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Abstract 

Construction has one of the highest rates of accidents among all industries worldwide. In Canada, 

22% of workplace fatalities are recorded in the construction industry. An analysis conducted in 

this study showed that one of the main causes of accidents on construction sites is workers’ lack 

of awareness of proximity of danger. The objective of this study is to develop a Site Safety 

Monitoring System that helps improve safety on construction sites by providing safety status of 

workers in real-time. The system is composed of an available UWB Real-Time Locating System 

that estimates workers’ location on the site, and a Detection Model that detects when workers are 

in the proximity of danger using the provided location estimations. Laboratory experiments are 

conducted to measure the accuracy of UWB in tracking workers, and to examine the reliability of 

the model in detecting unsafe situations.  
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CHAPTER 1: INTRODUCTION 

1.1 PROBLEM STATEMENT 

Construction has one of the worst workplace safety records among all industries in the 

world, recording high numbers of injuries and fatalities every year (AWCBC 2016a, BLS 2016, 

Eurostat 2016, Safe Work Australia 2016). Although there are industries with higher numbers of 

accidents, the accidents occurring in construction are generally more severe, often leading to 

fatalities. In Canada, statistics on injuries related to workplace accidents in the last 11 years show 

that construction ranks 4th among all the industry sectors. However, when looking at the number 

of fatalities, construction has the worst records, not only in Canada as a whole but also in almost 

every province, accounting for more than 22% of the total workplace fatal accidents among all 

industries (AWCBC 2016a). 

In addition, unlike other major industries such as manufacturing, transportation, or 

wholesale and retail trades, in construction these numbers are on the rise. While the other sectors 

generally present decreasing numbers of injuries and fatalities over the years, construction has 

shown either constant or increasing trends since 2011. In particular, the number of injuries has 

remained approximately constant, and the number of fatalities has shown a 26% increase over four 

years in Canada, increasing from 184 fatalities in 2011 to 232 in 2014 (AWCBC 2016a). 

One reason behind the occurrence of such number of accidents can be associated with the 

particular nature of construction sites. These are workplaces where many hazardous tasks, such as 

working with heavy and noisy equipment or close to falling hazards, are conducted on a daily 

basis. An analysis conducted as part of this study on fatal accidents occurred in construction in the 

last ten years (which will be presented in detail in Chapter 2) has in fact shown that almost 75% 

of the fatalities have been caused by either collision between people and equipment or falls from 

heights. In many cases, two main factors contribute to the occurrence of the accident: lack of 
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situational awareness and disregard of the safety policies. In the first case, unless the conducted 

task requires to be in the proximity of a working equipment or a falling hazard, workers are not 

aware of being so close to the hazard. For example, workers may not be aware of being too close 

to a falling edge, or of standing in the operational envelope of an operating equipment. In the 

second case, accidents occur because workers do not follow the defined safety policies. For 

example, workers should not enter specific areas of the site where the conducted activity creates 

temporary precarious conditions of heavy objects; or a falling hazard may not be protected by a 

proper guardrail as provided for by the safety regulations. 

In all these situations, the factors contributing to the occurrence of the accidents could be 

mitigated if the precise location of the workers on the site was known. To date, Information 

Technology offers the opportunity to accurately track the position of people in real time. Therefore, 

the application of positioning systems to construction sites would allow to continuously monitor 

the location of the workers. Recent studies have shown that the use of Real-Time Locating Systems 

(RTLS) has potentials to increase safety on the site. Based on the conducted analysis on the causes 

of fatalities, which will be presented in Chapter 2, it was estimated that about 31% of the 

considered accidents could have been avoided if the location of the involved workers was known 

in real time.  

 

1.2 RESEARCH MOTIVATION 

In the last ten years, the idea of using RTLS for construction safety has received increasing 

attention by the researchers. A large number of studies have emerged in the area of application of 

Information Technologies to construction safety management since 2006, and about 30% of them 

have focused on the application of RTLS to construction sites (Skibniewski 2014). These studies 
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have shown that automatically monitoring the location of the workers in real time and providing 

them with immediate feedback when they are in unsafe locations can increase safety on the site. 

Different positioning systems have been proposed in the literature (GPS, RFID, Ultra 

Wideband, Infrared, Ultrasound) for construction safety applications but, as will be discussed in 

Chapter 3, Ultra-Wideband (UWB) is deemed to be the most suitable for construction sites. In 

practical applications, in order to identify when a worker is approaching a hazard, a safety 

boundary needs to be defined around the worker, which allows to take into account the positioning 

error that affects the location estimations provided by the RTLS. Therefore, one important aspect 

to consider is the positioning accuracy of the RTLS when tracking dynamic (moving) resources. 

Several studies have shown that a very high level of accuracy can be obtained with UWB under 

conditions that can be typically found in construction sites. However, these studies were mostly 

conducted in static mode. 

In light of the favorable characteristics of UWB, different research studies have proposed 

UWB-based safety systems. Interesting conceptual systems based on the remote monitoring of the 

workers’ location on the site have been presented. Some of these systems have not been 

implemented, while some others integrated a UWB RTLS with a computer model to convert the 

provided location estimations into useful information for the safety control of the site. However, 

more work needs to be done in order to develop a reliable safety system that can be implemented 

on the site. For example, to properly integrate the UWB RTLS and the model that processes the 

location information, this model should be designed in a way that allows to consider the actual 

tracking performances of the RTLS. 
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1.3 RESEARCH OBJECTIVE 

The objective of this study is to develop a UWB-based Site Safety Monitoring System that 

identifies whether workers are entering an unsafe location on the site. The proposed system is 

composed of a UWB RTLS and a Detection Model. The UWB RTLS is used to track the position 

of the workers by means of tags that can be attached to them (e.g. on safety hats) without interfering 

with their ability to perform the assigned tasks. The Detection Model processes the information 

provided by the UWB RTLS and identifies whether a worker is in a safe or unsafe location. To 

achieve this objective, two sub-objectives were identified: 

1. To assess the accuracy of the UWB RTLS for tracking dynamic resources moving 

within the range of the human walking speed. This is required to combine the two 

components of the Site Safety Monitoring System. 

2. To develop and evaluate the functionality of the Detection Model that processes the 

location information provided by the UWB RTLS and detects when a worker is in an 

unsafe location. 

 

Scope: 

• On the evaluation of the dynamic accuracy of the UWB RTLS (sub-objective 1), the 

scope of this study is focused on the human walking speed range (0.5 to 8 km/h), as 

the study is focusing on tracking the location of workers. 

• On developing the Detection Model (sub-objective 2), this study is focused on the 

detection of workers entering an unsafe location. This study does not include collision 

between moving resources (e.g. workers and equipment). 
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• The scope of this study is limited to the detection of workers entering an unsafe 

location. Therefore, it does not address the identification of effective ways of 

communicating the detected unsafe location, or the identification of the parties to 

whom it should be communicated. 

 

1.4 RESEARCH METHODOLOGY 

To achieve the two aforementioned sub-objectives, the following methodologies were used 

in this study: 

1. The dynamic accuracy of the UWB RTLS was assessed through experiments 

conducted in a laboratory environment under controlled conditions. Different speed 

values were tested to identify whether the positioning accuracy of the UWB RTLS is 

affected by the speed of the tracked object. An Anorad table was used to precisely 

control the characteristics of the motion of the tracked objects. The accuracy was 

measured in terms of absolute error of the estimated locations (compared to the true 

locations) and its components along the x and y axes. 

2. The proposed Detection Model was developed in Matlab, using the functionalities that 

were needed to perform the required tasks. The Detection Model was integrated with 

the UWB RTLS to create the Site Safety Monitoring System. To evaluate the 

functionality of the developed model, an experiment was conducted, in which a worker 

approached an unsafe location in an environment that is similar to a typical 

construction site. The experiment aimed at evaluating the reliability of the model in 

detecting an unsafe location within the expected distance range.  
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1.5 THESIS ORGANIZATION 

Chapter 2 provides a detailed background on the safety records in the Canadian 

construction industry. An analysis of the causes of accidents occurred in construction in the last 

decade is then presented. It is discussed which type of accidents could be avoided using the 

proposed Site Safety Monitoring System, and its potential impact is estimated. Actual case 

examples of construction accidents are used to show how the proposed Site Safety Monitoring 

System could avoid some of the circumstances that led to these accidents. 

Chapter 3 presents previous studies related to RTLS site safety applications, organized 

based on the two identified sub-objectives. The first part of the chapter describes the studies that 

assessed the accuracy of UWB and other positioning systems. The second part focuses on studies 

related to the application of UWB RTLS in construction, with emphasis on the proposed UWB-

based safety systems. 

Chapter 4 elaborates on the first sub-objective of this study. The accuracy assessment 

conducted to evaluate the performance of the UWB RTLS when tracking objects moving within 

the human walking speed range is presented. 

Chapter 5 elaborates on the second sub-objective of this study. The design and 

implementation phases of the Detection Model are presented. The experiment conducted to 

evaluate the functionality of the model is also described. 

Chapter 6 summarizes the results obtained in this study, highlighting the main contributions 

of this research work. Limitations of this study and recommendations for future works are also 

discussed. 
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CHAPTER 2: OVERVIEW OF THE SAFETY RECORD OF CONSTRUCTION 
INDUSTRY IN CANADA 

2.1 SAFETY STATUS OF CONSTRUCTION COMPARED TO OTHER INDUSTRIES 

Statistics about work-related accidents that occurred in Canada in the last decade were used 

to compare the different provinces and industry sectors, in order to identify the status of workplace 

safety in construction compared to other industries. The statistics were obtained from the 

Association of Workers’ Compensation Boards of Canada (AWCBC 2016a), organized according 

to the different industry sectors. In particular, the numbers of lost time claims and fatalities 

reported to AWCBC were considered for the analysis. 

According to AWCBC (AWCBC 2016b), a lost time claim is “an injury where a worker is 

compensated by a Board/Commission for a loss of wages following a work-related injury (or 

exposure to a noxious substance), or receives compensation for a permanent disability with or 

without any time lost in his or her employment”. In this study, a lost time claim will be referred to 

as injury. A fatality is “a death resulting from a work-related incident that has been accepted for 

compensation by a Board/Commission”.  

These parameters were analyzed for different Canadian provinces. However, complete 

safety records for all the industry sectors are not available for some of the provinces and territories 

(Nova Scotia, Prince Edward Island, and all the territories). To evaluate their impact on the 

economy of the country, the capital expenditure of each province and territory was considered. 

This is a largely used parameter in economic evaluations or decisions on investments, and is 

systematically collected by Statistics Canada. The statistics show that, between 2010 and 2014, 

five provinces spent more than the 90% of the total Canadian expenditure (Statistics Canada 2015). 

In particular, Ontario and Alberta combined account for about 55% of the total expenditure, while 

Quebec, British Columbia, and Saskatchewan for the remaining 35% (Figure 2.1). For these 
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reasons, the remainder of this chapter focuses on these five major provinces, other than Canada as 

a whole. 

 

Figure 2.1. Capital expenditure by province in all industries (2010-2014) – based on data from 

Statistics Canada 

 

Figure 2.2 shows the distribution of the injuries for the last 11 years in Canada. As it can 

be inferred from the figure, the distribution of the injuries among the different industry sectors is 

similar across the provinces. Manufacturing, Wholesale and retail, and Health care and social 

assistance are the most affected sectors. Construction also recorded a considerable number of 

injuries, especially in Alberta, British Columbia, and Saskatchewan, where it is comparable to the 

above mentioned sectors. The same picture can be seen in the injuries distribution of the entire 

Canada. However, when looking at the number of fatalities recorded since 2004, it is evident how 

Construction is usually the most accident-prone sector (Figure 2.3). 
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Figure 2.2. Distribution of workplace injuries by industry sector by province 2004-2014 (AWCBC 2016a) 
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0.93% 1.01% 2.58% 0.67% 0.10%

Alberta

n = 340,982

25.79%

15.13%

15.28%

8.20%

8.81%

6.34%

7.34%

4.61%

3.21%1.97% 1.72% 0.68% 0.50% 0.42%

Quebec

n = 885,123

12.06%

17.66%

20.71%
10.78%

8.21%

6.44%

8.89%

4.92%
2.68%

1.81%
2.27% 2.86% 0.50% 0.20%

Saskatchewan

n = 138,162

� Construction (CON) 

� Manufacturing (MAN) 
� Other industries and services (OIS) 

� Transportation and warehousing (TW) 
� Public administration (PA) 
� Mining, quarrying and oil and gas extraction (MOG) 
� Wholesale and retail (WR) 

� Agriculture, forestry, fishing and hunting (AFF) 

� Utilities (UTI) 
� Educational services (ES) 

� Health care and social assistance (HSA) 
� Accommodation and food services (AFS) 
� Real estate and rental and leasing (RRL) 
� Finance and insurance (FI) 
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Figure 2.3. Distribution of workplace fatalities by industry sector by province 2004-2014 (AWCBC 2016a)
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Figure 2.4 and Figure 2.5 show the distributions of both injuries and fatalities over the 

years. They provide a better picture of how safety records have changed year by year in the 

different sectors. In terms of injuries (Figure 2.4), all the five main provinces show a clear 

reduction of the number of injuries in 2009, probably due to the financial crisis in 2008. With few 

exceptions, it can be said that the sectors that recorded high numbers of injuries (Manufacturing, 

Wholesale and retail, and Transportation and warehousing) have generally presented a decreasing 

trend over the last six years. On the contrary, Construction has presented an approximately 

consistent trend in almost every province. In Alberta, the number of injuries recorded in 

Construction has even increased year after year. A similar situation can be seen in terms of 

fatalities across Canada (Figure 2.5). While the numbers of fatal accidents recorded in 

Manufacturing, Wholesale and retail, and Transportation and warehousing have generally a 

decreasing trend since 2009, in Construction this number is on the rise in all the provinces (with 

the only exception of Saskatchewan).
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Figure 2.4. Year by year workplace injuries by industry sector by province 2004-2014 

(AWCBC 2016a) 
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Figure 2.5. Year by year workplace fatalities by industry sector by province 2004-2014 

(AWCBC 2016a)
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In light of the described results, it can be said that overall Construction is a sector that has 

a major contribution in raising the number of workplace accidents in Canada. Construction sites 

are very unique environments, where the working conditions keep changing throughout the entire 

lifecycle of the site. For this reason, several efforts have been done – and are still done, to increase 

the safety of the workers, and reduce the number of accidents. Nevertheless, the results presented 

in this study show that Construction is the only sector that does not present a decreasing trend, 

neither in terms of injuries nor of fatalities. Furthermore, it is generally the most affected sector in 

terms of severe workplace accidents across the country. The next section will look into this specific 

sector in more detail, in order to identify the main causes and contributing factors that lead to the 

occurrence of these many accidents. 

