utilize this technology is expected to improve productivity and to save time and cost
of various tasks such as procurement and document control [20,25].
3.4. RFID
A typical RFID system consists of two components: readers and tags which are operating at a
specific frequency, ranging from low frequencies to super high frequencies (e.g., from 125 KHz to
over 5.6 GHz). RFID tags contain a microchip and an internal antenna with a specific ID and other
data associated with an item, to send them to a reader upon its request. Based on their power source,
tags can be distinguished as passive, active, and hybrid. Passive tags need to be activated by the
electromagnetic energy that a reader emits. Therefore, they have shorter reading ranges and smaller
data storage capacities. Active tags, on the other hand, rely on internal batteries for power supply,
which increases their reading ranges significantly and enables additional on-board memory and local
sensing and processing capacities. Hybrid tags also need to be turned on by a signal such as a satellite
wave to transmit the data [1,11]. However, the cost of active tags is higher than the cost of passive tags
and a battery replacement plan is also required [21]. Tags also can be categorized into two groups:
read-only tags, on which data cannot be updated and, read/write tags with a memory that can be
updated with new data. RFID readers, on the other hand, consist of a transceiver and an antenna which
read data from tags (also write data on tags), and transfers the collected data to a host computer or
server for future retrieval and analysis. The readers are available in both statistic format and hand-held
roving devices based on the application required on site. With an antenna, the communication
between the transponder and the transceiver is possible; however, its shape and dimension influence
its performance characteristics such as frequency range. Available frequencies include low frequency
(LF), high frequency (HF), and ultra-high frequency (UHF). Super-high frequency (SHF) or microwave
is also used in some cases. Presently, UHF is the most widely used, because UHF passive tags offer
simple and inexpensive solutions and most active tags operate on UHF [11].
Many researchers have investigated RFID technology with great capability in automatic
identification and tracking of tagged objects on site. Moreover, it is applicable for the built
environment due to its non-line-of-sight capability, wireless communication, and on-board data
storage capacities [4,11]. Besides identification capability for tracking purposes on site, an RFID system
can also be used for 2D localization of tagged objects. Studies have investigated the application of
the RFID system for 3D localization of materials on site, however, only using RFID sensors faced
some difficulties since a high density of reference tags in elevation are needed [30]. There are three
main methods to localize an object using RFID sensors including triangulation, proximity, and scene
analysis [4,26]. Triangulation determines the position of an object by measuring its distance from
several reference positions (e.g., known position of some reference tags). Then, by using techniques
such as trilateration, the position of other tags can be determined. The proximity method includes the
measurement of the nearness of a set of neighboring reference points with fixed and known locations
which are close to the target. In fact, in this method, the distance of the target object from reference points
is not actually measured, but its presence within a certain range is only determined. Therefore, it has
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a rough localization accuracy. The scene analysis method estimates the location of a source of the
signal (target object) by using a pre-observed data set of the monitoring scene with defined features
in an electromagnetic signal characteristics map. Having said that, employment of this technique
is not practical for construction sites with dynamic environment since it requires extra information
and data storage [4]. Many researchers have used RFID for automated data acquisition from the site.
For instance, in [4] a two-step process for localization of objects using a hand-held RFID reader and
passive tags was used. In fact, they employed some reference tags for localization of RFID reader
and then the location of the tags determined by using a path loss regression model and trilateration
technique. Unlike barcodes, RFID tags can withstand harsh conditions with a much longer reading
range which facilitates the automated material tracking on site. Having said that, its performance is
degraded in vicinity of metal and liquid at high frequencies (e.g., UHF and microwave) [21].
3.5. UWB
Ultra-wideband (UWB) technology is a real-time location system (RTLS) which was initially
developed for military use in the 1960s [16]. Its performance is almost similar to the active RFID system;
however, it uses very narrow pulses of radio frequency (RF) energy which are occupied in a wide
bandwidth for communication between tags and receivers. That is especially suitable for environments
in which the multipath effect may happen. Like RFID technology, here we have some tags which are
attached to the target objects, some receivers to read the tags data and a central hub with software to
receive and analyze all these data for localization. However, the decision on choosing an appropriate
type of tags really depends on the asset type (e.g., equipment, material, or people), its velocity and
its operational environment. Various types of UWB sensors use different positioning techniques to
estimate the tag’s position. These techniques include the time of arrival (TOA) or time of flight, angle of
arrival (AOA), time difference of arrival (TDOA), and received signal strength (RSS). AOA has some
advantages over TDOA as it does not require synchronization of the sensors nor an accurate timing
reference. While TDOA is less sensitive to changes in setup calibration but it still requires more cabling
to have an accurate timing reference [3]. TOA, on the other hand, is more accurate when the two
devices are in a clear line-of-sight, however, RSS is less influenced by changes in placement of objects
in the environment.
A UWB system has two operational modes for data communication including wired and wireless
modes. The wired mode in which all sensors are connected with timing cables can localize the tags
using both AOA and TDOA techniques. While in the wireless mode, TOF and AOA are usually used for
localization. It has been investigated that removing the timing cables will decrease the accuracy, but still
a location accuracy of less than one meter is provided by the UWB system. However, in terms of spatial
disruptions on the monitored area, the wireless mode is preferred since it imposes minimal spatial
disruption due to less required cabling [16]. A number of companies [40–42] have provided newer
versions of these sensors with better accuracy and reliability for various applications in construction.
For example, Trek1000 Evaluation Kit is a product of an Irish company [42], which utilizes an atomic
timer embedded in their PCB board that provides a high positioning accuracy in the range of a few
decimeter for these wireless sensors. The product that is manufactured by this company is almost eight
times less expensive than the available commercialized sensors, however, it is still not a final product
with a protected enclosure. In [33], a set of experiments showed better performance of this product
over other sensors by a mean ranging error of around 12 cm for this type of sensors. Plus, removal of
the outlier data and using some data filtration techniques can improve both ranging and localization
accuracy. Figure 1 illustrates a schematic view of these UWB sensors along with other RS technologies
for automated onsite data acquisition.
Several researchers have investigated the possibility of using this technology for identification,
localization, and tracking of construction operations. They focused mostly on evaluating real-time
tracking of workers, equipment, and materials in indoor and outdoor environments [3,16], and further
on improving the quality of data received by the UWB system. It was shown in [16] that placement
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of static reference tags in the field can improve the positioning measurement of UWB sensors.
Furthermore, the geometric configuration of the reference point and the receivers could improve the
accuracy of the range measurements. Applying a suitable data enhancement method such as Kalman
filter
can10,
also
improve
the localization accuracy. In fact, it mitigates the data uncertainties
Appl.(KF)
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(e.g., good performance in vicinity of moisture or snow). However, violation of the line-of-sight can
the line-of-sight can lead to a decrement in the signal strength, so an accurate design and sensor
lead to a decrement in the signal strength, so an accurate design and sensor placement strategy is
placement strategy is needed. Unfortunately, the cost of UWB sensors is still high in comparison with
needed.
Unfortunately, the cost of UWB sensors is still high in comparison with other sensors [31].
other sensors [31].
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Many pieces of research on automated progress reporting have focused on creating 3D models
image frames.

