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Abstract. This paper reports a feasibility study which addressed the development of a new, advanced system mainly de-
voted to automatic real-time health and safety management on construction sites. The preliminary analyses and experi-
ments described in this paper concern two of the most important functionalities which must be included in the system’s fi-
nal release. The first functionality consists in real-time position-tracking of workers involved on construction sites and the 
second – in a software tool for the prevention of non-authorized access to dangerous zones. This research step is part of a 
vaster, ongoing research project, addressing the development of a new generation of advanced construction management 
systems which allow real-time monitoring and coordination of tasks, automatic health and safety management, on-site de-
livery of technical information and the capture of “as-built” documentation. This paper focuses mainly on the develop-
ment of a reliable methodology for real-time monitoring of the position of both workers and equipment in outdoor con-
struction sites by applying Ultra Wide Band (UWB) based technologies. This positioning system was then interfaced with 
a software tool which performs virtual fencing of pre-selected, dangerous areas. Guidelines for the design of the receivers’ 
topology will be addressed and the results of measurements recorded on a typical medium-sized block of flats, during dif-
ferent phases of the construction progress will be summed up. Finally, the preliminary experimental results obtained by 
the virtual fencing application tool will be presented and used to plan future research objectives. 
Keywords: construction sites, health and safety management, real-time risk management, ultra wide band, position track-
ing, behavioural models. 

 
1. Introduction 
Building construction facilities are often nomadic and 
custom designed. Worker teams are engaged through 
local labour supply and workflow is frequently affected 
by weather conditions and the availability of local labour. 
Furthermore, building projects are very complex, involv-
ing thousands of parts and components; changes to design 
plans during the construction phase are not uncommon. 
Building parts and components are mostly made or as-
sembled on site, standardization is rather low, often mak-
ing adjustments during the construction phase, without 
any report of the adjustment on the original building 
plans. Consequently, the management of construction 
sites is complex and fatal accidents are not uncommon 
(Lee et al. 2009).  

Moreover, considering that the coordinator for 
health and safety matters at the construction level cannot 
always preside ongoing construction activities, it can be 
inferred that the practical application of the prescriptions 
required by the Health and Safety Plan (according to 
European Council Directive 92/57/EEC) are left up to the 
workers. In addition, even the coordinator’s continuous 
presence on the construction sites would not be sufficient 
in preventing accidents occurring on vast sites, as the 

coordinator is, in any case, incapable of performing ubiq-
uitous control. This situation often leads to scarce appli-
cation of health and safety requirements which could be 
the cause of dramatic accidents (Behzadan et al. 2008). 

Presently, a set of new technologies could provide 
the necessary background for developing a new genera-
tion of real-time construction management systems, 
which can be seamlessly integrated into the actual arran-
gement of construction related activities (Abderrahim et 
al. 2005; Naticchia et al. 2005). They would automatical-
ly perform a number of strategic tasks, in fact supporting 
the work of those who are responsible for health and 
safety management. The idea underlying this approach is 
to track, in real time, the position of all the workers, 
equipping them with wearing tags, so small that they do 
not interfere with ongoing activities; this would provide 
the condition for continuously checking the workers’ 
behaviour and for preventing possible dangerous situa-
tions. The system could then be enhanced towards further 
functionalities, such as the optimization of resource effi-
ciency (Lee et al. 2006).   

Given the aforementioned long-term purpose, this 
paper addresses the design and development of a pro-
active advanced system, fully described in paragraph 3 
and composed mainly of 2 parts: the first performs real-
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time position tracking, while the second provides real-
time prediction of risky events. If these occur or are about 
to occur, then the system will send one or more alerts to 
the operators involved or to the people responsible for the 
sites safety management. 

The system conceived in this paper is aimed at su-
pporting primarily the job performed by the health and 
safety coordinator. It could, for a number of specific 
tasks, also act as an alert system for these workers present 
on the site, who are requested to wear a special tag, ca-
pable of sending acoustical, vibrational or light-flashing 
warnings to their bearers, when dangerous situations are 
involved. 

Position tracking is performed through the use of 
UWB (Ultra Wide Band) technology, shown to be capab-
le of providing the required accuracy for path monitoring 
of humans and equipment within the site and also the 
core functionality of the entire system under develop-
ment. Then, given the overall good results obtained by 
our experimental tests on position tracking, a first 
software tool for virtual fencing of dangerous areas was 
developed and tested, showing how the prevention of 
non-authorized access to dangerous areas can be achie-
ved, a necessity also noted in previous literature (Teizer 
et al. 2007). 

Such a system, in its final release, would support the 
semi-automatic management of real-time health and safe-
ty monitoring and the coordination of tasks, on-demand 
distribution of information (e.g. shop drawings), and the 
collection of “as built” documents. 

Section 2 will propose an insight focusing on a nu-
mber of excerpts, obtained from the vast amount of state 
of the art documents presently available, where the ones 
which are more focused on our type of research have 
been reported. The system under development within our 
research is briefly described in section 3, and then further 
detailed in sections 4 and 5: the first concerning the loca-
lization tests performed; the second regarding a prelimi-
nary software tool release, presently under further deve-
lopment, aimed at studying the feasibility of an algorithm 
for the automated virtual fencing of dangerous areas on 
construction sites. 