 

2.2 CAUSES OF ACCIDENTS IN CONSTRUCTION 

An analysis on the construction industry was conducted to identify the direct causes and 

contributing factors to the accidents. Specifically, this analysis focused on the accidents of Alberta, 

since the records of the accidents occurred in this province are publically available. Occupational 

Health and Safety (OHS) Alberta investigates workplace accidents and prepares reports based on 

the findings of the investigations. A report by OHS Alberta in 2011 identified six main categories 

of causes of injuries in construction, based on injuries claimed in 2010 (OHS 2011): 

1. Bodily Reaction or Exertion (overexertion, incidents of free bodily motion, repetitive 

motion) 

2. Contact with Objects or Equipment (struck by object or equipment, struck against 

object or equipment, caught in object, rubbed or abraded) 

3. Falls (to lower level, on same level, others) 

4. Exposure to Harmful Substances 
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5. Transportation Accidents 

6. Others (includes assaults and violent acts, fires and explosion, electrocution, existing 

medical conditions) 

The distribution of the causes of injuries occurred in 2010 as reported by OHS Alberta 

(OHS 2011) is depicted in Figure 2.6. These numbers can be considered a fair representation of 

the situation of the following years, since, as discussed in the previous section, the number of 

injuries has not varied significantly in Alberta since 2009 (see Figure 2.4). 

 

Figure 2.6. Causes of injuries in construction in Alberta in 2010 - based on OHS (2011) 

 

To enable a comparison, the categories established in the above report were used to analyze 

and classify the fatal accidents occurred in construction between 2006 and 2014 in Alberta. Several 

fatality reports from OHS are publically available on their website, and were used to identify trends 

related to the causes of fatalities (OHS 2016a). 112 reports of fatal accidents investigated by OHS 

Alberta were available at the time of this study. These reports represent about 37% of a total of 

302 fatalities accepted by the WCB of Alberta from 2006 to 2014 (see Figure 2.5). When an 

accident is reported, OHS investigates the specific circumstances that led to the accident and 
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prepares a report that will be used by WCB to establish the compensation due to the involved 

parties. These reports are usually 10 to 15 pages long prepared in text format, and include general 

information of the principal parties involved, date, time, and location of the accident as well as a 

narrative description of the accident. In some reports, few pictures and a schematic of the accident 

scene are also included. In this study, each of the 112 reports was reviewed individually to identify 

which of the above accident cause categories caused the fatality. Every accident was then classified 

according to its cause. Table 2.1 shows an example of the results of the analysis for ten of the 

investigated accidents.  
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Table 2.1. Summary of the reviewed accident reports (example) 

Accident # 
Type of 
construction Description Contributing factors 

Cause 
category 

Cause  
subcategory 

1 
Residential 
buildings 

The worker was 
run over by a 
gravel truck 
moving forward 

The worker was not 
visible to the truck’s 
operator 

Contact with 
Object or 
Equipment 

Struck by 
Moving 
Equipment 

2 
Calciner plant 
(reconstruction) 

The worker fell 
from a third level 
floor onto a 
concrete floor 

The edge of the hole 
was unprotected 

Falls 
From Hole 
or Roof 

3 
Road construction 
site 

The worker was 
crushed between a 
tracked loader and 
a wheel loader 
when the tracked 
loader backed up 

The worker was not 
visible to the 
equipment operator. 
 
The worker moved 
into an area where the 
tracked loader was 
operating without 
signaling it 

Contact with 
Object or 
Equipment 

Struck by 
Moving 
Equipment 

4 Roof maintenance 

The worker fell 
approximately 
3.4m from the 
roof 

The worker was not 
using a fall protection 
system 

Falls 
From Hole 
or Roof 

5 
Access to a pipeline 
project 

The worker was 
fatally injured 
when a welding 
truck backed over 
him 

The welding 
equipment on the back 
of the welding truck 
created a blind spot 
that obstructed the 
operator’s view 

Contact with 
Object or 
Equipment 

Struck by 
Moving 
Equipment 

6 
Access road to a 
well site 

The worker 
received fatal 
injuries when he 
was struck by the 
bucket of the 
backhoe 

The operator had no 
clear view of the 
worker 

Contact with 
Object or 
Equipment 

Struck by 
Object 

7 
Construction of an 
industrial facility 

The worker was 
crushed under a 
falling concrete 
slab 

The worker did not 
clear the fall area of 
the cut slab 
 
Insufficient wedges 
were placed 

Contact with 
Object or 
Equipment 

Struck by 
Object 

8 

Installation of 
scaffolding at mine 
and processing 
facilities 

The worker fell 
headfirst down 
into a 3 meters 
ventilation duct 

The work platform 
had unguarded 
aluminum plank ends 

Falls 
From Hole 
or Roof 

9 
Construction of a 
welding shop 

The worker fell 
into an opening in 
the roof 

The worker was not 
using appropriate fall 
protection 

Falls 
From Hole 
or Roof 

10 
Residential 
buildings 

The worker fell 
3.14m from the 
mezzanine floor 
level onto the 
main floor level 

There were no 
guardrails at the edge 
of the mezzanine floor 

Falls 
From Hole 
or Roof 
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The distribution of the causes of fatalities are summarized in Figure 2.7. As it can be seen 

from the figure, more than 50% of the considered accidents were caused by Contact with Objects 

or Equipment. The second main cause of fatality is Falls, causing 20% of the total number of 

investigated fatalities. Few interesting observations can be made by comparing Figure 2.6 with 

Figure 2.7. Even though they are not relating to the same time span, it can be seen how the main 

cause of injuries (Bodily Reaction or Exertion) did not lead to any fatalities (0%). However, similar 

to injuries, Contact with Objects or Equipment and Falls are two primary causes of fatalities too. 

 

 

Figure 2.7. Causes of fatalities in construction in Alberta between 2006 and 2014 

 

The results presented in Figure 2.7 show that Contact with Objects or Equipment and Falls 

combined caused about 75% of the investigated fatalities. A closer look at these two categories 

and the factors contributing to the accidents (refer to Table 2.1) revealed that, under each category, 
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few subcategories can be identified. In particular, within Contact with Objects or Equipment, the 

following subcategories emerged: 

2.1. Struck by Object (falling down, collapsing, etc.) 

2.2. Struck by Moving Equipment (operated by a worker with limited visibility) 

2.3. Pinned/Entangled by Machinery (while performing maintenance operations) 

2.4. Hit by car (in road construction) 

Similarly, within Falls: 

3.1. From Hole or Roof 

3.2. From Ladder or Similar 

3.3. From Scaffold/Catwalk 

3.4. Not Specified 

The accidents were then classified according to these subcategories. The results of the 

analysis are presented in Figure 2.8. Within the Contact with Objects or Equipment category, 

Struck by Object and Struck by Moving Equipment include 80% of the total number of events. In 

particular, Struck by Moving Equipment includes those situations when an worker is hit by a piece 

of equipment that is being operated by another worker. Struck by Object includes the accidents in 

which workers are hit by objects that are not controlled by humans. This subcategory, could be 

further divided into three different situations: Malfunctioning, Human Error, and Wrong Position. 

Malfunctioning includes those situations in which something unexpected happens, such as the 

collapse of a structure or the breakdown of a machine. Human Error groups all the events caused 

by an error of either the injured worker or a co-worker. Wrong Position indicates a situation where 

the accident occurs because the worker is in a position where he/she should not be (e.g. too close 

to an ongoing operation or under a suspended load). 
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Similarly, within the Falls category, two subcategories include about 80% of the total 

number of fatalities: From Ladder or Similar and From Hole or Roof. The first subcategory 

includes the situations where a worker is constantly exposed to the fall hazard while performing 

the activity. On the contrary, From Hole or Roof includes the cases in which a worker falls from 

an edge, being unaware of the close danger. 

  

Figure 2.8. Subcategories of the causes of fatalities for Contact with Objects or Equipment 

and Falls 

 

The identified subcategories revealed that some of the factors contributing to the 

occurrence of the accidents are related to the lack of situational awareness of the workers involved 

in the construction activities. Many times, workers’ awareness can be increased with the aid of 

technology. Different research works have proposed the use of positioning systems to monitor the 

position of the workers in real time and identify when they are in unsafe locations. In this study, a 

UWB RTLS-based Site Safety Monitoring System is proposed. The following section presents an 
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analysis of the potential impact that such a system can have on construction sites safety. Case 

examples are then used to show the applicability of the system. 

 

2.3 POTENTIALS OF RTLS IN IMPROVING SAFETY ON CONSTRUCTION SITES 

2.3.1 Accidents with potentials to be avoided with RTLS 

Results presented in the literature in the last decade have shown that the implementation of 

an RTLS-based safety system can help increase safety in construction sites. The types of accidents 

that could be avoided through the use of positioning technologies were identified based on the 

defined causes (categories and subcategories). Among the main categories, RTLS-based safety 

systems have potentials in avoiding part of the accidents included in Contact with Objects or 

Equipment and Falls. 

A closer look at the subcategories defined within these two groups revealed that in all the 

accidents belonging to Struck by Moving Equipment, the main contributing factor is that the 

equipment operator did not have clear visibility of the surrounding workers. This situation could 

be avoided by knowing the location of the workers on the site and providing them with real-time 

feedback. The same way, part of the accidents included in Struck by Object could be avoided 

through the use of positioning technologies. In particular, this is the case for the accidents grouped 

under the sub-subcategory Wrong Position, where real-time location information has potentials to 

reduce the risk of occurrence of an accident. In the Falls category, From Hole or Roof includes the 

situations where a worker falls from an unprotected edge, being unaware of the close hazard. In 

all these cases, location-related information could be fundamental to avoid the accident. On the 

contrary, when a worker is working on a scaffold or a catwalk, the space is too limited to keep the 

worker far from the falling hazard. 
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To show the applicability of the proposed Site Safety Monitoring System to real 

construction sites, the scenarios described in three of the fatal accident reports were used as case 

examples. In particular, one case example from each of the subcategories identified in this section 

is described, to show how a proper implementation of the proposed Site Safety Monitoring System 

would have helped in avoiding the accident. The three case examples are, in order, Accident 3, 

Accident 7, and Accident 10 of Table 2.1. 

2.3.2 Case example 1: Struck by moving equipment 

The accident occurred in a road construction site, involving a tracked loader, a wheel 

loader, and a worker (pipe layer). An excavator was scooping up previously cut asphalt of a road 

surface, while two loaders were moving the asphalt to a different location. In particular, the tracked 

loader was picking up the asphalt deposited by the excavator in a location identified ad Asphalt 1 

in Figure 2.9, and moving it to Asphalt 2, while the wheel loader was moving the asphalt from 

Asphalt 2 to Asphalt 3. The pipe layer was instructed by a foreman to send the wheel loader to 

assist a water truck in rough terrain. He approached the wheel loader and stopped it in the area 

where the tracked loader was operating, standing near the access ladder. The tracked loader 

operator backed up and struck the access ladder area of the wheel loader, crashing the pipe layer 

between the two machines. 
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Figure 2.9. Schematic of the accident scene (regenerated based on the report schematic) 

 

Two main contributing factors leading to the occurrence of the described accident were 

identified in the report. First, the tracked loader operator could not see the pipe layer because he 

was standing in a blind spot of the tracked loader. At the same time, the wheel loader and the pipe 

layer stopped into an area where the tracked loader was operating (unsafe location) without 

signaling it. Both these factors can be associated with lack of situational awareness of the involved 

people. It is evident how, in this scenario, the real-time information about the positions of workers 

and equipment would have helped avoiding the accident. For example, the fact that the pipe layer 

and the wheel loader operator were standing in an unsafe location would have been immediately 

notified to the site supervisor and/or to the involved parties. 

2.3.3 Case example 2: Struck by object 

The accident occurred during the construction of an industrial facility. Two workers, 

identified as Worker 1 and Worker 2 in Figure 2.10, were assigned to cut out a doorway in a pre-

cast concrete wall. After mounting a wall saw to cut the opening, Worker 1 started cutting the 

concrete wall, while Worker 2 was assisting the operations standing between the wall and the truck 
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used to provide power to the saw. When Worker 1 finished to cut out the opening, the slab of 

concrete fell and pinned Worker 2 against the truck, causing fatal injuries. 

 

Figure 2.10. Schematic of the accident scene (generated based on the report pictures) 

 

As described in the same fatality report, “the procedure for wall sawing includes the 

placement of wedges in the bottom and top cuts on both sides of the opening, approximately 15 to 

30 cm from the vertical cuts. In addition, the fall area is to be cleared”. The described accident 

occurred because none of these procedures was followed by the workers: both insufficient wedges 

were used during the operations, and Worker 2 did not clear the fall area. Although the site 

supervisor could not have been aware of the insufficient wedges, he/she could have been notified 

of the presence of Worker 2 in an unsafe location if a proper monitoring system was installed on 

the site. Worker 2 could have also been alerted by the system. In addition, this example shows the 

importance of using an accurate RTLS in this type applications. Worker 2 was participating to the 

cutting operations and his presence was required in proximity of the unsafe location. Nevertheless, 

he was not allowed to enter it. 
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2.3.4 Case example 3: Falls from hole or roof 

The accident occurred during the construction of a residential building. A painter was spray 

painting a wall on the mezzanine floor of a new house, when he fell 3.14 meters onto the main 

floor level and reported fatal injuries. The scene analysis showed that there were no guardrails at 

the edge of the mezzanine floor at the time the worker was conducting his work. 