or
point cloud models for both indoor and outdoor environments. These point cloud data are generated
by using image frames or laser scanning data of the site. Generally, laser scanners can provide
more accurate point cloud data but with more processing effort [1]. However, in recent years due
to the availability of high-resolution cameras, more powerful computers, and new advancements in
image processing techniques more accurate and real-time point clouds are generated by only using
image frames.
3.7.1. Photo/Videogrammetry
Photogrammetric surveying has been widely used in construction engineering and manufacturing
for 3D modeling, localization, and map production. Virtual reality (VR) and augmented reality
(AR) research have referred photos as the most straightforward and cost-effective inputs for field
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data collection in construction management. The photogrammetric technique advantages over
other traditional surveying methods include: (1) non-contact measurements, (2) relatively short
turnaround cycle of data processing and modeling, and (3) measuring multiple points at one time [7].
Furthermore, researchers have extended photogrammetry into videogrammetry. Since video frames
are sequential, pixels available in each frame are progressively reconstructed based on the previous
frame(s). This characteristic of videogrammetry has made it possible to reconstruct various elements
more quickly in civil infrastructures [1]. However, an extra video post-processing effort is necessary to
match the time-stamped videos of each camera together. Generally, photogrammetry includes putting
some cameras with a standard distance and angle of view from each other in a jobsite. Saying that,
by advancement in simultaneous localization and Mapping (SLAM) techniques, the point clouds can
also be generated by a moving camera. For registration of photo frames together, there is a need
to have some stationary site control points (usually more than three) in each photo frame for 3D
modeling. So, images taken from different angles are used to build the 3D model, by pairing and
matching some common points in the two or more neighbor frames. It should be noted that the time
differences between the photos and the control point survey data must not exceed the preset value
(e.g., one second), otherwise, the photos and the survey data are discarded for ensuing 3D modeling.
The 3D model coordinate system is set up by selecting an arbitrary origin and scale. The image and
object coordinates are then evaluated based on defining specific parameters in related photogrammetry
equations. The scale of the model is determined by using coordinates of some points which are
determined by a terrestrial station such as robotic total station (RTS) unit. Reducing the modeling time
and cost by generating the point cloud from both photos and structure from motion (SfM) method is
also an acceptable approach. In fact, the point cloud-based application is aimed to reduce the effort in
producing 3D as-built models. However, the model object must be stationary during the laser scanning
process while removing the noise data (redundant or irrelevant information) requires considerable
time and expertise. Thus, point cloud-based technologies are not suitable for modeling a particular
moving object on a near real-time basis on site. In order to solve some of the limitations mentioned
above, developing an alternative system, which can directly track and survey target points by use of
synchronized RTS units would be useful. Such a system can automatically provide the geo-referenced
inputs needed for photo-based 3D modeling [7]. This platform is reviewed in the section for integrated
photogrammetry with RTS technologies.
Recent studies on this field have been focused on videogrammetry to create point cloud data
through SLAM technique. In [35], a platform was designed for a real-time progress reporting in which
a client connects to Wi-Fi and takes a video record of the site. Then this video (or image frames) is
sent for mapping of the construction site by producing the site point cloud data. Then, through the
reconstruction step, a dense point cloud with enough details is generated in which a mapping of the
visual objects available on site is achieved. Then, for any new query image, the location/camera pose
of the input image would be retrieved by using a feature-based matching with the base 3D point cloud
map generated earlier. Finally, by aligning the parameters of the 3D point cloud with a geo-referenced
BIM model, global localization of the frames can be estimated.
3.7.2. Laser Scanning
Using 3D point clouds produced by laser scanners has already been used as a standard practice for
generating as-built information in construction, rehabilitation and facilities maintenance in areas ranging
from process plants to historical preservation and structural health monitoring [9]. These devices
use near-infrared (0.7–0.9 µm) wavelength in order to create 3D point clouds of the objects available
in an environment. There are some important factors which determine a laser scanner performance
such as angular resolution, scanning speed and the range required [37]. Clearly, the quality of the
point clouds usually depends on the number of times doing the measurement for each point. As the
number of measurements per point increases, the quality of the point cloud increases. Terrestrial laser
scanning (TLS) is one of the best available technologies to capture 3D information on a project with high
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accuracy and speed. It has made it possible for construction managers to track progress, control quality,
monitor health, and last but not least to create as-built 3D models of the site. Many studies have
been focused on the interface between laser scanned data and a 3D model such as CAD or BIM
models. For instance, in [9] a 3D CAD model was used as a prior source of information for detecting
objects from the point clouds. However, these approaches are unable to identify objects which are
not in their exact locations pre-described by as-designed model or located in the distance greater
than a tolerance value specified in the object recognition software. Furthermore, they are incapable
of providing sufficient information about non-structural activities such as the welding, inspection,
piping system, etc.; however, BIM systems may help to facilitate these operations in future [6]. In fact,
with the advent of 3D BIM, many newer approaches actively use the 3D information contained in
BIM models to develop supervised object detection and recognition algorithms that can process the
point cloud data more effectively. Nonetheless, the process of recognition, detection, and identification
of objects in 3D TLS data remains an open challenge with marketed software while it is needed to
be more studied in order to enhance the compatibility of these technologies with available software.
The objective of the process of 3D laser scanning is to scan a physical space or site to create an accurate
digital representation of it. The scan to BIM is a term that refers to the process of scanning an existing
building, area or site and creating a 3D model from this data. In fact, this process is proved to be more
exact than conventional inspectional data that are usually accomplished using a measuring apparatus.
The scan to BIM process can be divided into two stages. The first stage is the fieldwork where the
surveying team goes to the site and collects data using their 3D laser scanners. The second stage is the
office work where the raw data is calibrated and could data is used to create a 3D model [9].
4. Integration of Various RS Technologies
Due to the diversity of the construction resources, harsh environment, and complex nature
of construction projects, the data acquired by each RS technology is missing or erroneous.
Furthermore, each RS technology has its capabilities and drawbacks that limit its application. In fact,
depending solely on a single technology to acquire data on-site in an accurate and timely manner
is unreliable. In this way, the integration of various RS technologies together can improve the
data acquisition process. Plus, it can help to overcome the limitations of an individual technology
and makes it possible to provide the required information even if one of these data sources is not
fully available [16,25]. This integration could happen in different scenarios. In a typical scenario,
the integration includes the separate employment of various RS technologies in different stages of
construction activity. Examples of this type of integration are available in [25], in which integrated
barcode-RFID and photogrammetry-laser scanning systems are used for resource tracking and quantity
measurement on site. In another scenario, the data acquired by each technology could enhance the
data acquired by other technologies which result in having more accurate and robust information.
An example of the latter integration approach is the data fusion of various RS technologies together or
a multi sensor data fusion (MSDF) approach. In fact, data fusion refers to the combining of information
from multiple sources in order to improve the quality of information obtained separately from each
source. It is utilized to make inference decisions about the state of a construction project based on
the data that are acquired from different sources [16]. Therefore, informed decisions and objective
assessments of the activities progress on site are not only based on a single data source. In fact,
a number of data sources are combined together in order to provide sufficient details about various
activities on site. It should be noted that the level of data fusion is an important factor in order to have
a more robust and accurate approach [28]. Recent studies in this field are focused on the integration of
various RS technologies in order to benefit from identification, localization, and visualization capability
of each of these technologies with applications in tracking objects and activities on site. Table 3 shows
some of these integrated systems along with their capabilities over standalone usage of each technology
and their drawbacks for implementation on site.
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Table 3. Capabilities and limitations of integrated RS systems
Type