 
2. State of the art 
Despite the development and reliable application in 
manufacturing (Fuller et al. 2002; Brewer et al. 1999) of 
mobile computing for production management, it is al-
most completely lacking on construction sites. This is due 
to its outdoor, heterogeneous and highly evolving nature. 
Some preliminary results have been obtained on construc-
tion sites through the application of standard, outdoor 
position tracking technologies. Researchers have devel-
oped a mechatronic helmet, equipped with a GPS antenna 
and a bidirectional communication system for workers’ 
safety control (Abderrahim et al. 2005).  

Early research invested a great deal of effort in 
explaining the main advantages pursued with the adop-
tion of mobile computing (Rebolj et al. 2001). The most 
important ones devoted to the field of construction mana-

gement are: supply and delivery of records and progress 
updates directly at the jobsite; rapid communication and 
collaboration throughout the entire project life cycle, 
from financing and planning through to engineering and 
design, procurement, construction, and facility manage-
ment; systems that provide construction teams with a 
project-specific extranet, whereby remote team members 
can communicate and access up-to-date documents. Mo-
bile computing was shown capable of eliminating redun-
dancy in project task operations, reducing response 
waiting time, limiting revision of job tasks, enabling fast 
access to construction standards.  

Following such statements, the first applications and 
efforts have started giving back a number of practical, 
preliminary results. GPS positioning systems were tested 
to perform another management task: identifying and 
cross-referencing the construction entities visible in a 
user’s field of view with shop drawings residing in const-
ruction databases (Khoury & Kamat 2007). They conclu-
ded positively in terms of feasibility, but realized the 
need for a more accurate position technology, different 
from GPS for indoor use. 

There is a number of contributions, which accept 
position tracking technologies as a valuable means for 
construction management for many subtasks: an integra-
ted RFID and GPS technology for the purpose of tracking 
highly customized prefabricated components and avoi-
ding delays in construction (Ergen et al. 2007); embed-
ding RFID tags in building components to store design 
data, which can be passed to the people in charge of 
maintenance during its operational phase (Cheng et al. 
2007); controlling construction progress performance and 
material management through continuous monitoring 
(Gajamani & Varghese 2007; Song et al. 2007); efficien-
cy improvement of tool tracking and availability increase 
by using RFID tags (Goodrum et al. 2006).  

Another field of application is represented by the 
“FutureHome” EU funded project, which was developed 
for product and process analysis suited to manufactured 
and prefabricated construction solutions (EU Funded 
Project 2002). Other interesting applications are relative 
to a policy for integrating “as-built” information into IFC 
devices used in PDM systems (Akinci, Boukamp 2002).  

Similar technologies and approaches to perform au-
tomated health and safety management on construction 
sites were adopted in this paper. This branch of research 
is not completely unexplored, even if more difficulties 
arise when tested, probably due to the suddenness tied to 
the manifestation of risky events and the more important 
critical quality that such applications entail. 

Positioning systems were interfaced with software 
tools implementing practical functionalities. A policy for 
collision detection among construction equipments was 
tested: a board device (made up of a differential GPS 
receiver, a laptop and a radio used to transmit positions) 
communicated its position to a central server, which, in 
turn, received cautionary messages when necessary 
(Oloufa et al. 2002). The collision detection algorithm 
works by calculating the intersection point of the 2 vec-
tors representing 2 moving vehicles, each vector is defi-
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ned by a point and a direction. Notwithstanding the rather 
good results obtained in the preliminary experiments, 
localization accuracy and communication issues were 
considered, in any case, the 2 most critical issues to be 
improved. Hence, the works which assert the high accu-
racy achievable by the adoption of UWB technologies 
can constitute a valid alternative to those already tested 
(Purushothaman & Abraham 2007). In fact, Ultra Wide 
Band has been successfully tested as a means for real-
time monitoring of construction site activities, highligh-
ting its potential for both management and safety issues 
related to the complex environments of construction sites 
(Teizer et al. 2007): fieldwork tracking in an iron made 
construction showed a position accuracy significantly 
better than 1 m. This suggests that the technology can be 
very suitable for safety management, where precise loca-
lization is critical for avoiding workers’ accessing hazar-
dous zones, for performing collision avoidance, for pre-
venting falls from height and a number of other accidents. 
Similar statements were also reported by the authors of a 
Project called “SightSafety”, whose main aim was to 
exploit recent advances in ICT in order to develop inno-
vative and proactive systems for automated collision 
detection avoidance; part of a more ambitious project 
regarding health and safety management on constructions 
sites (Riaz et al. 2006). In particular, the work focused on 
reducing accidents caused by vehicle/pedestrian colli-
sions using advanced ICT solutions. The two tier 
software system developed by the authors is very interes-
ting, the business logic was designed to recognize 
whether dangerous situations take place. Also stated is 
the fact that the greater the position accuracy, the better 
the system performs its tasks. This highlights the impor-
tance of using highly accurate location systems such as 
UWB, which could be quite valuable in performing 
health and safety management as well. The system’s good 
performance is demonstrated by the vast interest it has 
attracted in a number of fields, such as homeland security 
(e.g. personnel ID, intrusion detection), automotive radar 
for collision and obstacle avoidance (Gresham 2004).  