The schematic of the accident scene (Figure 2.11a) as well as one of the pictures taken by 

the investigators (Figure 2.11b) show that, although the edge of the mezzanine floor was 

unprotected, the painter had enough space to keep himself far from the falling hazard. Monitoring 

his position in real-time would have allowed to alert the worker when he was getting too close to 

the edge and consequently, to avoid the accident. As for the previous case, the importance of an 

accurate RTLS is shown in this example since the painter, in order to conduct his job, was required 

to stand in the proximity of the danger zone without entering it. 

         

Figure 2.11. a) Schematic of the accident scene (generated based on the report pictures - not to 

scale),  b) Picture of the accident scene: mezzanine floor where the painter was working 

 

2.4 DISCUSSION 

In this chapter, an overview of the safety records of the Canadian construction industry was 

presented, in order to identify the main causes of accidents and define whether the use of RTLS 

a) b) 
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can help to increase safety on construction sites. Statistics of injuries and fatalities in Canadian 

industry showed that construction is one of the most affected industries in terms of severe 

workplace accidents in all the provinces, accounting for about 11% of the injuries and 22% of the 

fatalities in the country. These statistics report only severe workplace accidents and do not include 

the accidents that did not prevent the worker from attending to his/her working duties. The statistics 

on the total number of injuries by industry by province are not available from AWCB of Canada. 

However, the WCBs of some provinces publish their own numbers. For example, in Alberta, 

British Columbia, and Manitoba, the average ratio of lost time injuries to all injuries in construction 

was about 50% between 2006 and 2014 (OHS 2016b, WorkSafe BC 2016, Safe Work Manitoba 

2016). This means that, when there is no fatality, one accident out of two results in a lost time 

injury. Most likely, numbers are similar in the rest of the country, but a common systematic way 

of collecting and structuring the data should be proposed to the different provinces. This way, a 

unique and complete database would be available, allowing better comparisons and more accurate 

analyses. 

Similarly, a systematic way of categorizing the accidents according to their causes should 

be adopted by all the provinces. To date, only Alberta publishes online a large sample of fatality 

reports prepared by the OHS of the province. 112 of these reports have been examined in this study 

to identify the main causes of fatalities in construction. The results showed that Contact with 

Objects or Equipment and Falls have caused almost the 75% of the fatalities occurred in 

construction in Alberta between 2006 and 2014. A closer look at the contributing factors to the 

accidents, showed that the accidents belonging to these two categories are often caused by either 

lack of situational awareness of the involved workers or disregard of the safety polices. Sometimes, 
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these contributing factors can be mitigated with the aid of technology. In particular, the use of 

RTLS-based safety systems has shown strong potentials in preventing accidents on the site. 

In order to quantify the potential impact of such a system, an evaluation was made based 

on the results of the analysis presented in this chapter. As discussed in Section 2.3, some of the 

accidents included in the categories Contact with Objects or Equipment and Falls can be mitigated 

with the aid of RTLS-based safety systems. In the first case, the system can help avoiding the 

accidents included in the subcategories Struck by Moving Equipment and Struck by Object – 

Wrong Position. In the Falls category, the accidents grouped under From Hole or Roof can be 

mitigated. Adding up the number of accidents included in Struck by Moving Equipment (27% of 

the total number of accidents in the category Contact with Objects or Equipment) and in Struck by 

Object - Wrong Position (31% of the total number of accidents in the subcategory Struck by 

Object), more than 43% of the fatalities caused by Contact with Objects or Equipment could have 

potentially been avoided through the use of an RTLS-based safety system. Similarly, it would have 

helped in avoiding almost 40% of the fatalities caused by Falls (all the accidents included in the 

subcategory From Hole or Roof). This translates into more than 31% of the 112 investigated 

fatalities, i.e. 35 less accidents. 

The analyzed reports represent about 37% of the total number of fatalities accepted by the 

WCB of Alberta between 2006 and 2014. Although there is no information available on how this 

sample was selected, assuming a random selection among all the fatal accidents, it can be 

concluded that 152 fatalities could have been avoided if an appropriate RTLS-based safety system 

was implemented on the site. It is also speculated that the types of accidents occurring in Alberta 

are representative of the Canadian construction industry since in this province, construction is by 

far the most accident-prone sector (see Figure 2.3). These findings show that the implementation 
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of such a system can be an aid to the traditional safety practices (regulations, workers’ training, 

use of PPE, etc.) in the improvement of safety on construction sites.  
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CHAPTER 3: LITERATURE REVIEW 

In this chapter, previous studies related to the two sub-objectives identified in Chapter 1 

are presented. In particular, the first part of the chapter describes studies on the accuracy 

assessment of different positioning systems in construction environments. In the second part, 

studies on the application of RTLS in site safety systems are presented. In both cases, particular 

emphasis is given to UWB RTLS. In order to provide a better understanding of these contents, 

general concepts of wireless positioning algorithms and systems are first described. 

 

3.1 WIRELESS POSITIONING: BACKGROUND 

3.1.1 Positioning algorithms 

A wireless positioning system is composed of at least two hardware components, namely 

transmitter and receiver. The transmitter sends a signal to the receiver, which reads and analyzes 

it. A positioning algorithm is the method of determining the receiver’s location, making use of 

various types of measurement of the received signal. Sometimes, for particular applications, the 

transmitter’s location is estimated, instead of the receiver’s one. Because of the severe multipath 

and the low availability of line-of-sight (LOS), it is usually difficult to model the signals 

propagation in indoor environment. In order to obtain good accuracy, other than the traditional 

triangulation, different positioning algorithms have been developed. The most adopted in common 

applications are scene analysis and proximity. This section provides an overview of the most used 

positioning algorithms, as they are described in the literature (e.g.  Muñoz et al. 2009). 

3.1.1.1 Triangulation 

In triangulation, the location of a point is estimated by forming triangles to it from other 

known locations. In particular, it can be estimated either by measuring the target distance from 
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multiple reference points (Time of Arrival, Time Difference of Arrival, and Received Signal 

Strength), or by measuring angles relative to multiple reference points (Angle of Arrival). 

Time of Arrival (TOA). This represents the easiest way of measuring the distance between 

the target and the reference points. It consists in measuring the one-way or two-way travel time of 

the signal and multiplying it by its speed (i.e. the speed of light) to obtain the one-way or two-way 

distance. In order to obtain a 2D position of the target by using TOA, at least three different 

reference points must be used. To be able to use such technique, all transmitters and receivers must 

be perfectly synchronized. This means that they are required to have very accurate internal clocks. 

Time Difference of Arrival (TDOA). The basic principle of TDOA is that, instead of 

measuring the travel time of the signal, the time difference at which the signal arrives at different 

receivers is examined. This way, the timing issues that limit TOA can be overcome. A 2D target 

location can be estimated from the intersection of two or more TDOA measurements, which means 

that at least three reference points are required. 

Received Signal Strength (RSS). This is an alternative approach that consists in 

estimating the distance of the target from each reference point by measuring the received signal 

power. During its propagation, the signal power is attenuated. Such attenuation can be converted 

into a range estimate through a mathematical model of the signal path loss. However, the level of 

attenuation is strongly affected by the propagation environment; hence, the area must be pre-

surveyed in order to create a map of signal strength as a function of position, which can be used to 

estimate the target location. 

Angle of Arrival (AOA). This technique allows to estimate the target location by 

measuring the angle with which the signal reaches the receivers. The advantages of AOA are that 

two reference points are sufficient to estimate the 2D position of the target, and no time 
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synchronization among the hardware components is required. However, for a given angular 

accuracy, the corresponding positioning accuracy decreases as the distance of the target from the 

reference points increases. 

3.1.1.2 Scene analysis (fingerprinting) 

“Scene analysis refers to the type of algorithms that first collect features (fingerprints) of a 

scene and then estimate the location of an object by matching online measurements with the closest 

a priori location fingerprints” (Liu et al. 2007). As such, a survey of the area to cover must be first 

performed in order to identify its features. In the survey, the signal strengths of the hardware 

components are collected and associated to specific location coordinates. To locate a target, the 

measured signal strengths are compared with the surveyed ones, using different pattern recognition 

techniques (e.g. nearest neighbor and k-nearest neighbor). 

3.1.1.3 Proximity 

The proximity location technique estimates the position of a target with respect to those of 

a dense grid of reference points (antennas) of fixed and well-known locations. When the target is 

detected by an antenna, it is considered to be in the proximity of that antenna, with an error that 

depends on the area covered by the antenna itself. In general, this technique is utilized with low 

range technologies, such as Infrared Radiation (IR) or Radio Frequency Identification (RFID), 

which can detect the target only when it is relatively close to the antenna. Usually, the receivers 

are located in known positions and the transmitters’ positions are estimated. However, the opposite 

is also possible, with fixed transmitters and mobile receivers. 
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3.1.2 Positioning systems 

The described positioning algorithms can be implemented with different positioning 

systems in order to estimate the location of a target. The most common systems are described in 

this section. 

3.1.2.1 GPS 

Global Positioning System (GPS) is the most largely used positioning system in outdoor 

environment. It relies on signals periodically transmitted by several satellites orbiting around the 

Earth, offering a total coverage of the planet. However, since these signals are extremely weak, 

GPS is not usually suitable in indoor environments. For this reason, two general approaches have 

been developed to track the weak signals that are present indoors: High-Sensitivity GPS (HS-GPS) 

and Assisted GPS (A-GPS). These systems use specific receivers implemented with additional 

features that allow receiving the highly attenuated signals. Nevertheless, the results obtained so far 

are not comparable with those obtained with the positioning systems that rely on local and 

specifically designed infrastructures. 

3.1.2.2 WLAN 

Nowadays, the Wireless Local Area Network (WLAN) is present in almost all private and 

public buildings. Therefore, it becomes appealing to reuse the existing infrastructure for indoor 

location purposes. IEEE 802.11 (WiFi) is currently the WLAN dominant standard and, by knowing 

its propagation model and the involved antennas, it is possible to convert the received signal 

strength into range. Generally, in order to obtain a position estimation through a WiFi network, 

the fingerprinting technique based on RSS is applied. However, some systems use WiFi-based 

TDOA location solutions. The WLAN-based positioning systems are very cost effective, since 

allow reusing existing infrastructures as well as people’s wireless devices as tracked targets. 
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However, the propagation of the signal is strongly affected by the complexity of indoor 

environments. Therefore, these systems have an accuracy of several meters (Gu et al. 2009). 

3.1.2.3 RFID 

Radio Frequency Identification (RFID) is mainly used for identification purposes, but it 

can also be used to provide location information, by adopting TOA, RSS, AOA, or proximity 

methods. RFID systems consist of readers and tags, which are either active or passive. Active tags 

are transceivers, which actively transmit their identification and other information, while passive 

tags are receivers, since they can only reflect the signal coming from a transmitter. Because of the 

low range of RFID, several infrastructure components placed in different locations are required 

for location estimation. 

3.1.2.4 UWB 

Ultra-Wideband (UWB) positioning systems are based on sending ultrashort pulses, whose 

short duration makes them easy to filter, in order to distinguish the correct signals from those 

generated by multipath. A typical UWB RTLS is composed of receivers, tags, and a location 

estimation platform. The tags periodically transmit a pulse to the receivers, which collect two types 

of data: AOA and TDOA. As a result, the system can achieve a higher level of accuracy. Another 

important advantage for indoor application is that UWB does not require line-of-sight, thanks to 

its high penetration ability. The tracked tags are wireless, lightweight, and easily wearable, other 

than being cheap, making this positioning system cost-effective. In addition, the sensors have a 

large coverage range, rendering the system scalable. 

3.1.2.5 Other positioning systems 

Few additional systems have been explored for location estimation purposes. The most 

common are Bluetooth, Infrared, and Ultrasound systems. Bluetooth is a short-range technology, 
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which is mainly used to transfer information among different devices. In positioning systems, 

various Bluetooth clusters form an infrastructure capable to locate another Bluetooth device. The 

tags are small, and many common mobile devices already have their own tag. 

Infrared Radiation (IR) is another technology available on several commonly used wireless 

devices. An IR-based positioning system requires clear LOS between the transmitter and the 

receiver, and even clothes are sufficient to block the signal and make the system fail. However, 

when LOS is available, the location estimation is very accurate. The system architecture is also 

simple and does not require a lot of time for installation and maintenance. 

Ultrasound (US) signals are a natural navigation system used by different animals to get 

oriented in the night. It is based on the time required by an ultrasound wave to be transmitted by a 

source, reflected by a surface, and received by the same source. For this reason, in order to locate 

objects, this technology must be used in combination with radio frequency signals, which 

synchronize and coordinate the system. The accuracy is usually lower than IR-based systems, and 

external noise sources strongly affect the effectiveness of these positioning systems. 

3.1.3 Characteristics of positioning systems 

According to Liu et al. (2007) and Gu et al. (2009), in order to classify and compare the 

different positioning systems, the following performance parameters should be considered: 

accuracy, precision, robustness, scalability, and cost. 

Accuracy is the mean distance error, i.e. the difference between the actual location of the 

tracked object and the location estimated by the positioning system. Although this is the most 

important requirement of a positioning system, it is usually necessary to find a good compromise 

between accuracy and other characteristics. 
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Precision is a measure of dispersion of the results obtained from several different trials. It 

gives an indication of how these results are close to the mean value. A good definition of this 

parameter is given by Liu et al., who refer to precision as “the distribution of distance error between 

the estimated location and the true location”. For this reason, it is usually measured through the 

cumulative distribution function (cdf) of the distance error. 

Robustness indicates the ability of a positioning system to obtain a good location estimation 

even when some signals are not available (for example because line-of-sight is blocked, or a 

measuring unit is out of service). Hence, a system has high robustness when it can function 

normally with incomplete information. 

Scalability is a measure of the ability of the system to ensure the normal positioning 

function when the distance between transmitter and receiver increases, and when the number of 

tracked objects gets larger. 