Integrated RS System

Capabilities
(1)

GPS + Barcode

(2)
(3)
(4)

Relatively low cost (mainly goes for GPS receiver);
barcode: Label ~ $0.1, Reader ~ $100–500 and GPS:
Receiver ~ $200 Satellite signal free
High level of standardization and reliability
More scalable for projects of varying sizes
Straight forward implementation

Limitations
(1)

(2)
(3)

(1)
(1)
Positioning systems
integration with
other sensory data

GPS + RFID

(2)

(1)

Sensor-aided GPS
(SA-GPS)

(2)
(3)
(4)
(5)

(1)
(2)
RFID integration
with other sensory
data

RFID + WSN

(3)
(4)

Easier material identification due to non-line-of
sight capability of the RFID tags
Providing both identification and localization
data simultaneously

Stability to be used in various
construction operations
Real-time tracking and reporting capabilities
Not sensitive to the ambient environment
Having both location/action
recognition capabilities
Providing continuous update of the
location estimates

Make it possible for tags to communicate with
each other
Facilitating the negotiation of RFID
readers together
Increased positioning accuracy
Decreased energy consumption in comparison
with an individual WSN 1 system

(2)

(3)

(1)

(2)
(3)
(4)

(1)

(2)

Need for free access to space for GPS system
which makes it unsuitable for
interior environment
Limitation of barcode tags in differentiating
between items of the same kind
Not fully automated approach

The need for free access to space for
GPS system
A large number of RFID readers are required
which increases the cost; RFID Tag ~ $1–50 and
RFID Reader ~ $1k–5k
Boundary constraint limitations in
cluttered environments

Obstacles associated with data fusion,
coordination, processing, and reduction of
data to produce meaningful conclusions
Requiring relatively more time for
post processing
Drift inherent to sensors
Initialization and calibration difficulties

Sensor does not provide any power until tag is
not in the radio frequency field to
communicate with reader
Reading range decreases as the system starts
using energy

Refs.

[5,22,23]

[7,24]

[26,44–47]

[26,29,48,49]
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Table 3. Cont.
Type

Integrated RS System

Capabilities

Limitations
(1)

(1)
RFID + LS

(2)

(1)
(2)
(3)

Integration of the
vision-based
technologies
together and with
other RTLS

Photogrammetry +
laser scanning

(4)
(5)
(6)

(7)

Photogrammetry
+ RTS (robotic
total station)

(1)
(2)

Faster and more robust recognition and
positioning of objects in 3D modeling
Alleviating the difficulties associated with the
laser scanners object recognition specially in a
crowded and full of furniture environment

Less number and time for scanning are required
Less number of digital photos are required which
results in less computational effort
Better object recognition capabilities by adding
depth information from laser data to the available
digital photo planes
Convenient for modeling objects with unclear
geometrical properties (e.g., excavation activities)
More accuracy in the localization of edge points
Providing more details about material, color, and
texture of the objects which improves the
geometry and visual quality of the 3D modeling
Self-calibrating capabilities for cameras

Enhanced scaling and 3D modeling capabilities
Better measurement accuracy (down to few
decimeter) rather than using individual
photogrammetry techniques

(2)
(3)

(1)
(2)

(3)

(1)
(2)
(3)

Refs.

Poor positioning performance when
the objects are in the corner of a room
Laser scanners are relatively expensive
(TLS could cost more than $60k)
Need for a facility management
database of the available objects
in advance

[14,39]

Expensive laser scanners
Problems associated with calibration
and orientation of data acquired from
two sensory sources, e.g.,
geo-referencing issues
Less effective when the site is crowded
or covered by enclosures

[25,28,33,34,38,50]

High cost of RTS devices
Synchronization of digital cameras
with RTS devices
Limited capability for tacking multiple
moving objects

[7,24]
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Table 3. Cont.
Type

Integrated RS System

Capabilities
(1)

Photo/videogrammetry
+ UWB

(2)

(3)

(1)
Laser scanning + UWB

(2)
(3)

More reliability in positioning in comparison with
individual use of each technology by replacing the
data of one sensor with another in case of any
failure in each sensor
More accurate and timely information are
provided by proving more automation and
decreasing computational effort
in photogrammetry
Portability

Overcoming challenges associated with the
presence of multipath, NLOS 2 propagations and
low visibility (e.g., occlusion, dust, fog, etc.)
Less accumulated error in comparison with an
individual usage of laser scanning technology
Ease of need for prior knowledge or control inputs
1

Limitations
(1)
(2)

(3)

(1)

(2)

Wireless sensor network, 2 none line-of-sight.

Refs.

Calibration difficulties specially for
large scale sites
Error propagation phenomenon due to
the intrinsic inaccuracy in
each technology
Less accuracy in comparison with other
geo-referenced photogrammetry
techniques (e.g., using a RTS or
GNSS system)

[3,32,51]

Discrepancy between the accuracy of
the UWB mapping and that of
LiDAR mapping
High implementation cost