Efforts have already been made using UWB, in or-
der to more effectively track and analyze the paths of 
construction resources; to increase productivity and safe-
ty overall in an automated way, e.g. signaling hazardous 
zones to workers (Teizer et al. 2008). It is also suggested 
for recording historical paths, in order to identify the 
safer ones according to the frequency with which workers 
use them and to signal when workers choose unsafe 
paths. This approach is very similar to the ones proposed 
in other fields of research, where algorithms for beha-
vioural models are developed: they are used to forecast 
workers’ behaviour, in order to perform risk avoidance in 
advance as compared to the moment when risky situa-
tions occur (Howden et al. 2003). Thus, alert messages 
may be sent before dangerous events come in play. Final-
ly, recent research ascertains that further problems relati-
ve to sensor locating in very dense construction sites 
must be addressed (Caron et al. 2007). They are critical 
in order to insure proper communication among sensor 
nodes responsible for resource tracking, whose efficiency 

strongly depends on application domain specifications 
(e.g. geometry, environment, required accuracy etc.). 

Our paper initially addresses the issues of UWB ap-
plications for the accurate tracking of workers on const-
ruction sites, built using typical south European techno-
logies. Such experimental tests will prove to be very 
useful in providing guidelines for system setup. 
Subsequently, a first software application for fencing 
dangerous areas on construction sites is proposed, in or-
der to partially address the feasibility of an overall 
software tool for automated real-time health and safety 
monitoring; besides, providing a demonstration applica-
tion eventually useful for demonstrating the strong capa-
bilities of UWB for construction sites.  

 
3. The system 
3.1. Software architecture 
Fig. 1 shows the scheme of a 3-tier software architecture 
for real-time construction management. The lowest level 
implements the sensor, localization, communication and 
data management logics. The middle level “business 
logics” implements high level task oriented functional-
ities (e.g. when and how managing virtual fencing or 
collision avoidance tools, included in the lowest level, 
transferring those data to the high level application mod-
ules, according to the requests made by users).  
 

 
Fig. 1. Software architecture for real-time construction 
management 
 
The application layer (highest level) customizes ge-

neral business logic functionalities to specific application 
domain, such as health and safety management. In this 
paper, we will focus first on the development of the posi-
tion tracking module, which is part of the localization 
API. Then, a preliminary user graphic interface for the 
visualization of the tracked tags will be developed. 

Finally, the virtual fencing tool will be developed as 
part of the spatial reasoning API. It will be not limited to 
the identification of dangerous areas for people at work, 
but will also be devoted to foretelling when one or more 
workers are approaching dangerous areas, with the final 
aim of preventing their access. As later described, the 
algorithm underlying this tool is developed on the beha-
vioural model theory, whose implementation can be car-
ried out thanks to the high localization accuracy offered 
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by UWB. We believe that further improvements of such a 
system, thanks to the collection of experimental data, will 
be possible  in the tool future releases.  

 
3.2. Ultra Wide-Band position tracking 
Although recently exploited for practical wireless com-
munication or accurate positioning, Ultra Wide Band’s 
(UWB) origin stems from work in the early 1960s on 
time-domain electromagnetic (Bennett & Ross 1978). 
Early applications belong to the military field and, only at 
the end of the last century, the first commercial applica-
tions started to spread. Among the number of advanta-
geous features offered by UWB (Fontana 2004), there is a 
number of very interesting ones, in terms of the applica-
tions we propose in this contribution: 

− high localization accuracy (for both 2D and 3D), 
thanks to the reliability of the TDOA (time differ-
ence of arrival) algorithm implemented (Fontana 
et al. 2003);  

− increased immunity to multipath cancellation, 
thanks to the use of very short UWB pulses, ca-
pable of  discriminating between direct and time-
orthogonal reflected waves; 

− extremely low duty cycles, which translates into 
low average prime power requirements, ideal for 
battery-operated equipment; 

− high peak-to-average power ratios, due to the 
short pulse system. 

All the features listed are certainly advantageous for 
any application on construction sites. Let’s consider, for 
instance, that standard systems always suffer for scatte-
ring (hence multipaths), when reinforced concrete is pre-
sent; UWB instead is quite immune to this. Low power 
consumption allows tags to work autonomously for years, 
without recharging needs. Localization accuracy (better 
than 0.3 m) is really necessary for real-time health and 
safety management (e.g. workers tracking, collision avoi-
dance etc.). Finally, thanks to the rather high peak 
powers, allowed for UWB by regulation, it can operate 
indoor over significantly longer ranges than other high 
rate communication systems (Fontana et al. 2003).  