The cost depends on different factors, such as time, space, energy, and weight. Time factors 

represent the time required to install and maintain the system; space factors depend on the area to 

be covered (i.e. number of elements in the infrastructure); energy factors identify the energy 

consumption required for its functioning; weight factors refer to the possibility to reuse some 

infrastructure already used for other purposes (e.g. WiFi network). 

Among these parameters, accuracy is the one that has mostly attracted the attention of the 

researchers in the construction area, due to the high level of accuracy required by construction 

applications. For this reason, part of the work presented in this thesis aimed at evaluating the 

accuracy of a specific positioning system in conditions similar to those that can be typically found 

in construction sites. The next section reviews previous studies that assessed the accuracy of the 

described systems in construction environments. 
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3.2 ACCURACY ASSESSMENT OF RTLS IN CONSTRUCTION 

The above described positioning systems have been tested in several research studies for 

different construction site applications, such as locating and tracking materials, safety 

management, resource management. Some of these studies have focused on the actual application 

of positioning systems to the site. Some others have evaluated the tracking performances obtained 

in environments that are similar to construction sites, mainly focusing on accuracy (in static or 

dynamic conditions). The studies reviewed in this section belong to the second group. 

3.2.1 GPS 

As mentioned earlier, GPS is the most used positioning systems for outdoor applications, 

but it is not reliable in indoor environments. Although construction sites could be considered as 

outdoor environments, they usually evolve into more and more closed and obstructed 

environments during their lifecycle. Nevertheless, few studies have proposed the use of GPS for 

specific construction applications that usually occur outdoor (such as material tracking and 

machine control). In these cases, GPS is used to estimate the position of RFID tags, hence the two 

systems are combined together to locate the resources on the site. 

For example, Song et al. (2006) investigated a way of locating and tracking RFID-tagged 

materials on construction sites through the use of a GPS receiver. Similarly, Nasir et al. (2010) 

combined GPS and RFID for construction materials locating and tracking on large industrial 

projects. In the same scenario, Razavi and Haas (2010, 2011, 2012) proposed new algorithms to 

increase the accuracy of GPS location estimation by adding the information provided by the RFID 

tags. In all these cases, the experimental results showed an accuracy ranging between 3 and 5 

meters. However, the experiments were conducted in nearly optimal conditions (open field) for 

GPS applications. 
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Another research study (Modsching et al. 2006) evaluated the performances of four 

different GPS receivers in the so called “urban canyons”. Although these are not construction site 

environments, the obstruction and multipath conditions are similar to those that can be found on 

the site, especially in the more advanced stages. The results presented in this study indicated an 

accuracy ranging between 12 and 25 meters, which would make a GPS-based system unreliable 

for construction site applications. 

3.2.2 WLAN 

In order to overcome the limitations of GPS, some research studies have proposed 

alternative systems for indoor environments such as buildings and tunnels under construction. One 

of the most appealing alternatives is WLAN due to the cost effectiveness of the required 

infrastructure, which is both cheap and reusable. In addition, WLAN can cover large areas and is 

not limited by line-of-sight issues. It also allows to track any kind of devices equipped with a WiFi 

antenna. 

In a study from 2009, Khoury and Kamat investigated the effectiveness of WLAN for 

indoor position tracking in three different environments. The level of accuracy achieved in their 

experiments was approximately 2 meters. Similar results were obtained by Woo et al. (2011), who 

evaluated the feasibility of a WiFi-based positioning system in a tunnel construction site, achieving 

an accuracy between 1 and 5 meters. Even though these results can be acceptable for some 

construction applications, it must be considered that the accuracy of a WLAN-based positioning 

system is strongly affected by the number of Access Points (AP) that compose the infrastructure. 

The accuracy can easily decrease to few tens of meters if the APs coverage is not optimal (Kitasuka 

et al. 2003). In addition, both the systems presented in these studies are based on the use of 

fingerprinting method. As explained earlier, this positioning algorithm requires a survey of the 
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area to cover, in order to identify its features. This means that every time there is a spatial change 

in the area, the survey should be repeated to obtain a better accuracy. This particular aspect can be 

a strong limitation in construction site applications, since the site continuously changes during the 

construction phase. 

3.2.3 RFID 

Due to its capability of storing a large amount of information, RFID in construction has 

been mainly explored for materials management. This includes the possibility of tracking the 

location of materials on the site, in order to minimize the time consumed to localize them. 

Although RFID can be used as stand-alone positioning system if the appropriate 

infrastructure is installed on the site, it is usually coupled with GPS for positioning purposes. In 

the combination of these two technologies, sometimes the RFID only plays the role of storing 

information while the positioning function is left to the GPS receiver (Song et al. 2006, Nasir et 

al. 2010, Razavi and Haas 2010, Razavi and Haas 2011, Razavi and Haas 2012). This is coupled 

with an RFID reader that identifies the presence of an RFID tag based on proximity algorithms. 

In other cases, RFID is used as main positioning system when the RFID signal is available, 

while GPS is used when the RFID signal is not strong enough. For example, Li et al. (2013) 

proposed an integrated GPS and RFID system to safely assist the loading crane operations. The 

positions of the workers around the crane and that of the crane hook are tracked through RFID 

tags. The accuracy of the RFID system was in the range of 0.2 to 1.2 meters under different settings 

and conditions. The GPS was only used to obtain the location information when the hook was at a 

height where there was no RFID signal. This is a consequence of the low operability range of 

RFID, which entails the presence of several infrastructure components in different locations, and 

makes its application difficult in construction site environments. 
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3.2.4 UWB 

UWB is another remote sensing system that has been largely explored in the literature for 

construction sites applications. By using very short pulses (1 nanosecond) transmitted by each tag, 

UWB allows to filter the reflected signals from the original signal, offering the possibility to 

measure distances with centimeter accuracy. Hence, UWB has been suggested for applications 

where more accuracy is required, such as monitor the workers’ positions on the site for safety 

purposes. 

Research studies have shown that UWB offers an accuracy of less than 1 meter under 

conditions that are common on construction sites, such as the presence of metal objects, signals 

being blocked by moving equipment, having fewer receivers available, and tracking a large 

number of tags simultaneously (Maalek and Sadeghpour, 2013). Various experiments were 

conducted in a laboratory environment to evaluate the static accuracy (non-moving objects) of the 

UWB system. The coordinates of several fixed points were measured with a total station and 

compared to the location estimations provided by the UWB system. The results showed an 

accuracy ranging between 0.14 and 0.27 meters under the different mentioned conditions. 

Teizer et al. (2008) and Saidi et al. (2011) evaluated the performance of a UWB RTLS in 

conditions typical of construction sites. In the two studies, the static accuracy of the system was 

measured by estimating the coordinates of hundreds of points through both laboratory experiments 

and field experiments. The laboratory experiments were used to determine the accuracy of the 

system under optimal conditions and compare it with the accuracy obtained in the field 

experiments. These were conducted in an open-space field, and a real construction site. The results 

of the two studies showed that an accuracy of 0.04 meters can be achieved in laboratory conditions, 

while it degraded in field conditions, ranging between 0.09 and 0.50 meters. 
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Cho et al. (2010) analyzed the accuracy of an untethered UWB system (wireless 

communication between the different pieces of hardware) in three different construction 

environments: a wood-framed building site, a steel-framed building site, and a fully furnished 

office area. Similar to the previous studies, the system was evaluated in static conditions. The 

results showed that the accuracy of the system ranged between 0.38 and 0.63 meters under the 

different conditions. An open-space test was also performed, obtaining an accuracy of about 0.10 

meters. 

Shahi et al. (2012) investigated the performances of UWB in complete occlusion situations 

using wood and steel as blocking materials, in order to evaluate the impact of construction 

materials on the accuracy of the system. The experiments were performed in both a laboratory and 

an indoor construction site, using two different configurations of the receivers (rectangular and 

linear). The measured accuracy ranged from 0.22 to 1.2 meters, depending on the obstructing 

conditions applied to the tags. 

In the described studies, the accuracy of the systems was always assessed in static 

conditions. Few dynamic tests were performed by Cheng et al. (2011) in a construction pit and a 

lay down yard. A robotic total station, capable of following a specific target, was used to measure 

the actual coordinates of a tag. These coordinates were then compared with those estimated by the 

UWB system at the same time stamps. The time synchronization was obtained by maximizing the 

cross-correlation between the two signals. No information about the speed of the moving target is 

provided. The results of the experiments showed an accuracy ranging between 0.36 and 0.48 

meters in the construction pit, and between 1.62 and 1.84 meters in the lay down yard. 

In another study, Maalek and Sadeghpour (2016) evaluated the impact of the speed on the 

dynamic accuracy of a UWB RTLS. They performed few tests in a laboratory environment, using 
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a model train to control the speed of a tag along a known trajectory. The movement of the train 

was considered as a constant speed motion, and three different speeds (0.19, 0.35, and 0.52 m/s) 

were tested. Their results showed that the dynamic accuracy of the system is generally lower than 

the static one, and that it decreases when the speed increases. In particular, the accuracy changed 

from about 0.15 meter in the static case to 0.19 meters at the lowest speed, to 0.29 meters at the 

highest speed. 

All these studies proved that UWB positioning can generally achieve an accuracy better 

than one meter in environments that are comparable to construction sites. Similar results were also 

obtained in few research studies conducted in different fields. For example, Leser et al. (2014) and 

Perrat et al. (2015) tested the dynamic accuracy of UWB positioning when tracking athletes in 

indoor court sports. In the first work, the difference between the actual distance covered by the 

players during a simulated basketball game and the distance estimated by the UWB system was 

taken. On average, the results indicated a difference of 3.45% on a total distance of almost 420 

meters. In the second study, an average error of 0.37 meters was obtained by taking the difference 

between actual and estimated coordinates at several corresponding time stamps. 

In addition to accuracy, UWB offers other characteristics that render it suitable for 

construction site conditions. As already mentioned, due to its high penetration ability, UWB 

tracking does not require line-of-sight. It also does not suffer from multipath distortion and 

interference. Furthermore, it has low installation and operational cost. Ease of use, small and light 

(wearable) tags, and long range of operation have also been identified as favorable characteristics 

for construction sites (Gu et al. 2009, Teizer et al. 2008). For the aforementioned reasons, UWB 

seems to be the most suitable positioning system for construction site applications. 
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3.3 APPLICATION OF UWB RTLS IN CONSTRUCTION 

3.3.1 Background 

UWB is an old and new technology at the same time. The first UWB signals were generated 

by Heinrich Hertz in 1887 (Win et al. 2009), and they were first employed by Guglielmo Marconi 

in 1901 to transmit Morse code sequences across the Atlantic Ocean (Nekoogar 2005). However, 

it started to be consistently studied and used only more than fifty years later, in military 

applications. From the 1960s to the 1990s, the use of this technology was performed under U.S. 

government programs, such as highly secure communications (Teizer et al. 2008). The increasing 

interest in commercializing UWB over the past several years led the U.S. Federal Communications 

Commission (FCC) to approve the First Report and Order for commercial use of UWB in 2002. 

The use of this technology is allowed under strict power emission limits for various devices (Breed 

2005). Higher-powered systems still require a specific FCC license to be tested and used. 

Since UWB has become available, many researchers have focused their attention on the 

development and improvement of its characteristics. Some studies that analyze the radio 

propagation of UWB in different environments and conditions can be found in the literature 

(Saleem et al. 2006, Zhang and Brown 2006, MacGougan et al. 2009, Dezfooliyan and Weiner 

2012). Other researchers proposed new filtering models to improve signal propagation by reducing 

multipath effects (Sun et al. 2009). New and improved pieces of hardware (mostly antennas) were 

also proposed and developed to obtain better performances (Kerkhoff and Ling 2003, Zhang et al. 

2008, Fallahi et al. 2008). When looking at more practical aspects, different applications in 

different areas have been explored over the last 15 years. For example, De Santis et al. (2010) and 

Fujii et al. (2010) studied the interaction between UWB and human body for non-invasive medical 

imaging applications. In the medical field, UWB were also used to measure the quantities that 

characterize human locomotion (Shaban et al. 2010 and El-Nasr et al. 2012). In other studies, 
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UWB was used in ground-penetrating radars (GPR) to detect the presence of buried objects (Park 

et al. 2004) or underground elements (such as soil voids or pipelines) along with their failure status 

(Jaganathan et al. 2010), or to evaluate the status of pavements structure and railroad substructures 

(Lee et al. 2004 and Al-Qadi et al. 2010). In transportation, UWB was tested for efficient train-to-

wayside communication in harsh propagation environments like tunnels (Saghir et al. 2009). In 

the military field, two main applications of UWB have been studied: wireless communication and 

identification. In the first case, UWB is used as radio link to transmit data between the weapons 

and the video display of the soldiers. In the second one, UWB is used to provide identification 

functionalities for the soldiers (Colson and Hoff 2005). 

Despite this wide range of applications, UWB has been mainly used as a positioning 

technology in the implementation of RTLS. UWB is different from all other communication 

techniques because it generates an extremely wide bandwidth that does not interfere with other 

radio technologies and allows to cover large areas. Furthermore, as described in the previous 

section, other advantageous aspects of UWB allow to obtain high levels of accuracy both indoor 

and outdoor. For this reason, its application in mixed indoor and outdoor environments (such as 

construction sites) has been largely explored by the researchers. This section describes the different 

UWB positioning applications in construction. However, the application of UWB to construction 

safety management (which is the most explored one) will be discussed in detail in the next section. 

3.3.2 Resource tracking 

The possibility of quickly and continuously assessing the resource status and the work 

performance on the site is paramount to the successful completion of construction projects. For 

example, the quick identification and localization of materials stored on the site can significantly 

contribute to the cost effectiveness of a project. In a study from 1989, it was shown that poor 



44 

materials management can generate up to 18% loss in labor productivity, leading to unacceptable 

time and cost overruns (Thomas et al. 1989). Although tracking the location of materials on the 

site has always been considered economically prohibitive, the recent advancements in automated 

tracking technologies offer new attractive opportunities to increase the productivity. 