[6,15,28]
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4.1. GPS-Based Systems Integration with Other Sensory Data
The localization capability of GPS sensors could be integrated with the identification capability
of technologies such as barcode and RFID for more accurate tracking of materials on site.
Plus, integration of the GPS sensors with other aided sensors could provide more accurate and
robust information about the site condition and the resources available in it.
4.1.1. GPS Integration with Barcode
It includes integration of the barcode and GPS technology for material identification and
localization respectively. In this technique, various items are tagged by barcodes and their real-time
locations are sent to a central database through Wi-Fi as scanned by a barcode reader equipped with
GPS. For instance, in [52] an automated system for material tracking based on the integrated barcode
and GPS technology was developed in which the location of materials is determined with three-meter
accuracy. In fact, automated and real-time identification and localization of materials make the retrieval
of these elements much easier which results in a better material tracking and management system.
The advantage of this tracking technology over other technologies includes relatively low cost,
high level of standardization, and scalability for employment in various projects. Barcode labels
have been widely used for many applications in industry with defined protocols to be attached to
various materials for many years with relatively low cost (see Table 3). However, the reader should
be very close to the barcodes which is not practical on many occasions for tracking items on site.
Besides, the barcode system cannot differentiate between the items from the same type which decreases
the level of detail provided for the identification process [52].
4.1.2. GPS Integration with RFID
Integrating GPS with RFID would provide a reasonable solution to benefit the localization and
identification capability of both technologies. There are various scenarios to implement such a system
in order to have a better outdoor resource tracking and management. In one scenario, the GPS receiver
is attached to a roving RFID reader in order to provide information about the position of the RFID
reader. By knowing the real-time location of the roving RFID reader, the 2D location of the tagged
items are identified by using trilateration technique. Having said that, this technology is not accurate
enough for localization of objects in elevation since GPS-based technologies cannot provide accurate
information about height. In [12], a system consists of spatially distributed mobile RFID readers
equipped with GPS technology was developed which could detect mobile RFID tags. The readers
transfer the data to a central server via a communication network in which the server filters the data
using a boundary condition-based algorithm to estimate the continuous and real-time 3D locations of
tagged objects. In fact, boundary constraints were introduced to facilitate RFID-based localization
applications to overcome the challenge associated with unknown tag-reader distance [12,13]. In another
experiment [2], researchers tried to improve this approach by integrating the RFID sensors with a
real time kinematic (RTK) GPS device. In their system, the location of the reader was recorded as
a boundary point, which was acquired by the RTK GPS receiver roving together with the readers.
Then, the tag’s location was estimated using bilateral method in which by creating four equal-radius
spheres centered at four boundary points (i.e., four readers that form the boundary condition with the
target tag) and then checking whether an overlapped common volume exists. Besides, they identified
two important factors to improve the accuracy of estimations including: (1) the reading angle between
a tag’s orientation and a reader’s shooting direction, and (2) the geometric configuration of the reader
locations in each time step. The geometric configuration of the readers was assessed based on a
parameter called Spatial dilution of precision (SDOP) which was formulated to improve the localization
accuracy [2].
In another scenario, a separated distribution of RFID readers and GPS receivers are employed to
benefit the positioning and identification capability of these two technologies. In [5], a system based on
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the integration of RFID and GPS technology was developed in order to enhance the safety of workers
on site by improving blind lifting and loading crane operations. The system architecture includes a
GPS receiver and an RFID tag attached to the crane hook, and active RFID tags attached to the safety
helmet of the workers. During the crane operations, the location of the workers and crane hooks
are thus read by the RFID readers installed on the site and then imported to the BIM environment.
In fact, their system obtains and compares the real-time position of tower cranes and construction
workers and, if any unauthorized worker is detected in a pre-defined risk zone, an order by central
hub would be sent to cut off the crane power. In a case study done for this approach, an accuracy of
approximately ± 30 cm was recorded [5].
As stated, accuracy is an important factor when deploying a system for data acquisition in a
construction site. Therefore, the integration of RFID with other positioning technologies like GPS-based
systems is a solution to have higher accuracy in tracking tagged items. Having said that, GPS solutions
present some drawbacks in certain environments especially when it comes to the interior of buildings.
In order to avoid the limitations of RFID and GPS-based systems, the combination of ultrasound
technologies and RFID can improve the positioning system [27,53].
4.1.3. SA-GPS
A sensor-aided GPS (SA-GPS) prototype consists of a microcontroller equipped with GPS module,
and a number of sensors such as accelerometer, gyroscope, barometric pressure, strain gauges, etc.
This prototype consists of some sensors that are installed on various resources on site and using a
gateway to communicate together and with a central server. In this way, it can provide more accurate
information about site conditions and working hours of the target resources [26,44]. Several studies
have investigated the effectiveness of this system for progress estimation and tracking of various objects
and activities. In [26], a system based on SA-GPS was designed for tracking and progress assessment of
the earthmoving operations. They concluded that there is a considerable decrease in average absolute
percentage error in the project progress estimation in comparison with a system working only based on
GPS from 12% to almost 3%. In a similar study in [47], a smartphone with sensor technologies—such as
GPS, accelerometer, and gyroscope—was put inside construction equipment. Then, the time-stamped
data for the equipment position, acceleration and angular velocities were collected by using some
commercial data logger applications available on the smart phone device. After a feature extraction
process in which some features were defined based on the level of details required for an activity
recognition process, a subset of originally extracted features were employed to train the supervised
machine learning algorithms (e.g., artificial neural networks (ANN), K-nearest neighbor (K-NN), etc.)
for activity classification. Finally, through an activity recognition step the classified actions were defined
as real actions in the site and these data got used as input for a simulation model. These estimations
can also be used for a more accurate and enhanced earned value analysis (EVA) and productivity
assessment [26,44]. Furthermore, integration of the GPS with inertial navigation system (consists
of an accelerometer, a gyroscope sensor and a magnetic compass) can be used to estimate both the
position and velocity of a moving object such as construction equipment. However, both GPS and INS
estimations have some limitations and errors. In fact, the GPS error is caused by the time difference
between the satellite and a moving device, geometrical difference among satellites and multi-paths of
the GPS signal. INS, on the other hand, has good capability for precise location-information in short
term but the accumulative error caused by environmental disturbances could be too big if it is used
for a long time. Therefore, it would be very difficult to properly handle the noises of INS sensors
for the precise localization of a moving object since the motion of the mobile object is nonlinear and
the noises are not Gaussian. In this way, data fusion of these two sensory sources by appropriate
filtering of the velocity-dependent noises in the INS signals would result in a more accurate and
reliable data for the purpose of the outdoor tracking of the equipment [45]. In another study [46],
other onboard aided sensors (e.g., inertial sensors) in addition to the GPS sensors were employed to
investigate the effect of road slope in positioning and tracking of the equipment. They concluded
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that this approach can improve the accuracy and reliability of the equipment position estimations in