In its general form, a UWB system consists of a set 
of active tags (one of which is used as a calibration and 
called “reference tag”), UWB receivers and one or more 
central processing hubs. The hub interfaces with an 
external computer for user display and application 
software via Ethernet. UWB tags operate at a middle 
frequency of approximately 6.3 GHz and has an instanta-
neous – 10 dB bandwidth of 1.25 GHz. The system ope-
rates as follows: a set of 3 or more receivers are positio-
ned at known coordinates about the  periphery of the area 
to be monitored. Short-pulse RF emissions from tags are 
subsequently received by either all, or a subset, of these 
sensors and processed by the central hub’s CPU. A typi-
cal tag emission consists of a short burst, included a set of 
data for ID purposes, repeated at a given frequency (limi-
ted between 1 and 60 Hz). Time differences of arrival 
(TDOA) of the tag burst at the various receives are mea-
sured and sent back to the central processing hub. Calib-

ration (i.e. signal speed measuring) is performed at sys-
tem start up by monitoring data from a reference tag, 
which has been placed at the known location. Every re-
ceiver obtains its power from the central processing hub 
via standard CAT-5 cables, which are also used to carry 
data back to the hub for subsequent processing. It’s very 
interesting that there are no interferences at all between 
Wi-Fi wireless networks and ultra wide band signal 
transmission. 

The UWB localization system tested in this paper 
consists of a set of active tags (0.3 W and 1 W powered 
tags), four UWB “mid-gain” type receivers and one cent-
ral processing hub, manufactured by MultispectralTM Inc. 
In the used configuration, the tags work at 1 Hz, in order 
to exploit their lifespan as long as possible.  

The main problem occurring in asset tracking sys-
tem installation is that, in order to accurately determine 
tag position, a minimum number of receivers (three for  
2-D measures, as in this case) must have a direct or atte-
nuated line-of-sight transmission path. Hence, as walls 
and machinery may create signal attenuation or even 
complete signal blockage, receivers positioning must be 
previously and strategically designed. This problem can 
be solved using an “over-specified” or “over-determined” 
system, but trying to avoid ambiguities in position deter-
mination. This objective could be pursued by assigning 
different areas to different sets of receivers. However, 
accurate knowledge of UWB performances are needed 
for a correct application. This problem is particularly true 
for construction sites, hence our first tests in paragraph 4 
are aimed at providing empirical guidelines for arranging 
UWB systems on typical sites at different stages of const-
ruction activities progress.  

 
3.3. Predictive approach to risk 
It is generally stated that, when coping with risky situa-
tions, it is necessary to adopt a predictive approach 
(Wang et al. 2004). An intelligent approach is always 
called for in order to check for risky events before they 
occur and to timely relay warning signals to workers, in 
order to prevent possible consequences, and a context 
aware system should be deployed over all the entire con-
struction site (Oloufa et al. 2002). The system must also 
offer features specifically supporting the coordinator for 
health and safety matters, who will receive warning, 
when something on the site is not managed in a safe 
manner. The type of warning message and precaution 
adopted, will be evaluated according to the situation. 

In addition, the high polling frequency of UWB te-
chnology (from 1 to 60 Hz) should be exploited to pro-
cess real-time data and properly manage those situations 
by providing alerting signals in real-time. We think that 2 
basic intelligent approaches are available for managing 
these situations, whose classification is valid also in the 
particular case of virtual fencing of dangerous areas con-
sidered for the purpose of this paper: 

1. a deterministic approach, which predicts dangerous 
situations by checking the actual route followed by 
workers; 
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2. a probabilistic approach, which could be based on 
probabilistic models (e.g. Bayesian networks), to 
perform knowledge capture first and inference pro-
cessing later, in order to first predict the route that 
every monitored worker is going to follow and then 
whether this path is expected to lead towards risky 
situations (Howden et al. 2003). 
In this paper, we chose to analyze the first approach, 

even if the second approach will be studied later, within 
the next research step. Hence, in paragraph 5 we propose 
a first predictive software tool for managing risk in real-
time. The laboratory test results are then later described. 

 
4. The experimental campaign 
Three tests were carried out to check the UWB localiza-
tion system features on construction sites. The objective 
of the first one was simulating, how it performs when 
tracking equipment involved in excavation works. Hence, 
an open field area with no obstacles was chosen for simu-
lating such a situation. The second and third tests were 
both set on the same construction site, but at two different 
stages of its progress: after the completion of the build-
ing’s concrete frame and after the walls’ erection. Such a 
wide set of experiments is deemed to be adequate for 
inferring, how the UWB system works during several 
construction stages, representative of the vast part of the 
entire process.  
 
4.1. The construction site  
The experimental tests were carried out on a site relative to a 
5 storey block of flats (Fig. 2), built on a plan site with a 
reinforced concrete frame structure and light masonry walls. 
The entire building is surrounded by metallic scaffolding of 
the same height, equipped with protection against falls. The 
building interior can be accessed from the front, very close 
to the area where the site crane is located.  
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Fig. 2. Two main  progress stages of the construction site 

External hollow walls include 0.05 m polystyrene 
insulation (please refer to Fig. 3a), they have an external 
wall layer made of solid bricks and another internal one 
of cellular 0.08 m thick blocks. 

Partitioning walls between apartments were made of 
0.12 m thick concrete cellular blocks (Fig. 3b) and walls 
between rooms of the same apartments made of 0.08 m 
thick cellular blocks (Fig. 3c). A reinforced concrete 
block supporting the staircase and lift was built at the 
middle-back end of the building.  