Few research studies have explored the possibility of using UWB for tracking construction 

resources, especially materials. For example, Teizer et al. (2008) used a UWB positioning system 

to track the materials flow, from truck arrival to the final assembly location. In particular, they 

evaluated the system during the steel erection of a three-story building. UWB tags were placed on 

the steel beams as soon as they arrived on the site, so that their location was tracked during the 

entire erection process (from the truck to a temporary laydown yard, to the assembly location). 

The field observations proved the feasibility of the system for this type of applications, offering 

several advantages such as short installation time, high positioning accuracy, and resistance to 

adverse working conditions (e.g. weather, dust). 

Similar results were obtained by Venugopal et al. (2010), who showed the advantages of 

using UWB systems in monitoring equipment and materials in large laydown yards. They 

proposed a theoretical model for real-time asset management and tested a commercially available 

UWB system in terms of positioning accuracy. They also speculated that this system can be 

integrated with other project management software to obtain immediate updates of any changes in 

the field conditions. 

Shahi et al. (2012) proposed the use of UWB for material tracking in indoor construction 

sites and evaluated the performance deterioration of the system over a period of several months as 

the site becomes more congested. The system was tested during the realization of a central service 

core for the distribution of water, air, and gas supplies to some chemical engineering laboratories. 
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The results showed that, as long as direct line-of-sight is maintained, the increasing site congestion 

does not negatively affect the performance of the system. However, when occlusion conditions 

occur, the accuracy of the system deteriorates substantially. In light of these results, they identified 

few recommendations (e.g. error correction method and layout of the receivers) for an optimal 

implementation of such a system on the site. 

These studies showed the feasibility of UWB tracking for asset management, but all the 

authors agree on the fact that a proper automated resource management system should involve the 

entire supply chain, starting from the manufacturers implementing these technologies on their 

products. 

3.3.3 Robot navigation 

The use of intelligent mobile robots in the industry has quickly grown over the last decades. 

To be independent and operate effectively, a robot must be able to recognize the characteristics of 

its working space and move within this space autonomously. Hence, it constantly needs to know 

its accurate location in real time, and the numerous advantages offered by UWB make it one the 

most suitable positioning systems for this task. 

A methodology that integrates UWB RTLS and path planning to improve mobile robots’ 

navigation in dynamic working environments was presented by Cho and Youn (2006). They 

proposed the use of intelligent mobile robots to increase the level of security of construction sites 

during the nonworking hours. Expensive equipment and tools usually remain unattended overnight 

or during the weekends and holidays. Several thefts occur every year on job sites with little 

security, generating unacceptable time and money losses. To date, a typical security force is 

composed of few guards controlling the site area with flashlights and cameras. But when it comes 

to large industrial job sites, this can become a very hard task. The use of remotely controlled robots 
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to patrol the area and communicate any detected anomalies to the security personnel seems to be 

an effective aid to keep the site secure. 

In a follow-up study, Cho et al. (2008) equipped a robot with ultrasonic and infrared sensors 

to evaluate obstacles distance, a human motion sensor to detect human presence, and a UWB tag 

to obtain location information data. They also developed a path planning algorithm capable to 

navigate the robot in a complex environment along the shortest path. The tests showed that UWB 

is able to provide sufficiently accurate location information to navigate the robot. The software 

components (robot control and UWB position tracking) were developed in a way that allows to 

easily imbed them into standard CAD programs. This way, there is no need to generate a new 

graphical user interface when the system is applied to a different environment, but the already 

existing 2D or 3D CAD drawings can be used. 

3.3.4 Emergency response 

Good radio penetration through structures, rapid setup of a stand-alone system, tolerance 

of high levels of reflection, and high accuracy are the main requirements for technologies applied 

to large buildings emergency response plans. Location estimations should be in 3D, with an 

accuracy higher than 1 meter (Ingram et al. 2004). It is also very important to guarantee the safety 

of rescuers by improving their orientation. For all these reasons, UWB seems to be a very 

promising solution in emergency response. 

A typical example of extremely hazardous construction activity are underground mining 

operations, due to the poor ventilation and visibility, the presence of toxic gas, and the danger of 

rock falls. In emergency situations, the existence of a reliable wireless communication network 

becomes extremely important for survival and rescuing operations. The most used localization 

techniques in mining environments are based on the manual reporting of workers’ location. In a 
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recent study, Chehri et al. (2009) proposed an UWB-based solution for automatic and continuous 

localization of equipment and workers in underground mines. They analyzed the UWB channel 

characterization and evaluated different positioning algorithms in order to determine the most 

appropriate for mining applications. Although the authors indicate that several issues and research 

challenges still need to be addressed, their study proved the feasibility of UWB for underground 

mining operations. 

Other than underground mines, UWB has also been explored for emergency response 

applications in complex buildings. Rueppel and Stuebbe (2008) developed a solution that supports 

rescuers in finding the shortest ways within large buildings and provide them with important 

spatial information (e.g. locations of fire extinguishers, emergency exits, high voltage panels). 

They integrated UWB, RFID, WLAN, and a Building Information Model (BIM) to provide this 

type of information. The rescuers will use a mobile device (PDA or other mobile computer) 

equipped with a navigation integration platform that combines CAD building plans, routing maps, 

and information about the building elements. It monitors the positions of the rescuers and identifies 

the optimal organization of rescuing operations, generating routing networks for navigation. The 

system was successfully tested in a small controlled environment, and seems to be applicable to 

larger and more complex buildings. 

 

3.4 RTLS-BASED SAFETY SYSTEMS FOR CONSTRUCTION SITES 

In recent years, a number of studies suggested the use of automated Real-Time Locating 

Systems for safety management on construction sites. These models can become very helpful in 

situations where the standard security procedures and PPE fail. In the area of automated real-time 

safety management, the reactive and proactive approaches are differentiated (Teizer et al. 2010). 

Reactive approaches collect data in real time, but require a post data processing to convert these 
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data into useful information. On the contrary, proactive approaches collect and analyze data in real 

time, in order to be able to alert workers of the dangers occurring in that moment. The RTLS-based 

safety systems presented in this section are all based on the proactive approach. They are organized 

into two groups, based on the type of positioning system used. The second group includes UWB-

based systems, which are the focus of this thesis, while the first one summarizes all the other 

positioning systems. 

3.4.1 Safety systems using GPS, RFID, IR, US 

One of the first studies that introduced the use of positioning systems for construction 

safety applications goes back to 2005, when Abderrahim et al. (2005) developed a prototype safety 

helmet equipped with a GPS receiver, a micro camera, headphones, and a microphone. All these 

elements transmit their information to a general user interface, where the site supervisor can 

monitor the position of the workers on the site, see what they see, and communicate with them in 

case of emergency situations. The authors concluded that the complexity of the helmet and the 

limitations deriving from the use of GPS made this system not applicable to real site operations. 

However, this study has opened the way to the application of positioning systems in construction 

safety management. 

In another work, Riaz et al. (2006) proposed a conceptual model that can be used to avoid 

possible collisions between equipment and workers, by monitoring the position of the workers that 

stand in close proximity to a working machine. The model relies on GPS for tracking purposes, 

and potential accidents are detected when a worker gets too close to the equipment. Due to the 

limitations of GPS in construction environments, in a more recent study Riaz et al. (2012) proposed 

the use of RFID for the implementation of the system. Each worker is provided with an RFID tag, 

while an RFID reader (connected to a portable device) is installed in the cabin of the equipment. 
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The reader detects the presence of the tags within its operational range and identifies whether a 

specific worker is allowed to stay in close proximity to the equipment, based on his/her tasks and 

his/her training status (this type of information is stored in the RFID tag). If the worker is in an 

unauthorized location, a warning message is sent to the site supervisor. A system prototype was 

successfully tested on a small excavator, showing the capability of the reader to work effectively 

in the presence of noise and vibration. 

In a similar way, Teizer et al. (2010) implemented an RF-based safety system to determine 

when two or more construction resources are in too close proximity. Workers and equipment are 

provided with protection units. The equipment protection unit (EPU) transmits a signal in a radial 

manner, losing strength as it gets farther from the antenna. The personal protection unit (PPU) 

intercepts the signal at a user-adjustable distance (safety distance) and when this occurs, it returns 

the signal to the EPU so that both units can trigger their internal alarm. Several field tests were 

performed to evaluate the functionality of the system by measuring the distance between the 

worker and the equipment after they came to a complete stop. In all the trials, a distance of at least 

10 meters was measured (including the distance for reaction and breaking), but no indications 

about the parameters used to set the protection units are given. In a follow-up study, the system 

was tested in a long-term construction site (a large coal power plant), where various protection 

units were installed on ground workers and equipment. During the test period, 200 alerts were 

activated and the measured distances ranged between 2.8 and 62.5 meters, indicating a large 

variability in the effectiveness of the system (Marks and Teizer 2013). 

The same principle of proximity detection was adopted by Lee et al. (2009), who developed 

a safety monitoring system to prevent fall accidents. They integrated infrared (IR) and ultrasound 

(US) technologies into a mobile sensing device to be installed on the edge of a danger zone. When 
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a worker approaches the device, the IR sensor reveals the presence of body heat (to distinguish 

people from objects), while the US sensor measures the distance between the approaching worker 

and the hazard. The information is then transferred to a software to inform the safety manager of 

the hazardous situation. The system was tested in a small construction site and allowed 2-3 seconds 

delayed warnings on the computer screen of the site office. 

In a different type of safety model, the safe/unsafe status of workers on the site is controlled 

from a remote platform (computer), which automatically compares the workers’ positions with the 

location of some predefined danger zones. A conceptual safety model was presented by Ding et 

al. (2013) for underground constructions applications. The proposed system integrates a Fiber 

Bragg Grating (FBG) smart sensor technology and an RFID tracking technology. Smart sensors 

are used to evaluate the safety status of the underground elements (specifically the frost heave of 

the soil), while RFID tags are installed on workers’ safety hats to allow the site supervisor to 

monitor their location on the site. Although the RFID system was installed on a small portion of a 

real underground site to show its applicability, the main focus of the experiments was on the 

evaluation of the FBG sensor technology. 

Similarly, Lee et al. (2012) developed an RTLS-based system (without specifying which 

positioning system was used) that allows the site supervisor to manually activate a warning signal 

when a worker is approaching a danger zone. The workers’ positions are monitored in real time 

and their coordinates are visually compared to those of the danger zones. If an overlap is identified, 

an alarm is issued. Different alarm signals are associated to different types of hazard (e.g. falls, 

electric shock, collision, fire), and the degree of risk is also visualized through five different colors 

(from red – highest risk, to blue – lowest risk). Two case studies were conducted to evaluate the 
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system, but the purpose of the experiments was to test the performance of the positioning 

technology. 

3.4.2 Safety systems using UWB 

As discussed in section 3.2.4, due to its favourable characteristics, UWB seems to be the 

most suitable positioning system for construction safety applications. Few studies are presented in 

the literature, all based on the automatic control of workers’ position from a remote platform. One 

of the first works to introduce UWB in construction safety was presented by Teizer et al. (2007), 

who proposed a conceptual model for the real-time detection of hazardous situations. The model 

is based on the positioning tracking of construction workers within the site and would include an 

obstacle avoidance algorithm that issues an alarm when a worker enters a predefined danger zone 

or when two tags get too close to each other. 

A similar model was implemented by Zhang et al. (2012) and Hammad et al. (2012), who 

proposed the use of UWB tags not only for tracking the workers, but also to define the danger 

zones on the site. The coordinates of these tags are imported into a BIM model that generates 

virtual fences around the danger zones. The workers are provided with tags to monitor their 

movements and virtual safety boundaries are created around them. When a virtual safety boundary 

intersects a virtual fence, an alarm is sent to the worker. However, no indication about the 

dimensions of the virtual safety boundary is given. Even though the proposed model was not tested, 

two case examples show how a similar detection system can be used for both collisions and falls 

prevention. 

Another algorithm for detecting hazards approach was developed by Giretti et al. (2009). 

In their model, danger zones are surrounded by warning strips, and workers’ locations are tracked 

in real time through a UWB RTLS. The algorithm first checks whether a worker has already 
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entered a warning strip. If this is the case, the new location estimations are compared to the 

previous ones and an alarm is sent if it is revealed that the worker is moving towards the danger 

zone. The model was tested in a laboratory environment, where a rectangular danger zone was 

defined. The dimension of the warning strip was set based on rough estimations and repetitive 

trials, and the speed of the workers was assumed to be constantly equal to 0.5 m/s. The results of 

the experiments showed the capability of the model to detect hazardous situations, with only few 

cases in which the alarm failed to go off. In a follow-up study, the model was also tested in a real 

construction site, to prevent the workers from accessing an area with high level of overhead 

hazards (Carbonari et al. 2011). The results of the experiments showed that the capability of the 

system to identify hazards is affected by the time required by the UWB RTLS to update the 

locations of the workers, which was not considered in the experiments. 

 A different safety application of UWB real-time tracking was proposed by Hwang (2012), 

who used UWB to monitor tower crane movements in real time and prevent potential collisions. 

Cranes’ possible movements are modeled based on their axial rotation, and an algorithm was 

developed to predict the future positions of the booms of two adjacent cranes. The cranes’ 

movements are monitored in real time and potential collisions are detected when the distance 

between the two booms becomes smaller than a defined safety distance. A visualization tool to 

visually monitor the cranes’ movements was also developed. The functionality of the system was 

evaluated in a laboratory environment, through the use of two small tower crane models, proving 

the feasibility of integrating the proposed approach with tracking systems to increase the safety in 

tower cranes operations. 