comparison with approaches based on planar position estimation algorithms. In fact, depending on
the planar models for positioning of the equipment in the sites with terrain condition would be more
erroneous as the slope and curvature of the road vary. Therefore, it would be possible to improve
the accuracy and reliability of pose estimations by compensating for the error due to the road slope.
Finally, the integration of the GPS with other aided sensors provides capabilities with applications
in the advanced driver assistance system (ADAS) and autonomous vehicles. This can provide more
automation in the construction activities which can enhance the productivity and safety of the activities
as a long-term objective in the construction industry [46].
Integrating GPS data with aided sensory data can compensate for the limitations in utilizing
the individual GPS information. In fact, it would make it possible to capture the big picture of the
construction operations by accurately distinguishing between productive, idle and out of service
times during construction activity. Furthermore, the idea for using integrated sensors on a mobile
phone device can mitigate the difficulties associated with mounting sensors on equipment body
(e.g., attachment and detachment of various sensors for every data collection session), dust in a
construction site, data storage issues, and unstructured arrangement of resources which makes
calibrating of sensors difficult. Furthermore, it can improve inaccurate and unrealistic simulation
models which are usually working by static input data and are built upon historical information during
the pre-construction phase [47]. Having said that, the process of fusing the data acquired from various
sources is an obstacle for achieving a real-time and automated procedure [26,44].
4.2. RFID Integration with Other Sensory Data
Only a few technology sets are available for indoor positioning. The reasons for this poor diffusion
include high costs compared to the value achieved and technical limitations such as precision, reliability,
and performance of such systems. In this way, some researchers have investigated the integration of
a wireless sensor network (WSN) with the RFID. This approach provides new capabilities in order
to have a better estimation by facilitating the identification of materials located in the scene and
estimating their position at the same time [26,27]. The integration of the RFID technology with other
RS technologies can also improve onsite information for having efficient management of construction
operations during a project lifecycle [27].
4.2.1. RFID Integration with a Wireless Sensor Network (WSN)
In a system based on the integration of the RFID and WSN, smart nodes of sensors are employed
to identify objects that their sensed information is needed, while the smart node readers detect tagged
objects to recall them at a convenient time [26]. In fact, by integrating a large number of sensor nodes
with RFID tags and readers, communication of the RFID tags with each other and also the negotiation of
the readers together will be facilitated which can increase the efficiency of a tracking system. There are
different scenarios for this integration including: (1) integrating tags with nodes in which sensors
collect sensed information and RFID identify the objects, (2) integrating tags with sensor nodes and
wireless devices in which tags can communicate with wireless devices and other tags and imitate a
multiple hop network, (3) integrating RFID readers with the sensor nodes and wireless devices in
which readers are able to communicate more efficiently with each other in this network and sending
information to a host computer, and finally (4) integrating a separate combination of the RFID and
the sensor nodes in which an integrated nodes system is not required since WSN and RFID data are
processed in a software layer [48].
Various authors have investigated this integrated system for various tracking purposes by
emphasizing on the indoor environment. For example, in [48] this system was used for the purpose of
supply chain management. In their system, the RFID technology was employed for identification and
WSN was applied for sensing the environmental factors such as humidity, temperature, and air quality
since some products needed to be kept in a certain condition. In this way, tags were embedded in
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objects and readers were integrated with nodes for the purpose of identification and monitoring of the
environment [27]. In another application, researchers in [26] employed a WSN for a better data transfer
between RFID nodes in which they confirmed the positive contribution of WSN on communication and
network flexibility. In another case study by them, they used a similar system for tracking construction
operations by using tags as mobile units, which were carried by or mounted on the tracked resources.
Besides, in their system, the third dimension (elevation) read from a pressure sensor [26]. In [49],
also a hybrid WSN-RFID system was investigated for tracking people and objects in indoor scenarios.
Through their case study, they showed that this hybridization provides an improvement of 1.6 m in
RMSE and of 4% in data availability in a sample tracking experiment. The application of this integrated
system for enhancement of safety management in a site has also been investigated by some authors.
For instance, in [29] a system based on the integrated WSN and RFID technologies was employed
to provide a preventive solution for enhancing the site safety. To do that, they proposed a real-time
tracking system to provide pro-active information for crucial and controllable objects by attaching some
RFID tags to those objects on site. A sensor node, on the other hand, transmitted sensing information
to a router while the RFID tags transmit identification and positioning information to the active RFID
readers. Finally, all information was sent to a central server for application rendering and alarm
generation to make an early warning while a worker is too close to the hazard area [29].
The WSN offers good radio coverage but with low positioning accuracy due to high noise on
received signal strength index (RSSI) measurements. On the other hand, RFID technology provides
positioning information but with limited coverage and temporal discontinuity. Therefore, integration of
these two technologies makes it possible to enhance the accuracy and robustness of the indoor
positioning and tracking by providing better communication between RFID tags, RFID readers,
and tag-readers. Having said that, some experiments have shown degraded performance of the RFID
systems in object localization as active RFID tags and readers starts to get their required electrical
power from WSN nodes [26,29,48].
4.2.2. RFID Integration with Laser Scanning (LS)
The integration of laser scanning with RFID technology could be performed in different scenarios.
In a typical scenario, both RFID and LS technologies are employed separately based on the type of
information required from each object or activity [14,39]. For example, in [25] a model to track the state
of materials on site was proposed to integrate the RFID technology with a terrestrial laser scanning
(TLS). However, the two technologies were employed in two different stages through a construction
supply chain system. Another scenario is an effective integration of these two technologies in which
the identification and positioning capability of the RFID system help to enhance the accuracy of the
point cloud data that are generated by a laser scanner [14]. Despite various techniques for object
recognition from images on site, recently the process of directly extracting different types of objects
from point cloud data through 3D reconstruction of building interiors is becoming more popular [54].
Besides, there are a number of advanced software solutions for 3D modeling in CAD/BIM models by
using the TLS point cloud data. However, they still do not address the need for modeling all types of
objects available in a room. In fact, in order to have robust point could data of the elements in a room,
it is required that the room be as empty as possible when scanned. In this way, in [14,39] a methodology
was proposed based on the integration of laser scanner technology with an identification technology
such as RFID in order to enhance the process of object recognition out of the point cloud data. In their
work, the process of extracting objects from point cloud data were not necessarily limited to structural
elements (e.g., floor, ceiling, wall, windows, etc.) but also small objects and components on site were
recognized, localized, and modeled in a 3D model (e.g., BIM or CAD). So, by attaching RFID tags to the
objects (i.e., furniture, facilities, etc.) available on site, it was possible to identify, localize and model
these components in a final 3D model too. In this scenario, the structural elements were modeled
by using the TLS data. Then, the other objects were identified with RFID tags attached to them and
sensed by a reader which was installed next to the laser scanner. To do that, discriminatory geometric