 

   
Fig. 3. External walls (a), concrete blocks (b), internal 
partitions (c) 
 

4.2. First phase of the experimental campaign 
The first test case concerns position tracking of workers 
and facilities (excavator, bulldozer etc.) moving within the 
excavation area. Hence, this phase was simulated making 
measurements in the parking area shown in Fig. 4a, where 
the receivers were placed at the 4 corners, according to the 
rhomboidal shaped scheme (Fig. 4b), where the maximum 
height and length measured (12.5×16.6) m.   
 a) b) 

Fig. 4. Simulation of the excavation stage 
 
Assuming that receiver no. 1 corresponds to the ori-

gin point (0,0) m, one reference node was placed at the 
(7.9, 6.3) m coordinates. Workers positions were monito-
red with an accuracy never lower than 0.3 m; the same held 
for facilities in the case tags were fixed to the ceilings. The 
only case, when accuracy is lower, is when tags are placed 
inside the facilities cabins: in this case, the accuracy dec-
reases to about 1 m, because the system gives localization 
measures alternatively which are within the ray of 1 m 
from the exact known location of the machine: this is pro-
bably due to the scattering that UWB rays undergo before 
exiting the facility. Both 0.3 W and 1 W powered tags 
worked well in this case. Hence no problems were assu-
med to be found for tracking during excavation works; 
when there are no obstacles interfering with signal trans-
mission. The same holds true for all tasks performed before 
the building erection and at the ground level.  

a) b) c)
) 
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4.3. Second phase of the experimental campaign 
The second phase of the experiments was performed on 
the construction site, as shown in Fig. 2a (soon after the 
erection of the structure concrete frame). Fig. 5 shows the 
hub, PC and receivers positioning at the centre of the 
building, while Fig. 6 depicts a scheme of the experimen-
tal setup used for these tests: 4 receivers were placed at 
the corners of the site (at a height of 4 m) and one refer-
ence tag in the ground floor (whose position was taken as 
the point with (0,0) m coordinates).  

 
a)

 

b)

 

Fig. 5. Positioning of the hub and reference tag (a) and of 
one of the 4 receivers (b) 
 
It should be noted that a metallic scaffold had alrea-

dy been installed along the building perimeter. The mea-
surements of the entire area was approximately 38×35 m. 
Fig. 7 shows some of the successful measures, obtained 
using the 1 W power tag (as the 0.3 W was subject to 
blinking). A worker moving in the area was tracked.  

 

 
Fig. 6. Testing setup at the “concrete frame” stage 
 
By comparing the worker’s actual routes with the 

ones tracked by the system, it was found that the UWB 
system was capable of tracking the workers’ position 
both on the building ground floor and when moving 
along the front scaffold. Other 2-D measures were made 
on the first floor and it resulted that the receivers were 
able to track the workers, as well. The same did not hold 
true for the second floor. From the analysis of Fig. 7, it 
can be derived that our UWB tracking system worked 
correctly also when the employee is standing in rather 
hidden locations, i.e. close to the reinforced concrete 
block housing the main staircase and near the site’s 
boundaries. Some blinking was noticed around the stair-
case block only in very few cases: this suggested that 
more receivers should have been added for proper and 
continuous monitoring around that area.    

a)   

b)   

c)    

d)   
Fig. 7. Comparison between measured and actual  
positions of a worker’s movements throughout the  
construction site 
 

4.4. Third phase of the experimental campaign 
The last set of experiments were performed with the 
building in its third progress phase: after the completion 
of the wall and with the scaffolding presence along its 
perimeter (Fig. 2b).  

 

 
Fig. 8. Site layout at the “wall completion” stage 
 
These tests were performed with the receivers loca-

ted in two different ways: first, according to a sparse 
location (receivers located at a rather high distance from 
one another, like in Fig. 8), then according to an intensive 
lay out (the receivers were placed closer to one another, 
as in Fig. 10).   

In the first case, it was noticed that the system setup 
(Fig. 8) did not allow real-time tracking of workers’ posi-
tions, as one or more receivers did not receive the 1 W 
tag signals from a number of locations inside the buil-
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ding, hence indicating that the walls hindered the signals. 
The same figure depicts all the positions where power 
field tests were performed, in order to understand the 
main causes of possible, scarce, quality monitoring.  

Table 1 lists, per each position (P) of Fig. 8, which 
of the receivers could communicate with moving tags and 
whether or not that position was correctly tracked. The 
last column reports an indicator value, referring to the 
type of errors detected. 

 
Table 1. Position tracking results in the 3rd phase 

Position Receivers Result Errors 
1 1,4 bad M0 
2 1 – – 
3 1,2 – – 
4 1,2,3 good Ref750A (rare) 
5 2,3,4 bad M0 
6 2,3,4 bad M0, R0 
7 1,3,4 blinking M0 
8 1,3,4 discrete M0 (rare) 
9 1,3,4 discrete M0 (rare) 
10 1,3,4 good No 
11 1,3,4 good No 
12 1,2 bad M0 
13 2,3 bad M0 
14 3,4 bad M0 
15 2,3 bad M0 
16 1,3,4 discrete M0 
17 1,3,4 bad M0 
 
All the results derived from Table 1 are summarized 

in Fig. 9, where green areas represent a good signal (at 
least 3 receivers perceived signals with at least discrete 
quality). They are the only areas where tracking could be 
performed, insufficient, in any case for the control of the 
entire building.    