All the described safety management systems apply proactive approaches in risk 

identification and accident prevention. As discussed earlier, these approaches collect and analyze 
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data in real time in order to alert workers of the potential dangers occurring in that moment. Table 

3.1 summarizes the main characteristics of the systems presented in the literature. Overall, these 

studies have shown that the application of Real-Time Locating Systems for safety management on 

construction sites has strong potentials. However, several additional aspects still need to be 

investigated and analyzed in order to implement a reliable system that can be applied to real 

construction sites. 
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Table 3.1. Overview of the proposed RTLS-based site safety systems 

 Overview Type of RTLS 

Type of accident Type of control Visualization tool Tests location 

Danger 
approach 

Collision Remote Direct Proposed Implemented Lab Site 

Riaz et al. 2006 ▂ GPS x  x      

Ding et al. 2013 ▂ RFID x  x  x    

Teizer et al. 2007 ▂ UWB x  x  x    

Abderrahim et al. 2005 ▂ GPS x  x  x    

Riaz et al. 2012 ▂ ▃ RFID x   x     

Zhang et al. 2012 ▂ ▃ UWB x x x   x   

Hammad et al. 2012 ▂ ▃ UWB x x x   x   

Lee et al. 2012 ▂ ▃ Not specified x  x   x   

Giretti et al. 2009 ▂ ▃ ▅ UWB x  x   x x  

Carbonari et al. 2011 ▂ ▃ ▅ UWB x  x   x x x 

Hwang 2012 ▂ ▃ ▅ UWB  x x   x x  

Teizer et al. 2010 ▂ ▃ ▅ RF-based  x  x   x x 

Marks and Teizer 2013 ▂ ▃ ▅ RF-based  x  x    x 

Lee et al. 2009 ▂ ▃ ▅ IR+US x   x   x x 

▂ Conceptual model 

▃ Model implemented 

▅ Model tested 
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3.5 SUMMARY AND CONCLUSIONS 

Different real-time positioning systems are available for tracking purposes, each of them 

presenting advantages and disadvantages. The particular conditions that can be typically found in 

construction sites, make some of these systems not suitable for this specific environment. To date, 

RFID and UWB represent the most valid alternatives. Even though both systems allow to 

accurately estimate the location of the tracked resources, the ultrashort pulses used by UWB allow 

to filter the correct signal from the reflected ones, making this system immune to multipath effects. 

In addition, UWB offers larger coverage range and high penetration ability, rendering it the most 

suitable option for construction site applications. 

Different studies have in fact proposed and tested UWB for positioning applications in 

construction, especially for the implementation of RTLS-based site safety systems. The results of 

these studies have proved the feasibility of using UWB positioning in construction, showing that 

a very high level of accuracy can be obtained in environments similar to construction sites. These 

studies were mostly conducted in static conditions. Only two of them assessed the dynamic 

accuracy of UWB in construction. In one study, the speed parameter was not considered (Cheng 

et al. 2011), while in the second one only three (very low) speeds were tested (Maalek and 

Sadeghpour 2016). The speed of a resource is an important aspect to consider in site safety 

applications, since workers are moving within the site and unsafe situations are detected when 

workers enter an unsafe location. 

Few UWB-based safety systems are described in the literature. Interesting conceptual 

models based on the remote monitoring of the workers’ locations on the site have been presented 

by the researchers. Some of these models have not been implemented, while some others actually 

integrated an existing UWB RTLS with a computer platform that is capable to acquire the provided 

location estimations and convert them into useful information for the safety control of the site. 
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However, only two studies tested the proposed system. One of them was specifically developed to 

avoid collisions between two adjacent tower cranes during loading operations, hence the only 

monitored parameter was the distance between the two tags placed on the cranes’ booms (Hwang 

2012). The second study presented a system to detect unsafe situations on the site, when workers 

approach a predefined danger zone (Giretti et al. 2009 and Carbonari et al. 2011). A safety 

boundary was defined around the danger zone, but its dimension was set to a constant value that 

was defined based on the results of repetitive trials. Therefore, the real tracking performances of 

the UWB RTLS were not considered in the tests. 

In this thesis, a UWB-based Site Safety Monitoring System for the real-time monitoring of 

workers’ positions on the site is developed based on the actual tracking performances of a UWB 

RTLS. These were first evaluated through experiments that aimed at identifying the accuracy of 

the system in dynamic conditions, along with the time latency that also affects the positioning 

tracking.  



 

57 

CHAPTER 4: ACCURACY ASSESSMENT OF THE UWB RTLS 
IN DYNAMIC CONDITIONS 

4.1 VIRTUAL SAFETY BOUNDARY FOR RTLS 

The objective of this study is to develop a Site Safety Monitoring System that detects when 

construction workers are in an unsafe location. It uses the information provided by a UWB RTLS, 

which continuously estimates the position of workers on the site. An unsafe situation is detected 

when a Virtual Safety Boundary (VSB), which is a circular area defined around each worker, 

overlaps a danger zone that is defined on the site (Figure 4.1). This is a restricted area that workers 

should not enter for safety reasons. The dimension of the VSB around each worker plays an 

important role in the functionality of the proposed Site Safety Monitoring System, because it 

determines the detection of an unsafe situation. If the VSB is too small, the unsafe situation would 

be detected too late. On the other hand, a large VSB can lead to frequent false alarms. The 

dimension of the VSB depends on a number of factors such as type of activity conducted, moving 

speed of the object, and location estimation accuracy of the positioning system used for the 

tracking (Esmaeilnejad and Sadeghpour 2014). 

 

Figure 4.1. Schematic for an unsafe situation 

 

A VSB, as related to this study, is composed of three (3) main parts (Figure 4.2): 1) the 

size of the resource R, represented by the radius of the circle circumscribing the resource (worker’s 

body in this case); 2) the positioning error of the RTLS ε, referred to as system error, which is 
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composed by the location estimation error εLE, and the displacement dTL resulting from the time 

latency of the UWB RTLS; 3) a safety margin S, which is a buffer zone considered around the 

worker that allows to safely conduct a task, and varies depending on the type of activity that is 

conducted. In addition, when a perception-reaction time is relevant, the displacement dPR of the 

resource as a result of perception-reaction time should be added to this boundary. In particular, 

this component should be considered if the detected unsafe situation is communicated directly to 

the worker in danger. However, as discussed in Chapter 1, the objective of this study is related to 

the detection of the unsafe situation, and issues related to its communication are out of the scope 

of this work.  

 

Figure 4.2. Components of the Virtual Safety Boundary 

 

One of the aforementioned components of a VSB, the system error ε, is related to the 

accuracy of the location estimations of the UWB in positioning the workers. As discussed in 

Chapter 3, comprehensive results on the accuracy of UWB when tracking dynamic (moving) 

resources in construction sites are not available in the literature. This chapter presents the 

experiments conducted to assess the accuracy of the UWB RTLS in estimating the location of 
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dynamic resources, and more specifically workers moving on the site. The results of the 

experiments are used for defining the system error to consider for the VSB to assign to the workers. 

Specifically, the two components of the system error, location estimation error εLE and 

displacement dTL due to the time latency, are evaluated separately. Although these two components 

will be again combined in the calculation of the VSB, this choice was made to better understand 

the behavior of the UWB RTLS, and evaluate the impact of the different sources of error that affect 

the positioning accuracy of the system. 

 

4.2 EXPERIMENT DESIGN AND SETUP 

To assess the accuracy of the UWB RTLS in tracking dynamic objects, experiments were 

designed in which the location estimations provided by the system were compared to the 

corresponding points on the actual trajectory of a moving tag. These will be referred to as estimated 

locations and true locations respectively. Since this study is focusing on tracking the location of 

workers, the speeds used in the experiments are in the range of the human walking speed (0.5 to 8 

km/h). An Anorad table was used to move the UWB tag in a controlled manner. The actual location 

of the Anorad table was surveyed with a total station; therefore, the actual coordinates (true 

locations) of all the points on the trajectory followed by the tag can be calculated. 

4.2.1 UWB RTLS configuration 

The UWB Real-Time Locating System used in this study is manufactured by Ubisense 

(Ubisense 2016). The system included the following components: 

- Eight (8) UWB receivers (or readers) 

- Location estimation platform 

- Timing cables 



 

60 

- Power over Ethernet (POE) switch and Ethernet cables 

- UWB tags 

Figure 4.3 shows a schematic of the configuration of the UWB RTLS used in the experiments. 

 

Figure 4.3. Schematic of the UWB RTLS used in the experiments 

 

In a typical UWB RTLS, the readers receive the signals transmitted by the tags. One of 

them is assigned as “master receiver”, which will have two-way communications with the tags. 

This means that in addition to receiving signals from the tags, it can also send commands to them 

(e.g. activate the sleep mode when they are not moving). The other receivers are considered “slave 

receivers” and can only receive signals from the tags. Receivers are connected to each other by 

timing cables whose function is to enable time synchronization among them. Each receiver is 

connected to a Power over Ethernet (POE) switch through an Ethernet cable. In addition to 

providing power to the receivers, this cable transfers the collected data to the platform to be 

processed for location estimation. When the system is activated, the tags send a UWB pulse to the 

receivers, which collect two types of information from the received signal: AOA and TDOA (refer 

to Section 3.1.1 for more detail). As a result, the system can estimate the location of the tags 
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through two different methods (AOA and TDOA), achieving a higher level of accuracy (Muñoz 

et al., 2009). The receivers acquire the signal and transfer the data to the platform, which estimates 

the location of the tag and generates a log file, where the location estimations are saved and made 

available to the user. Each row of the log file represents a single acquisition (i.e. leading to a single 

location estimation) that, among other information, contains date, time stamp, tag ID, and 

estimated x, y, z coordinates of the tags at the time of the acquisition (Figure 4.4). 

 

Figure 4.4. Example of a log file 

 

4.2.2 Experiment environment 

The experiments were conducted in the Concrete Laboratory of the Civil Engineering 

Department at the University of Calgary (Figure 4.5). This working environment was selected due 

to the similarity of its conditions to the conditions that can be typically found in a construction 

site, such as the presence of concrete blocks, steel profiles, and wooden materials, as well as small 

construction equipment (forklift, lift, overhead traveling crane). Construction sites are very 

dynamic environments, where things can vary continuously and randomly. Although it is not 

possible to recreate the random conditions of an actual construction site, the Concrete Laboratory 

represents a setup where similar things can happen. The area of the laboratory where the 
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experiments were conducted is 30×11 m2, and is monitored by eight (8) UWB receivers installed 

along the edges of the lab, at a height of approximately 5.30 m from the floor. The geometric 

configuration of the receivers is shown in Figure 4.6. The local coordinates of the receivers, 

measured with a total station during their installation, are given in Table 4.1. The location of reader 

G was selected as the origin (0, 0) of the local coordinate system. 

 

Figure 4.5. Experiment environment 

 

 

Figure 4.6. Layout of the experiment environment 
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Table 4.1. Local coordinates of the UWB receivers used in the experiments 

Coordinate 
component 

Reader 

A B C D E F G H 

x [m] 23.95 29.84 17.94 29.62 11.93 5.97 0.00 0.00 

y [m] -0.05 0.03 9.82 9.79 0.00 9.87 0.00 9.90 

z [m] 5.30 5.34 5.31 5.31 5.32 5.34 5.30 5.30 

 

4.2.3 Experiment instrumentation 

An Anorad table was used to precisely control the movements of the UWB tag. An Anorad 

table is a structure with a moving belt, which allows to move a metal plate between the two ends 

of the table (Figure 4.7). The movement of the plate is precisely controlled by a computer platform 

through a dedicated software (ACS Tech 80, Ver. 1.10). The software requires as an input a 

programmable source code that includes the distance, speed, acceleration, and number of rounds 

parameters of the motion of the plate (Figure 4.8). This way, different motions for the plate can be 

simulated along the length of the belt. Since the motion along the path can be precisely defined 

through the program, the actual location (x, y, z) of the plate at any given time can be calculated. 

 

Figure 4.7. Anorad table 
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Figure 4.8. Screenshot of the source code controlling the Anorad table 

 

4.2.4 Experiment setup 

To conduct the experiments, the UWB tag was positioned at the center of the metal plate 

and moved along the length of the Anorad table. The estimated locations provided by the UWB 

RTLS were then compared with the true locations at the time of acquisition. The complete 

movement starting from one end of the table and finishing at the same end is referred to as round. 

Ubisense allows to select the frequency of acquisition of the location estimations among 12 

different rates, ranging from one update every 0.108 seconds to one update every 221 seconds and 

increasing by a factor of two (2). However, for update intervals smaller than 0.432 seconds, the 

system is not able to process all the signals coming from the tags, providing a log file in which 

some of the location estimations are missing. Therefore, the frequency of acquisition was set to 

one acquisition every 0.432 seconds (i.e. 2.3 Hz) for the experiments. Before starting every run, 
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about 1,000 location estimations were also collected in static mode at the beginning of the motion 

trajectory (shown as x in Figure 4.6), in order to help identifying the beginning and end of the run. 

These static location estimations were also used to compare the accuracy of the system in static 

and dynamic mode under the same conditions. In order to calculate the true locations along the 

motion trajectory, the coordinates of the four corners of the table were accurately measured with 

a total station (Leica TCR803, with accuracy of 2 mm ± 2 ppm). In addition, the coordinates of 

the center of the plate, when it was positioned at the two end points of the motion trajectory (length 

of 1.80 meters), were measured (refer to Figure 4.6). As a result, the true locations of all the points 

of the trajectory followed by the tag can be calculated. The setup of the experiment is shown in 

Figure 4.9. 

 

 

Figure 4.9. Experiment setup 
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Since one of the objectives of this experiment was to assess the impact of speed on the 

accuracy of the system when tracking a moving object, the experiment was conducted with 

different speeds to measure the effect of speed on the accuracy of the system. Specifically, 14 

different speeds were tested in the range 0.5 to 8 km/h, with increments of 0.15 m/s (0.54 km/h). 

For every speed (run), the experiment was continued until about 1,000 location estimations were 

collected. This yielded to a different number of rounds for every speed, in order to acquire 

approximately the same number of data points at all the speeds. The information pertaining to data 

collection for each speed are summarized in Table 4.2. 