Appl. Sci. 2020, 10, 2846

23 of 31

information was used to recognize the target objects in a point cloud data. It was done by measuring
dimensional parameters of an object (e.g., length, width, and height) or the pattern of different elements
in the object. Since each object had a specific ID, it was possible to retrieve its geometric information
from a facility management database and to model them more precisely in the 3D model. Saying that,
in order to enhance the accuracy of the positioning algorithm, the 3D model of each piece of objects
was stored in the facility management (FM) database with a mesh resolution which is automatically
adopted from the point density of the acquired point cloud. This data fusion approach provided
a more comprehensive and accurate 3D modeling of the as-built status of the site for the purpose
of the progress reporting and productivity analysis of activities varying from structural to facility
installations, etc. [14].
This integration provides an acceptable measurement accuracy by localization and angular error
in the range of few centimeters and degrees respectively. Furthermore, it can facilitate the process of
object recognition from the point cloud data acquired by a laser scanner. Having said that, the approach
has some drawbacks such as degraded localization accuracy when the objects are in the corner of a
room. Besides, it is needed to create a facility management database including all objects available in
the site prior to the modeling process [14].
4.3. Integration of the Vision-Based Technologies Together and with Other RTLS
Using vision-based technologies such as photogrammetry, laser scanning, and their integration
are appropriate choices to provide enough point cloud data in order to create 3D models of a site.
More specifically, their integration enhances the point cloud data that are required for 3D reconstruction
of the objects available on site. However, all these approaches have their limitations associated with
their employment in a congested area and their drawbacks in modeling non-stationary and small
objects such as furniture, equipment, etc. In this way, by integrating these vision-based technologies
with a real-time locating systems (RTLS) technology such as robotic total station (RTS) and UWB, it is
possible to overcome some of these problems. Table 4 provides a comparison between these integrated
systems over the individual usage of photogrammetry or laser scanning. They are different in terms of
the level of automation in data acquisition, cost, reliability, and scalability to be used in various projects.
Table 4. Capabilities of individual and integrated vision-based technologies
Method

Data Acquisition
Effort
√

Processing
Time
√√

Affordability

√√√

Scalability

√√√

Data Accuracy
and Reliability
√

√√√

√

√√

√√

√√

√√

√√

√√√

√√

√√

√

√√

√√

√√

√

√

√√

√

√√√

√√

√√

√

√√

√√

√√

√√

√

√√√

√√√

√

Photogrammetry
Laser scanning
Photogrammetry +
laser scanning
Photogrammetry + RTS
Photogrammetry + UWB
Laser scanning + RFID
Laser scanning + UWB

√
: Low;

√√
√√√
: Medium;
: High.