 
 

 
Fig. 9. Mapping of the signal quality (green stands for 
good and red stands for bad) 
 
The second set of tests required the system setup to 

be deployed such as illustrated in Fig. 10, where a smaller 
area was covered by the same number of receivers. The 
results are listed in Table 2. It can be noticed that, with the 
exception  of  position no.1  (which contrasts with  Table 1, 

 
Fig. 10. System setup in the “intensive” configuration 
 

Table 2. Position tracking for the 2nd system setup 
Position Receivers Tracking Tracking 

1 1,2 bad M0 
2 1,2,3 Discrete  M0 (rare) 
7 1,3,4 Discrete M0 (frequent) 
8 1,3,4 Discrete M0 (frequent) 
11 1,3,4 Discrete M0 (frequent) 

 a) 

 

b)

 c) 

Fig. 11. Route for tracking (a) and 2 snapshots relative to 
that (b) 
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and is therefore not considered), the tag signal was 
always monitored by 3 receivers. Error M0 was often 
recorded meaning that the tag was not capable of pointing  
3 receivers simultaneously. 

Given that 3 receivers were always visible, we can 
infer that the frequency of the received signal could have 
been too low, due to obstacles. This problem can be tack-
led adding another receiver at the centre of the ground 
floor or in another convenient position. 

In order to check whether the signal quality is suffi-
cient for tracking people wondering about the building, 
the path shown in Fig. 11a was followed and Fig. 11b 
shows a number of snapshots of the walking worker. The 
results were that the tracking stopped once that he passed 
through room 1, where the signal quality proved to be 
very low, due to the low frequency of tags bursts which 
were received by fixed reference points. 

 
4.5. Discussion on experimental results 
By analyzing the experimental results described in the 
previous paragraphs, we can infer that UWB behaviour is 
rather constant during most part of the construction pro-
gress. In fact, the same system setup may be used from 
the start of the construction up until the erection of walls. 
At that stage, it becomes necessary to pass from a sparse 
(minimal) configuration towards a more intensive one 
(having a higher number of receivers per unit area).  

In detail, during excavation works, tests confirmed 
an accuracy of about 0.3 m recorded for this kind of te-
chnology; also recorded by other authors (Fontana 2004). 
Determining the positioning of tags is necessary when 
facility tracking is required. These should be mounted 
outside the cabin, in order to provide the most accurate 
localization. A dramatic accuracy decrease must be taken 
into account (from 0.3 m to 1 m) if a tag is mounted insi-
de a cabin. This effect is probably due to the reflection 
that UWB signals undergo before exiting the facility’s 
cabin. Both the 0.3 W and the 1 W powered ones are sui-
table for this kind of monitoring.  

As far as concerns the phase when the reinforced 
concrete frame structure was built, 4 receivers were suffi-
cient for monitoring the workers’ movements over the 
entire site on the ground floor (the entire roofed area is 
about 500 m2) and while on the scaffolds. However, 
while the 1 W tag worked well, the other signal (0.3 W) 
was too weak. This was probably due to interference 
attributable to the scaffolding and to the reinforced conc-
rete columns. A few errors in the localization (i.e. blin-
king) were noticed only in the areas close to the staircase 
and lift block, made up of reinforced concrete walls: in 
this case, we believe it is necessary to add more receivers 
in order to cover the area and thus avoid the blinking 
phenomena.  

Table 1 and Fig. 9 are relative to the results recor-
ded after the phase which saw the completion of the 
walls: we can infer that UWB behaviour changes drama-
tically after walls are built. It was noted that single layer 
walls made up of 0.08 m cellular blocks are quite transpa-
rent to UWB. On the other hand, both hollow walls with 
a double layer of blocks plus internal insulation, and 

concrete cellular blocks, sensibly weakened UWB si-
gnals. For example, signals traveled from position no. 9 
to receiver no. 1, but they did not travel from position 
no. 6 to receiver no. 1: the signals were probably blocked 
by the hollow wall between positions no. 9 and 6. A simi-
lar statement holds true for the cellular concrete block 
wall between positions no. 11 and 2. When 3 receivers 
are in the line-of-sight, then localization works properly 
(e.g. in positions no. 4, 10, 11). On the other hand, if the 
received signal frequency is low (as in cases no. 5, 6, 16, 
17), localization does not occur correctly even if 3 recei-
vers are read. This occurs when the signal is weakened by 
the walls it passes through, hence it is likely that less than 
3 receivers read the bursts simultaneously and thus the 
position cannot be computed. Therefore, in this case, the 
use of 4 receivers, chosen for the complexity of the envi-
ronment, are not enough.  