 

Table 4.2. Information pertaining to data collection for the experiments 

Run 
# 

Speed Distance to 
reach the 
speed [m] 

# of rounds 
# of readings 

[km/h] [m/s] Scenario 1 Scenario 2 

1 0.54 0.15 0.0008 6 997 996 

2 1.08 0.30 0.0030 11 918 915 

3 1.62 0.45 0.0068 17 949 948 

4 2.16 0.60 0.0120 22 936 931 

5 2.70 0.75 0.0188 26 929 924 

6 3.24 0.90 0.0270 32 924 919 

7 3.78 1.05 0.0368 37 927 927 

8 4.32 1.20 0.0480 42 941 929 

9 4.86 1.35 0.0608 46 929 930 

10 5.40 1.50 0.0750 50 931 925 

11 5.94 1.65 0.0908 54 922 926 

12 6.48 1.80 0.1080 55 919 918 

13 7.02 1.95 0.1268 58 917 917 

14 7.56 2.10 0.1470 61 925 922 
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For each experiment, the acceleration of the plate movement was set to the maximum value 

of 15 m/s2. This allowed to reach the desired speed in the shortest time and keep the speed constant 

during the largest portion of movement along the path. As it can be seen from Table 4.2, the 

distance required by the plate to accelerate to the selected speed ranges between 1 millimeter (at 

the lowest speed) to 14.7 centimeters (at the highest speed). Since these distances are considerably 

smaller than the total length of the table and the acceleration of the plate was constant, the 

coordinates of the true locations were calculated considering an average constant speed during the 

acceleration phase. For example, for a speed of 1.62 km/h, an average constant speed of 0.81 km/h 

was considered for 0.0068 meters at the two ends of the table (acceleration and deceleration). 

Figure 4.10 shows a comparison between the “constant speed” and “constant acceleration” curves 

in the segment in which the acceleration (or deceleration) phase occurs for the highest considered 

speed, where the assumption of constant speed generates the largest error (worst case scenario). 

As it can be seen from the figure, the maximum error that can be generated by the “constant speed” 

approximation is 3.7 centimeters. 

 

Figure 4.10. Comparison between constant speed and constant acceleration during the 

acceleration (or deceleration) phase 
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From the same figure, it can also be noted that the time required by the tag to reach the 

highest speed considered in the experiment is 0.14 seconds. This translates into 0.28 seconds of 

acceleration and deceleration phases combined at each end of the table for every round. Therefore, 

at the frequency used in the calculation of the true locations, only two (2) locations per round can 

be found in the segment where the tag is accelerating or decelerating. Since 61 rounds were 

considered for the highest speed, this translates into a maximum of 122 points affected by the error 

generated by the “constant speed” approximation. This means that maximum 13% of the total 

number of true locations considered for that speed can be affected by a maximum error of 3.7 

centimeters. However, it is reasonable to assume that there will not be an estimated location in the 

acceleration and deceleration segment at every round, and the error associated to the “constant 

speed” approximation can be smaller than 3.7 centimeters. In addition, these numbers represent 

the worst case scenario (highest speed) considered in the experiment. The lower the speed, the 

smaller the number of true locations that are affected by the error, which will also be smaller. 

Therefore, due to the low number of true locations affected by this type of error and to the 

magnitude of the error, it can be concluded that this approximation does not impact the positioning 

error measured on the total number of locations estimated in the experiment.  

The experiment was repeated under two (2) different scenarios to examine whether the 

specific orientation of the motion trajectory affects the accuracy of the system (refer to Table 4.2). 

In the first scenario, the table was oriented parallel to the x-axis of the local coordinate system, so 

that the velocity of the tag had only one component along this axis. This way, the effects of the 

speed on the accuracy of the system could be evaluated by comparing the results in the two 

perpendicular directions. In the second scenario, the table was oriented with an angle of 

approximately 28º with respect to the x-axis, in order to have speed components along both axes 



 

69 

(Figure 4.11). This angle was selected between 0º and 45º, so that the speed components were 

different along the two axes. Based on the geometric configuration of the UWB receivers, similar 

results are expected for angles between 45º and 90º, if the local coordinate system (x, y) was rotated 

of 90º. 

a) 

b) 

Figure 4.11. Experiment configurations: a) Scenario 1,  b) Scenario 2 
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4.2.5 Time synchronization 

When comparing estimated locations and true locations of a dynamic (moving) object, a 

very sensitive aspect that needs to be considered is the time synchronization between the two. In 

other words, every estimated point has to be compared with the corresponding true point at that 

particular time. In order to obtain time matching between estimated and true locations, the 

experiment was recorded with a video camera (Canon SX210 IS). In the video, the moving tag is 

captured in the same frame as the digital clock of the computer that controlled the Anorad table, 

which was previously synchronized with the clock of the computer running the UWB RTLS 

software (refer to Figure 4.9). The synchronization was achieved using a tool that is publically 

available at the US National Institute of Standards and Technology (NIST) website that allows to 

select the specific server that provides the time to a computer (NIST 2016). For this experiment, 

both the computer that controlled the Anorad table and the one that ran the UWB software were 

set to the same server (utcnist2.colorado.edu). 

In processing the results, the video was then slowed down frame by frame in order to 

capture the precise moment when the motion started. This allowed to obtain time matching 

between estimated and true locations. Since the video was recorded with a frame rate of 30 frames 

per second, an accuracy of about 0.03 seconds was achieved in capturing the start of the motion in 

the video. This time was then matched with the closest time stamp saved by the UWB RTLS in 

the log file, assuming that the location estimations provided by the UWB RTLS are equally distant 

over time. As mentioned earlier, the UWB system outputs a new location estimation every 0.432 

seconds, hence this is the maximum accuracy that can be achieved in the time matching process. 

However, this will not impact the results of the accuracy assessment because this uncertainty will 

be taken into consideration in the calculation of the time latency that affects the system, as will be 

explained in the next section. 
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4.3 CONSIDERATIONS ON THE USE OF LOCATION ESTIMATIONS PROVIDED BY 
THE SYSTEM 

4.3.1 Analysis of the collected location estimations 

The location estimations provided by the UWB system in all the runs of the experiment are 

shown in Figure 4.12. As mentioned earlier, a frequency of 2.3 Hz (i.e. one update every 0.432 

seconds) was selected for these experiments. As discussed above, the system used in this study 

plots the location estimations in a log file. The accuracy of the time stamp associated to each 

acquisition is of 1 second. For example, at the selected frequency, the same time stamp is given to 

2 or 3 consecutive acquisitions (refer to Figure 4.4). In other words, the UWB system does not 

differentiate between these readings in terms of time, since a more accurate time stamp is not 

available. However, in order to analyze the results, a more accurate time stamp is required. Since 

the estimated locations are plotted in the log file with an even rate, one assumption that can be 

made is that all the location estimations are equally spaced in time (of 0.432 seconds). However, 

if the estimated locations are plotted under this assumption, it can be seen that they are grouped 

into clusters of points (Figure 4.12). 
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Figure 4.12. Estimated locations (x-coordinate) in Scenario 1 assuming even acquisition rate: 

a) v = 0.54 km/h,  b) v = 1.08 km/h,  c) v = 1.62 km/h,  d) v = 2.16 km/h, 

e) v = 2.70 km/h,  f) v = 3.24 km/h,  g) v = 3.78 km/h,  h) v = 4.32 km/h 

a) b) 

c) d) 

e) f) 

g) h) 
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Figure 4.11 cont’d. Estimated locations (x-coordinate) in Scenario 1 assuming even acquisition 

rate: i) v = 4.86 km/h,  j) v = 5.40 km/h,  k) v = 5.94 km/h, 

l) v = 6.48 km/h,  m) v = 7.02 km/h,  n) v = 7.56 km/h 

 

i) j) 

k) l) 

m) n) 
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Experiments conducted in an earlier study, in the same laboratory environment and under 

the same geometric configuration of the readers, showed that the accuracy of the UWB system 

does not vary in different locations of the laboratory, within the area covered by the readers 

(Maalek 2013). In addition, in the experiment conducted in this study, the speed of the tag was 

constant during every run. Therefore, the clusters of location estimations showed in Figure 4.12 

suggest that the frequency of acquisition of the consecutive locations of the tag is not always the 

same. Since the estimated locations are plotted in the log file at the frequency set by the user for 

the acquisition (one every 0.432 seconds), in this case it can be speculated that there is a 

discrepancy between UWB acquisition rate and output rate. In other words, although the 

consecutive locations of the tag are not acquired with an even rate, the results are plotted in the log 

file with a constant frequency, which can be misleading. 

To understand the real behavior of the UWB RTLS, the estimated locations were then 

plotted according to the time stamp reported on the log file. Figure 4.13 shows the x-coordinate of 

the estimated locations of the tag versus the time stamp for every run (i.e. all the 14 speeds). On 

the same figure, the actual trajectory followed by the tag is also plotted to enable comparison 

between true and estimated locations. The acceleration and deceleration of the tag are not shown 

in the figure. However, as explained in Section 4.2.4, they were considered in the calculation of 

the true locations. As it can be seen from the figure, in every run, the clusters of estimated locations 

(blue dots) include 2 to 3 seconds of acquisition, with the exception of the first run, where the 

clusters of acquisition are 6 to 7 seconds long. As mentioned, based on the results of previous 

experiments, the location estimation error is expected to be the same in all the points of the 

trajectory followed by the tag. Therefore, since the speed of the tag was constant, the hypothesis 

of non constant acquisition frequency is confirmed by the trend that the location estimations show 
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in Figure 4.13. This means that, although the location estimations were plotted in the log file at the 

frequency selected for the experiment, they were not acquired with the same frequency. This 

suggests that the signals transmitted from the tag to the readers are acquired faster than the time 

required by the system to compute and output a location estimation. Therefore, it can be concluded 

that there is a delay (time latency) between the transmission of the signal and the output of the 

location estimation. 
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Figure 4.13. Estimated locations of the moving tag (x-coordinate) without the assumption of 

even acquisition rate: a) v = 0.54 km/h,  b) v = 1.08 km/h,  c) v = 1.62 km/h 

a) 

b) 

c) 
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Figure 4.12 cont’d. Estimated locations of the moving tag (x-coordinate) without the assumption 

of even acquisition rate: d) v = 2.16 km/h,  e) v = 2.70 km/h,  f) v = 3.24 km/h 

d) 

e) 

f) 
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Figure 4.12 cont’d. Estimated locations of the moving tag (x-coordinate) without the assumption 

of even acquisition rate: g) v = 3.78 km/h,  h) v = 4.32 km/h  i) v = 4.86 km/h 

g) 

h) 

i) 
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Figure 4.12 cont’d. Estimated locations of the moving tag (x-coordinate) without the assumption 

of even acquisition rate: j) v = 5.40 km/h,  k) v = 5.94 km/h,  l) v = 6.48 km/h 

j) 

k) 

l) 



 

80 

 
 

Figure 4.12 cont’d. Estimated locations of the moving tag (x-coordinate) without the assumption 

of even acquisition rate: m) v = 7.02 km/h,  n) v = 7.56 km/h 

 

m) 

n) 
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A closer look at Figure 4.13 also reveals that the first point of every cluster is on the actual 

trajectory followed by the tag in the experiment (red line), while the remaining points tend to move 

away from the red line. This trend is true for every cluster of estimated locations. This means that 

the time latency increases during the estimation of the points belonging to the same cluster. Based 

on the observed trend, it appears that the system recovers the delay before acquiring a new cluster 

of signals, and then the same trend is repeated. In order to measure the real positioning accuracy 

of the system, it is important to calculate the value of the time latency. This way, it is possible to 

remove the time latency from the collected data and compare every true location with the correct 

estimated location. 

4.3.2 Calculation of the time latency 

A cross-correlation analysis was used to estimate the time latency of the system. Cross-

correlation is a measure of similarity between two time series, calculated by considering all the 

possible time matches between them. If there is a time latency between two time series (in this 

case true locations and estimated locations), one series is related to past lags of the other one. 

Cross-correlation allows to identify at which specific lag the two series present the best match. It 

consists in shifting one series of one lag at a time, and calculating the correlation coefficient 

between the two series for every considered lag. This process results in a correlation sequence that 

includes the coefficients calculated for every lag. The maximum value of the sequence identifies 

the lag between the two series (Shmaliy 2006). 

The analysis was conducted on both the experimented scenarios using the Matlab function 

xcorr. The series of true locations and estimated locations for all the experimented speeds were 

used as input for the function. The results of cross-correlation are presented in Table 4.3. As it can 

be seen from the table, lags between 3 and 6 were obtained for all the speeds in the two scenarios. 
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These values represent an average value of the time latency affecting the measurements. As 

discussed in the previous section, the time latency increases during the acquisition of the points 

belonging to the same cluster. Therefore, only an average value can be calculated for every speed. 

As a result, if this average value is removed from the estimated locations, there will still be a 

residual time latency for the location estimations. Figure 4.14 shows an example of how the 

estimated locations (blue dots) are adjusted based on the lag obtained from the-cross correlation 

(green dots). It can be seen how a residual time latency still affects the location estimations. This 

is the result of the particular way this UWB system acquires the location estimations, in which the 

time latency increases during the acquisition of consecutive points. Therefore, only an average 

value of the time latency can be removed from the results, while the residual time latency will still 

affect the location estimation error along the direction of the movement. 

 

Table 4.3. Results of cross-correlation for the two considered scenarios at every speed 

Speed 
[km/h] 

0.54 1.08 1.62 2.16 2.70 3.24 3.78 4.32 4.86 5.40 5.94 6.48 7.02 7.56 

Lag 
Scenario 1 

6 4 5 4 4 5 3 4 4 3 4 4 4 3 

Lag 
Scenario 2 

6 4 4 5 4 4 4 3 4 4 4 4 3 3 
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Figure 4.14. Example of average time latency removed from the estimated locations 

 

In order to quantify the latency of the system in terms of time, the average lag for all the 

speeds was calculated for each scenario. An average lag of 4.1 was obtained in Scenario 1. Since 

the UWB RTLS was set to output a new location estimation every 0.432 seconds, it can be assumed 

that the length of each lag is 0.432 seconds. This means that, for 4.1 lags, the average time latency 

for Scenario 1 was 1.77 seconds. Similar results were obtained for Scenario 2, where the average 

lag resulting from cross-correlation was 4.0, translating into 1.73 seconds of time latency. When 

tracking moving objects, the error associated with the time latency of the system becomes relevant, 

because the speed of the object translates into a distance. While in the static case the time latency 

does not add any error to the accuracy of the system, in dynamic conditions the time latency is also 

included, so the overall error is larger. As a result, this delay must be taken into account when 

tracking dynamic resources in real time. 
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4.4 EXPERIMENT RESULTS 

4.4.1 Accuracy measures 

Different measures are available to evaluate the 2D accuracy of a positioning system. The 

most commonly used are error, offset, precision, and Distance Root Mean Squared (DRMS). As 

will be explained below, to calculate offset, precision, and DRMS, several true locations are 

required for each considered estimated location. Therefore, when measuring the accuracy in 

dynamic conditions, only the error can be calculated, since every estimated point is in a different 

(unique) location. As a consequence, the error was used to measure the accuracy of the UWB 

system in the experiments presented in this study. As mentioned earlier, the location estimations 

of about 1,000 static points were also collected before every run, to help identifying the beginning 

of the run. However, since they were available, they were also used to compare the error of the 

system in static and dynamic conditions. In the static case, the other accuracy measures were also 

calculated for the sake of completeness. Below is a brief explanation of the above mentioned 

accuracy measures. 