4.3.1. Photogrammetry Integration with Laser Scanning
Due to the computational complexity of photogrammetric surveying, construction management
researchers have attempted to decrease the number of required photos by imposing geometric
constraints and automating the modeling process based on pattern recognition and feature detection [7].
Moreover, a solution based on the integration of the photogrammetry data with the data acquired
by a 3D laser scanner is also investigated aiming to reduce the effort required for 3D modeling [25].
In fact, due to the geometric stability of digital images, they are very suitable references for inspection
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of the data acquired by laser scanners for 3D modeling. There are two approaches to integrating these
two technologies. In one approach, the photos and scanned data are taken from the same positions,
for example, the camera is installed on the laser scanner. In this approach, the extra process for
coordination of different photos with scanned point cloud data is not needed, however, the photos
are taken from the same distance and angle of view as scanning data which would decrease the
details in photos. In another approach, photos are taken separately from scanned data but in a closer
range and from different angles. Saying that in this configuration, an extra step for the orientation of
the digital images with the scanned data is required [33]. This orientation can be done by choosing
some common points or features in both data formats and then trying to merge them together, or by
measuring the coordinates of several common points (tie points) available in both data formats in
different positions [33,50].
According to the literature, the new capabilities provided by this integration have brought new
applications in construction management. For instance, through a case study in [50] the quantity of
an excavation work accomplished was rapidly tracked for automated progress reporting. By using
this integration, they proposed a more robust and timely data acquisition procedure in which fewer
images and less scanning time is required to produce acceptable results during the 3D modeling
process. They could also overcome limitations in photogrammetry technique associated with modeling
objects with unclear geometrical shapes (e.g., excavation work) [25,50]. Another application for this
integration is the crack detection in an object or structure. In fact, this integration helps to improve the
geometry and visual quality of the final 3D model. During the data collection phase, the information
about the edges and linear features in the surface such as cracks are achieved by analysis of the images,
while the information about the object geometry is provided by the scanning data. In this way, a more
complete 3D model of the scene can be generated with sufficient and clear details about the color,
texture, and material of various objects [33,34].
The integration of a laser scanning system with photogrammetry would provide a timely,
cost effective, and accurate 3D model of a structure which can decrease the human exposure costs
and risk exposures caused by the lack of information during construction [38]. In fact, more accurate
visual information results in less amount of rework and change order which would improve the
productivity indexes [50]. Moreover, these 3D models are used for making accurate rehabilitation,
maintenance, and renovation plans during the structure operation. However, the registration and
alignment of these two sensory data matters. On one hand, both digital images and scanning point
cloud data have internal errors that affect the registration process. On the other hand, factors such as
the required accuracy, resolution and accessibility of the object may affect the chosen of the optimal
method [28,33,34].
4.3.2. Photogrammetry Integration with RTS
It is a time-dependent dynamic modeling technique in which the assets are identified by using
digital imaging capabilities, while RTS units automatically provide the geo-referenced localization
information for photo-based 3D modeling. In fact, each RTS unit automatically locks on a reflective glass
prism which has been installed on the equipment or target object and tracks its location. Saying that,
the cameras and RTS units should be placed on site with a good distance and angle of view from
each other in order to enhance the quality of photogrammetry modeling and to reduce the residual
error due to human factors. Besides, all cameras timer and RTS units should be time-stamped and
synchronized together and being initialized in a predefined object coordinate system [7].
This integrated system makes it possible to have a dynamic visualization and tracking system for
a moving object on site. In a case study [7], the sling lengths of a moving rigging system engineered for
lifting heavy modules in industrial construction was tracked to ensure quality and safety. The absolute
location error was estimated to be in the order of five centimeters for the measurement of the moving
sling with a length of about 20 m.
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Some newer versions of the total stations have spatial imaging capabilities with longer ranges.
Moreover, by improving the machine control application, in future more integrated and synchronized
actions will be done by these systems [24]. This integration enhances the 3D modeling of the moving
objects by providing more accurate and reliable scaling information for the image processing-based
model. However, the high cost of the RTS units and their limited capability to tack multiple moving
objects are challenges for expanding their application in tracking a large number of moving objects [7].
4.3.3. Photo/Videogrammetry Integration with UWB
Some researchers have investigated the integration of the image-based data with UWB data in
order to address problems associated with individual employment of an UWB system in a harsh
and complex construction site with missing or erroneous data [3]. In fact, depending on only a
single technology such as UWB to acquire required information from the site in an accurate and
timely manner becomes unreliable. In this case, the employment of multiple sensors increases the
reliability of the system by providing redundant and timely information as a result of either the speed
of operations done by each sensor, or the parallel processing that may be achieved as part of the
integration process [16]. In this integration, two important factors are scaling factor and transition
factor which are used to register the point cloud data with the UWB data. Besides, there are some ways
to improve the accuracy of such integration, for example by using optimization techniques, using UWB
estimated positions for photogrammetric adjustment and time synchronization of the UWB and camera
devices during the data acquisition process. Once the initial estimation for transformation from the
photo coordinate system to UWB coordinate system is achieved, then the time-dependent camera
position is corrected in order to re-estimate the transformation parameters with updated coordinates
until convergence to an acceptable error [32,51].
Some potential applications of this integrated system on site include tracking of equipment and
creating as-built 3D models for the purpose of activity progress reporting. This is done by improving the
quality of the acquired data and providing more robust reconstruction information. Besides, it would
be possible to localize the equipment even if one of these data sources is not fully available [16].
For the first application, the structure of such a system is based on the employment of the two sensory
data sources in which each equipment is tagged with a UWB tag. Meanwhile, a camera is recording
the operations in the monitored area. The information provided by the UWB system includes the
position of the tag(s), tag update rate, the ID and type of the equipment. Imaging data, on the other
hand, provides information about the position of the tracked equipment by using image processing
techniques [3]. Then, the data acquired from the two sources should be integrated together. In this
step, the UWB and image pixel positioning data should be aligned by transforming them from their
local coordinate systems to a global coordinate system (GCS). After data association, in which the
allowable error in UWB and associated image pixel positions is determined, the estimated position is
calculated by averaging the position information of the UWB sensors and image processing modules.
In cases, the integrated algorithm does not contain the locations of all equipment, the equipment
position is estimated using the available data (e.g., UWB only or image processing only) [3,16,51].
In [3], a case study was implemented to measure the accuracy of this approach for resource tracking.
They concluded that the UWB positioning data is better in comparison with the image processing data.
However, applying image processing for more frames per second and using more advanced image
processing techniques can improve the positioning accuracy of the video data.
For the second application, a UWB system is used for positioning of the camera in order to achieve
information about the metric reconstruction of the site on a local coordinate system. Besides, using a
3D positioning technology such as UWB, a self-positioning system is achieved in which the data are
directly geo-referencing (DG). It also helps to identify the parameters of the camera in a self-calibrated
way which would reduce the error and computational complexity of the traditional photogrammetry
techniques [32,51]. In [32], a case study was done for reconstruction of a building in which a
camera and a Pozyx UWB device were mounted on an unmanned aerial vehicle (UAV) in a very
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close range from each other (less than the UWB accuracy range). In this way, first, the positioning
of the receivers was done by both geo-referencing approaches included DG such as using RTS or
GNSS devices, and self-positioning approach using the UWB system. The first approach was more
accurate since the exact positioning of the receivers has an important role in the exactness of a proper
transformation (i.e., scaling factor, translation, and rotation). After that, they achieved the position of
other receivers in the same coordinate system by using trilateration and extended Kalman filter (EKF)
techniques. The computed roving tag positions in the UWB coordinate system were used to estimate
the transformation parameters (i.e., scaling and transition factors) for mapping the photogrammetry
point clouds from the photo to the UWB frame. They concluded that introducing different weighting
factors for various reading ranges, might improve the scale factor estimation. Besides, from these
positioning data which will be used as reference positions, the camera external parameters can also be
extracted [32,51].
The integration of these two sensing technologies provides accurate and timely positioning and
visual data for various applications, especially in areas with limitation to use a positioning technology
such as GNSS (e.g., in the tunnels or area covered with tall buildings) or using laser scanners due to
limitation associated with scanning positions. Furthermore, there is no need for any extra devices for
geo-referencing of images. In fact, in the case of direct geo-referencing using the UWB self-positioning
technique, there is no need to use control points (CPs) anymore. However, the data acquired by UWB
tag (s) need to get converted to the camera referenced frame and the photo coordinate system which
may cause an error propagation phenomenon due to the intrinsic inaccuracy in each technology [32,51].
4.3.4. Point Cloud Data Fusion with UWB Data
While employment of the GPS-based systems for tracking resources is an appropriate choice for an
unconfined environment and outdoor tracking, the use of UWB, RFID, and wireless local area network
(WLAN) seems more appropriate for indoor tracking. However, on some occasions (e.g., the blockage,
congestion, metal influence, etc.) the performance of the UWB based systems could be degraded.
In this case, fusion of the UWB data with a laser scanning point cloud data can help to overcome these
limitations. Plus, laser scanners provide a robust solution for object recognition, visualization, and 3D