As a general statement concerning localization, we 
can conclude that UWB can pass through a maximum of 
2 heavy walls but, in order to avoid the weakening of 
signals, a maximum of one heavy wall. On the other 
hand, UWB is transparent to thin and light walls, such as 
0.08 m thick concrete cellular blocks. The sparse configu-
ration of 4 receivers proved to be adequate for monitoring 
the site construction progress up until the stage involving 
the completion of the frame.  

 
5. Automated safety management system 
5.1. Predictive approach to risk management 
As previously stated in paragraph 3, every health and 
safety real time management system needs a “Spatial 
Reasoning” API tool (referring to Fig. 1), charged with 
avoiding the occurrence of dangerous situations. This 
module is expected to very accurately exploit tracked 
data sent by an interfaced UWB localization system, and 
then apply the data in support of a number of functional-
ities. 

Among the many functionalities offered by our Spa-
tial Reasoning tool, we chose to develop an application 
for fencing dangerous areas, as it constitutes the basic 
tool to be used for discerning – even dynamically – 
whether or not different activities interact dangerously.  

In particular, we adopted a “deterministic” approach 
to checking risks. This method should be interpreted as 
one which, initially evaluates the path followed by every 
worker (hence his behaviour), and then infers if the 
worker is going to face a hazardous situation. In this first 
stage, the system was tested in the laboratories of the 
DACS Department of the Università Politecnica delle 
Marche: a rectangular shaped area was drawn on the 
floor, simulating a dangerous and unaccessible area 
which could possibly be found on construction sites. The 
tests were useful for optimally setting all the parameters 
affecting such an application tool before its final testing 
in real workplaces.   

 
5.2. Algorithm development  
The main objective of the implemented algorithm is to 
check risks in advance, in order to alert operators at risk 
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before harm can befall them. For this purpose, the first 
step is discerning and localizing hazardous areas. These 
can be areas where the presence of workers is not allowed 
(e.g. near unprotected scaffolding), and they can be se-
lected directly from the site layout, during the design 
stage. The possibility that such areas are dynamically 
changing must also be considered: in case collision 
avoidance between 2 assets is performed, one object 
could be processed as the area not be entered, while the 
other as the operator moving about the construction site. 
Hence this first step is critical, as it is the basic tool for 
further applications. The main assumptions made for this 
first technologic development are that: 

− the dangerous area is static and its location known 
beforehand; 

− risks must be predicted before they occur. 
The general approach followed in order to pursue 

this objective is surrounding every off limit area with a 
“warning” strip (in our drawings, the area is usually co-
loured in red, while the warning strip is yellow, as seen in 
the following Fig. 15). The width of the yellow strip must 
be sized according to tag frequency and to the average 
speed of the operators. This second parameter was assu-
med to be fixed at 0.5 m/s, while the first was sized 
through adequate testing (see paragraph 5.3). 

In this manner, the algorithm is capable of checking 
the behaviour of operators who have already entered the 
yellow area to understand, if they are going to proceed 
approaching the red area or return, backing away from 
the areas defined as dangerous.   

Fig. 12 better explains the logic of our algorithm. It 
first checks whether any operator has already entered the 
red dangerous area: if so a red alarm is sent, otherwise no 
alarms whatsoever. The algorithm then checks whether 
the operator has entered the yellow perimeter strip. If so, 
then his/her actual position is compared with the previous 
one  (recorded  in the previous time step)  and  a  warning  

alarm is sent in the event that he/she has further approa-
ched the border line; if such is not the case, the entire 
procedure is repeated. It goes without say that tracking 
operators movements within the yellow strip is critical for 
this application. The most important parameters required 
in order to do so are: the width of the strip; tag frequency; 
speed calculation to check whether they are approaching 
or backing away from the border line. 

 
5.3. Preliminary tests  
Two experimental tests were carried out: 

− the first to infer, how wide the yellow warning 
area should be; 

− the second to validate the proposed algorithm and 
conclude about its reliability. 

Both tests were performed in our laboratories. The 
first one was performed by positioning four UWB recei-
vers, one (3.7×4) m large red area (Fig. 13a) and interfa-
cing the UWB system hub with a software application 
tool (developed in JavaTM environment) implementing the 
algorithm in Fig. 12. Then one of our collaborators was 
equipped with a 1 Hz tag and was asked to repeatedly 
enter the red area following the 3 paths shown in 
Fig. 13a. Measures were repeated 8 times for each path 
and the results from these 24 measures were that the ap-
plication tool is capable of sending warning signals 
(Fig. 14) within a maximum distance of 1.2 m beyond the 
border line, with an average distance gap of 0.7 m. Hence 
a warning strip slightly wider than 1.5 m should be plan-
ned when using 1 Hz tags. Fig. 14 shows one of the red 
alarm signals sent by the application software after a boy 
simulating a worker crossed beyond the boundary line. 

In order to test the algorithm’s reliability prelimina-
rily, a 1.7 m thick warning strip around the red area (op-
portune for 1 Hz tags) was drawn on the laboratory floor 
(Fig. 15). 