modeling of a site [6,28].
Integration of these two technologies, besides employment of other sources of information
(e.g., 3D models, BIM, reports, etc.) have found very useful applications in construction industry.
In fact, by having a better visualization model of a site and real-time information for progress reporting
and schedule updating, it is possible to provide more robust and timely information for an earned
value analysis (EVM) [6,15,28]. For instance, researchers in [15] integrated a 2D laser scanner with a
UWB system in order to improve their simultaneous localization and mapping (SLAM) algorithm for
localization of a moving robot. They demonstrated that this integration provides better visualization
of the site due to its ability to accurately measure the range to nearby objects. Besides, this data
fusion approach provided a real-time and drift-free SLAM algorithm based on ranging measurement
information of the UWB system. It also helped to improve the UWB-only localization accuracy and
overcoming the drawback associated with accumulated errors in scan matching needed in mapping
with LiDAR. In fact, the pose estimation of a robot acquired by the UWB ranging measurements
improved by subjecting it to a scan matching procedure. In [32], the results of their case study were
validated for an integrated photogrammetry and UWB system with point cloud data acquired by
a laser scanner to investigate the accuracy of their system for reconstruction of a building facade.
In [6], a platform was proposed in which the data from this data fusion approach are integrated with
other non-sensory data (e.g., reports, payments, 3D CAD, and BIM). Their platform provided more
capabilities in which not only objects but also activities were tracked for real-time progress reporting
on site. In fact, previous studies in this field were mainly focused on tracking objects on site and they
have limitations to track non-structural activities which are not based on the tracking of a moving
object, examples of such activities are welding, inspection, etc. They developed some algorithms for
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data fusion in high levels for object and activity recognition and tracking. In fact, they believed that
data fusion in low levels especially in construction sites with complex working nature could be noisy,
inaccurate, and incomplete due to the difference in dimensions and properties of the data acquired
from various sources. In this way, trying to fuse data at higher levels decreases the computational
complexity and reregistration efforts. In this way, they achieved the data for material and activity
tracking by the UWB sensors and an algorithm called 3D marking, while the object recognition was
done by using point cloud data acquired by a laser scanner (or photogrammetry). Besides, 3D CAD or
BIM models were propped as prior information for having better object recognition. Finally, by adding
administrative documents (e.g., schedule, progress reports, etc.) to the acquired information through
project control applications, the EVM estimated and updated [6,28].
This integration makes it possible to detect and measure deviations from as-planned models by
integrating the point cloud-based object recognition information with the UWB data for object and
activity tracking on site. Besides, the UWB sensors can solve the problem of the 3D scanning in case of
blockage or invisibility. However, the discrepancy between the accuracy of the UWB data and LiDAR
mapping data need to be addressed [6,28].
5. Discussion on Current Solutions for Automated Data Acquisition
Considerable studies were reported on automated data acquisition on construction sites to
overcome problems associated with manual data collection. However, most of these studies were based
on single sensory data acquisition [11,16,20,23]. Examples of these individual sensing technologies
include usage of the RTLSs such as GPS, RTS, and UWB technologies for real-time tracking of resources
on site. Moreover, imaging technologies such as photogrammetry and laser scanning have been
widely investigated by researchers [8,35]. In this way, recent studies in this field are focused on
integrated data acquisition technologies. However, fusing the data acquired from sensing technologies
is challenging in terms of the need for manual post-processing and variation in type of data that are
acquired. Therefore, having an effective data management system has an important role in technologies
working based on sensory data fusion for being employed in large-scale and complex construction
environment [28].
Integrated systems based on fusion of the UWB data with point cloud data (acquired by using laser
scanning, photogrammetry, or their integration) make it possible to track objects and activities on site
by more accuracy and reliability. In fact, it provides more reliable as-built information for construction
managers for the purpose of a real-time progress reporting, earned value analysis and automatic
schedule updating. Besides, using BIM models during the construction phase has found applications
with the advancement in updating BIM models with as-built models [1]. In fact, the integration of
these vision-based technologies with the BIM model would make it possible to modify and complete
the BIM models that were created at the design level. Then, by communicating back this information
to the BIM model, it would be possible to make future maintenance and management plans [8,9,31].
However, it is still challenging specially for facilities in which the as-built conditions differs from the
as-planned models. The two vision-based technologies, photo/videogrammetry and laser scanning,
have made it possible to acquire 3D as-built data for 3D modeling in a point cloud format. Saying that,
the use of camera-based technologies are beneficial in terms of cost and flexibility to be used in various
site condition. However, the point clouds generated in this way are not as accurate as the ones acquired
by the laser scanner since the quality of photogrammetry-based point clouds is very sensitive to
constraints such as camera specification, position and calibration. Plus, the accuracy of the image
frames registration in photogrammetry depends on finding common points between two or more
frames, so if one constraint is not respected, then the overall image quality will be affected. A laser
scanner with high resolution can generate over 700 million points in one scanning session, while the
point cloud density generated by photogrammetry is much less than this value [55,56].
Besides, in order to make a 3D model more robust and to measure the deviation from as-planned
models (e.g., placement deviation), the use of other supplementary technologies such as RFID,
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RTS, and UWB systems have been investigated by researchers. The identification and localization
information provided by RFID or UWB systems are resulted in a better object reconstruction in an
indoor environment. To do that, the UWB or RFID tags are attached to the subjected elements need to
be tracked. In this way, it can contribute the process of object identification and extraction from the
acquired point cloud data [14]. This information is used to create a better 3D as-built model of the
elements associated with a specific construction activity by comparing them with as-planned models
(e.g., BIM, CAD, etc.) for real-time progress reporting. Integration of the photogrammetry with the
UWB technology also helps to have a direct geo-referencing system in an indoor environment with
limitation to use GPS-based technologies [3,32]. Plus, by having a time-stamped location information
of the digital camera, it would be possible to know from what perspective (or position) each photo
frame has been taken in order to compare with the same position in the 3D models (e.g., BIM) which
has applications for a more automated and real-time progress reporting [8].
Regarding the studies reviewed in this paper, improving the data collection process to acquire
a complete set of as-built data with more efficiency as a project progresses and gets more complex
would be an area of interest in the future. This can help to move from manual as-built modeling
to an automated 3D modeling. However, investigating the use of the various RS technologies over
manual techniques for automated data collection needs more attention in terms of providing economic
justification for different applications. As a solution, the integration of the various RS technologies
was investigated in this paper in order to address part of these issues. Suggestions for future research
in this field include: (1) a more comprehensive data acquisition system in which a larger number of
activities and objects are addressed, (2) improving the strategies for better fusion and registration of
the sensing data acquired on site to benefit more efficiently from them. It can be done by deciding on
the level of data fusion required (low to high) based on each application and the accuracy demanded,
(3) deviation estimation from as-planned models to identify changes in a project more accurately and
timely, (4) enhancing the compatibility and connection between these automated data acquisition
technologies with the available software (e.g., Revit, Navisworks, etc.).
6. Summery and Concluding Remarks
Cost overrun and schedule delays are common problems, frequently leading to disputes and
costly claims in the delivery of construction projects. Real-time progress reporting could address these
issues by providing more timely and accurate information about activities on construction jobsites.
Such timely reporting would enable decision makers and project managers to mitigate issues that
give rise to the cost and schedule problems referred to above by making the schedule updating,
progress reporting, and productivity analyses more frequent and accurate over project delivery
period. Conventional systems for progress tracking, however, are usually manual, labor-intensive,
time-consuming, and not accurate enough. In this way, automated data acquisition on site has been
proposed by many researchers in order to have more robust and timely information to address the
issues mentioned above. To do so, various studies have proposed the employment of different remote
sensing technologies and their integrations in order to have a more automated data acquisition system.
The selection of the technologies varies based on various factors such as the application, the required
accuracy and the scale of a project. This study has investigated the advantageous and limitations of
using these technologies by considering the applications required in construction industry.
Indoor progress tracking has also been investigated recently by some researchers.
However, indoor tracking of resources and activities have some difficulties associated with a wide
range of materials and structural objects that needs to be recognized. Besides, available remote
sensing technologies with applications in indoor progress reporting (e.g., RFID, UWB, laser scanning,
photogrammetry, etc.) have some limitations that may affect their performance in a confined area.
In fact, vision-based technologies such as laser scanning and photogrammetry or their integration are
good choices to generate point cloud data. However, they need post processing steps for 3D modeling
which is manual and time consuming. Besides, the geo-referencing of the system during data collection
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really matters for having a more accurate data registration. In this way, the use of tracking technologies
such as RTS and UWB with good localization accuracy can help to facilitate these problems and to
have a more automated system for 3D modeling.
The fusion of the data acquired from various RS technologies and with other technologies has
also been investigated as a solution to overcome the limitations of each technology. The activity-based
approaches for progress reporting, is another area of interest in recent studies which enable us to
not only track activities related to the moving objects but also to track activities which do not have
such traceable objects. Finally, the registration of the data acquired by various RS technologies with
available building models (e.g., 3D CAD, BIM, etc.) also needs more investigation in future.
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