 

 
Fig. 12. The algorithm logic 
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b) RX no. 2  
 

a)

 

c) RX no. 4 

Fig. 13. Red area localization and track of the three paths 
used for the 1st experimental phase  
 

a) 

 

b) 

Fig. 14. One screenshot of the application sending a red 
alarm signal (red line at the bottom)  
 

 
Fig. 15. Laboratory setup for testing algorithm reliability  
 
Subsequently, the three paths depicted in Fig. 15 

were traced by our collaborator and 10 measures were 
collected for each. Three types of possible errors for the 
system were discerned:  

1. absence of alarms: the system does not send 
alarms, even if it should. 

2. false red alarm: the system sends a red alarm 
even if the worker is within the warning strip; 

3. false warning alarms: the system sends a 
warning even if the worker is not getting closer 
to the border line. 

A different set of tests was performed for each path 
in Fig. 15. For path no. 1, no false alarms were recorded. 
For path no. 2 only one type 1 error was recorded (due to 
the low tag rate of 1 Hz, which did not allow monitoring 
the worker twice before accessing the red area). For path 
no. 3 three type 1 errors were recorded, which were then 
shown to be due to interfering objects very close to recei-
ver no. 2. Fig. 16a shows the graphic interface sending a 
“yellow” warning alarm, attributed to a worker approa-
ching the border line.  

Instead, Fig. 16b shows the last test performed by 
having a collaborator walk parallel to the border line: 
every measure was affected by one or two type 3 errors 
due to the standard localization accuracy of UWB system, 
whose measures vary randomly around the real value 
within a 0.3 m distance. Hence, it was inferred that statis-
tically filtering tracked measures so as to cancel random 
variation is always necessary.  

 a)  

  
b) 

 
Fig. 16. One screenshot of the spatial reasoning API’s vir-
tual fencing tool for warning signals (a) and path no. 4 (b) 
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6. Conclusions  
We can conclude that the UWB systems can be success-
fully applied for real-time management of constructions 
sites, if the installation is properly designed. The possibil-
ity for reliable tracking depends on the quality of tag 
signal reception at the receiver level, which was demon-
strated unable to pass through more than 2 heavy walls. A 
minimal configuration of four UWB receivers for 2 levels 
of a typical 400 m2 large block of flats will work properly 
until the erection stage of the construction progress. Sub-
sequently, more receivers must be added, possibly even 
inside the building, whose interference with construction 
activities must be considered and solved. In the prelimi-
nary analyses carried out in this paper, the performances 
of a virtual fencing application were simulated as well. 
Tests performed in our laboratories showed that our de-
terministic algorithm is rather reliable for performing 
virtual fencing of dangerous areas, using a predictive 
approach. The few false alarms encountered can be nev-
ertheless solved by adopting 2 amendments: filtering 
localization data, thus cancelling the random variation 
admitted by UWB system around the real position; using 
tags with higher frequency, which would allow reducing 
the warning strip width and increasing the algorithm reli-
ability. Finally, other probabilistic techniques will be 
developed in order to strengthen the predictive capabili-
ties of this application.  
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AUTOMATIZUOTOS SAUGOS VALDYMO SISTEMOS STATYBOS AIKŠTELĖJE KŪRIMAS 
A. Giretti, A. Carbonari, B. Naticchia, M. De Grassi 
S a n t r a u k a 
Straipsnyje aptartos naujos automatinės darbo ir saugos valdymo sistemos statybos aikštelėje kūrimo galimybės. Aprašy-
tos preliminarios analizės ir eksperimentai – du pagrindiniai veiksniai, kurie turi būti įtraukti į galutinį sistemos variantą. 
Pirmasis veiksnys susijęs su statybos aikštelės darbininkų padėties realiu laiku nustatymu. Kompiuterine programa ribo-
jamas jų patekimas į pavojingas neleistinas zonas. Šie tyrimai yra didelio besitęsiančio projekto dalis. Projektas susijęs su 
naujos kartos statybos valdymo sistemos kūrimu. Sistema leis kontroliuoti statybos eigą realiu laiku, užtikrinti automatinį 
darbų saugos valdymą, techninės informacijos ir dokumentacijos gavimą. Straipsnyje pagrindinis dėmesys sukoncentruo-
tas į patikimos metodikos kūrimą. Taikant šią metodiką ir ultraplačiajuosčio bevielio ryšio (angl. Ultra Wide Band 
(UWB)) technologiją, galima bus nustatyti darbininkų ir įrangos padėtį atvirose statybos aikštelėse realiu laiku. Ši 
nustatymo sistema per grafinę terpę yra sujungta su programine įranga, kuri sukuria virtualų aptvarą iš anksto nurodytoms 
pavojingoms zonoms. Pateiktos imtuvo topologijos projektavimo rekomendacijos. Įvertinti tipinių vidutinio dydžio butų 
blokų užfiksuotų matavimų rezultatai skirtingais statybos etapais. Pateikti preliminarūs eksperimentiniai rezultatai, gauti 
įvedus virtualaus aptvėrimo koncepciją. Šie rezultatai bus panaudoti planuojant būsimų tyrimų tikslus. 
Reikšminiai žodžiai: statybos aikštelės, darbų saugos valdymas, rizikos valdymas realiu laiku, ultraplačiajuostis bevielis 
ryšys, pozicijos nustatymas, elgsenos modeliai. 
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