The error is defined as the distance of a single estimated location (x, y) from the 

corresponding true location (xTRUE, yTRUE) in each direction (x and y): 

∆x = x - xTRUE               (4.1) 

∆y = y - yTRUE               (4.2) 

Therefore, in the dynamic case, the difference between estimated locations and true locations at 

the same time stamp i was taken to define the location estimation error of the system (Figure 4.15). 

The directions along which the two errors were calculated are the x and y directions defined by the 

local coordinate system used by the UWB RTLS. As discussed in Section 4.3.2, the effects of the 

residual time latency are expected to be observed along the direction of the movement. Using the 

same x-y coordinate system in both scenarios allows to evaluate whether these effects are actually 
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related to the specific orientation of the motion, according to the angle between the trajectory and 

x and y directions. If the coordinate system used in Scenario 2 was rotated according to the 

trajectory followed by the tag, it would not be possible to differentiate the results obtained in the 

two scenarios. 

The errors in the two directions (x and y) were also combined to obtain the absolute error 

AE of the system: 

AE = ��xi - xiTRUE�2 + �yi - yiTRUE�2
=�∆xi

2+∆yi
2          (4.3) 

where (xi, yi) are the coordinates of the estimated locations at time i, and (xiTRUE, yiTRUE) are the 

coordinates of the true locations at the same time i. 

 

Figure 4.15. Errors (Δxi and Δyi) and absolute error measures 

 

The offset is the distance between the true location and the mean of the estimated locations: 

offset = ��xTRUE - xMEAN�2 + �yTRUE - yMEAN�2
          (4.4) 

where (xTRUE, yTRUE) are the coordinates of the true location, and (xMEAN, yMEAN) are the mean 

coordinates of the estimated locations. 
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Precision represents the degree to which repeated measurements show the same results, or 

the degree of closeness of measurements to their means, and can be calculated as: 

precision = �∑ �xi  - xMEAN�2n
i=1

n
 + 

∑ �yi  - yMEAN�2n
i=1

n
           (4.5) 

where (xi, yi) are the coordinates of the estimated locations, (xMEAN, yMEAN) are the mean coordinates 

of the estimated locations, and n is the number of readings. 

The Distance Root Mean Squared (DRMS) is a single number that expresses both offset 

and precision. It represents the radius of a circle centered in the true location that encloses 65% of 

the measurements. It can be obtained through the equation: 

DRMS = �∑ �xi  - xTRUE�2n
i=1

n
 + 

∑ �yi - yTRUE�2n
i=1

n
           (4.6) 

where (xi, yi) are the coordinates of the estimated locations, (xTRUE, yTRUE) are the coordinates of the 

true location, and n is the number of readings. Figure 4.16 is a graphical representation of the 

relationship between offset, precision, and DRMS. 

 

Figure 4.16. Relationship between offset, precision, and DRMS 
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4.4.2 Experiment results: dynamic accuracy of the UWB RTLS 

To measure the accuracy of the UWB system in dynamic conditions, the average time 

latency calculated for every speed was first removed from the results. As explained in Section 

4.3.2, the lag between true locations and estimated locations was calculated for every speed (refer 

to Table 4.3). Therefore, at every speed, every true location was compared to the corresponding 

estimated location chosen after considering the number of lags calculated for that speed (i.e. the 

estimated locations were shifted according to that number of lags). This way, it was possible to 

correctly evaluate the actual positioning error of the system. The error between each estimated 

location and its corresponding true location was calculated using Equations 4.1 and 4.2. The 

estimated locations were obtained from the UWB RTLS. The true locations were calculated 

according to the motion parameters of the tag (distance, speed, and acceleration) and the 

acquisition frequency of the UWB RTLS (refer to Section 4.2.4). For each of the 14 speeds, all the 

true locations of the tag, at the time when an estimated location is expected, were identified along 

the established trajectory. For each scenario, the analysis was repeated for all the 14 considered 

speeds along the x and y directions. The histograms of the errors obtained for Scenario 1 are 

presented in Figure 4.17 (Δx) and Figure 4.18 (Δy), and the numerical values of the errors are 

summarized in Table 4.4. 
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Figure 4.17. Histograms of error Δx in Scenario 1  

a) v = 0.54 km/h,  b) v = 1.08 km/h,  c) v = 1.62 km/h 

a) 

b) 

c) 
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Figure 4.15 cont’d. Histograms of error Δx in Scenario 1 

d) v = 2.16 km/h,  e) v = 2.70 km/h,  f) v = 3.24 km/h 

d) 

e) 

f) 
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Figure 4.15 cont’d. Histograms of error Δx in Scenario 1 

g) v = 3.78 km/h,  h) v = 4.32 km/h  i) v = 4.86 km/h 

g) 

h) 

i) 
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Figure 4.15 cont’d. Histograms of error Δx in Scenario 1 

j) v = 5.40 km/h,  k) v = 5.94 km/h,  l) v = 6.48 km/h 

j) 

k) 

l) 
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Figure 4.15 cont’d. Histograms of error Δx in Scenario 1 

m) v = 7.02 km/h,  n) v = 7.56 km/h 

 

m) 

n) 
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Figure 4.18. Histograms of error Δy in Scenario 1  

a) v = 0.54 km/h,  b) v = 1.08 km/h,  c) v = 1.62 km/h 

a) 

b) 

c) 
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Figure 4.16 cont’d. Histograms of error Δy in Scenario 1 

d) v = 2.16 km/h,  e) v = 2.70 km/h,  f) v = 3.24 km/h 

d) 

e) 

f) 
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Figure 4.16 cont’d. Histograms of error Δy in Scenario 1 

g) v = 3.78 km/h,  h) v = 4.32 km/h  i) v = 4.86 km/h 

g) 

h) 

i) 
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Figure 4.16 cont’d. Histograms of error Δy in Scenario 1 

j) v = 5.40 km/h,  k) v = 5.94 km/h,  l) v = 6.48 km/h 

j) 

k) 

l) 
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Figure 4.16 cont’d. Histograms of error Δy in Scenario 1 

m) v = 7.02 km/h,  n) v = 7.56 km/h 

 

m) 

n) 
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Table 4.4. Statistical summary of the errors: Scenario 1 

Speed [km/h] 

Δx [m] Δy [m] 
Sample 

correlation 
coefficient 

Sample 
mean value 

Sample 
standard 
deviation 

Sample 
mean value 

Sample 
standard 
deviation 

0.54 0.023 0.234 -0.024 0.093 -0.039 

1.08 0.012 0.195 0.013 0.073 -0.046 

1.62 0.003 0.245 0.032 0.062 0.013 

2.16 -0.018 0.218 0.031 0.074 0.016 

2.70 0.003 0.225 -0.003 0.078 -0.079 

3.24 -0.005 0.250 -0.004 0.078 -0.027 

3.78 -0.012 0.232 -0.003 0.069 -0.033 

4.32 -0.006 0.193 0.003 0.073 0.051 

4.86 -0.029 0.188 0.004 0.072 -0.048 

5.40 -0.010 0.229 0.002 0.079 0.032 

5.94 -0.016 0.215 0.005 0.076 -0.045 

6.48 -0.009 0.198 0.004 0.070 -0.025 

7.02 -0.001 0.210 0.001 0.079 0.015 

7.56 -0.013 0.213 -0.002 0.084 -0.053 

 

As it can be seen from the figures, the errors in both x and y directions in Scenario 1 are 

normally distributed. The red lines in Figure 4.17 and Figure 4.18 show the probability density 

function of the normal distributions described by the parameters presented in Table 4.4. A 

normality test was conducted to verify that they are actually normally distributed. The details of 

the normality test are reported in Appendix A. At every speed, the errors have approximately zero 

mean, which shows that the location estimations are not affected by a systematic error (unbiased). 

This is aligned with what expected from the results after removing the time latency. Similarly, the 

correlation coefficient between Δx and Δy is close to zero at all the experimented speeds, showing 

that, in Scenario 1, the errors along the two directions are not correlated. Standard deviations 
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ranging between 0.19 and 0.25 meters along x and between 0.06 and 0.09 meters along y were 

measured in all the 14 speeds considered in the experiments (see Table 4.4). 

It is interesting to note that in Scenario 1, the velocity of the tag had only one component 

along the x-direction, thus the errors measured along the y-direction are not speed dependent. This 

means that, although the tag is moving, its true y-coordinate does not change in time. Therefore, 

the effects of the residual time latency (refer to Section 4.3.2) cannot be observed along the y-

direction, and the accuracy is not affected by this type of error. Since the tag is not moving along 

y, the error along the y-direction Δy can be assimilated to that of a static case. Therefore, it can be 

concluded that the positioning accuracy of the UWB system decreases when tracking dynamic 

objects compared to static ones. This is due to the increasing time latency that affects this particular 

UWB system during the acquisition of consecutive points. As discussed in Section 4.3.2, only an 

average time latency could be removed from the results. Hence, a residual time latency still affects 

the apparent along track error. Nevertheless, as it can be seen from the figures, similar errors were 

measured for all the speeds in the experimented speed range (0.5 to 8 km/h). This indicates that, 

in Scenario 1, the accuracy of the UWB system is speed independent, and does not decrease when 

the speed of the object increases. 

In Scenario 2, the Anorad table was rotated with an angle of about 28º with respect to the 

x-axis. As a result, the speed had components along both x and y axes. The histograms of the errors 

measured along x and y are shown in Figure 4.19 and Figure 4.20 respectively, and the numerical 

values of the errors are summarized in Table 4.5. The errors follow a normal distribution with 

approximately zero mean (refer to Appendix A for the normality test). From the results, it can be 

seen how the standard deviations are consistent at all the different speeds in both x and y directions 

(ranging between 0.16 and 0.22 meters along x and between 0.12 and 0.14 meters along y). Similar 
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to what seen in Scenario 1, this confirms that the accuracy of the system does not decrease when 

the speed of the object increases. However, compared to Scenario 1, the standard deviations 

decreased along x, where the speed component is smaller, and increased along y, where the speed 

component is larger. This behavior is also reflected by the correlation coefficients calculated for 

every speed in Scenario 2 (ranging between 0.42 and 0.54), which show a positive correlation 

between Δx and Δy. This is due to the residual time latency that affects the along track error. In 

Scenario 1, 100% of the speed was along the x axis. In Scenario 2, if the speed is decomposed in 

the two components along the main axes, it results that the component along x is about 88% of the 

actual speed (cos(28º) = 0.88), while the one along y is about 47% (sin(28º) = 0.47). These numbers 

reflect the variation of the variances between the two scenarios, and highlight the impact of the 

residual time latency on the error observed along the direction of the movement. If the directions 

of maximum and minimum variances of the errors of Scenario 2 are calculated (based on the 

eigenvectors of the errors), it results that these are the direction of the motion and the one 

orthogonal to it respectively (Table 4.6). In addition, the variances of the errors of Scenario 2 

calculated along these directions reflect the variances of the errors of Scenario 1 calculated along 

x and y. This confirms that the correlation between Δx and Δy is only related to the magnitude of 

the speed components along the two directions, which determines the impact of the residual time 

latency. 
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Figure 4.19. Histograms of error Δx in Scenario 2  

a) v = 0.54 km/h,  b) v = 1.08 km/h,  c) v = 1.62 km/h 

a) 

b) 

c) 
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Figure 4.17 cont’d. Histograms of error Δx in Scenario 2 

d) v = 2.16 km/h,  e) v = 2.70 km/h,  f) v = 3.24 km/h 

d) 

e) 

f) 
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Figure 4.17 cont’d. Histograms of error Δx in Scenario 2 

g) v = 3.78 km/h,  h) v = 4.32 km/h  i) v = 4.86 km/h 

g) 

h) 

i) 
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Figure 4.17 cont’d. Histograms of error Δx in Scenario 2 

j) v = 5.40 km/h,  k) v = 5.94 km/h,  l) v = 6.48 km/h 

j) 

k) 

l) 
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Figure 4.17 cont’d. Histograms of error Δx in Scenario 2 

m) v = 7.02 km/h,  n) v = 7.56 km/h 

 

m) 

n) 
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Figure 4.20. Histograms of error Δy in Scenario 2  

a) v = 0.54 km/h,  b) v = 1.08 km/h,  c) v = 1.62 km/h 

a) 

b) 

c) 
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Figure 4.18 cont’d. Histograms of error Δy in Scenario 2 

d) v = 2.16 km/h,  e) v = 2.70 km/h,  f) v = 3.24 km/h 

d) 

e) 

f) 
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Figure 4.18 cont’d. Histograms of error Δy in Scenario 2 

g) v = 3.78 km/h,  h) v = 4.32 km/h  i) v = 4.86 km/h 

g) 

h) 

i) 
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Figure 4.18 cont’d. Histograms of error Δy in Scenario 2 

j) v = 5.40 km/h,  k) v = 5.94 km/h,  l) v = 6.48 km/h 

j) 

k) 

l) 
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Figure 4.18 cont’d. Histograms of error Δy in Scenario 2 

m) v = 7.02 km/h,  n) v = 7.56 km/h 

 

m) 

n) 
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Table 4.5. Statistical summary of the errors: Scenario 2 

Speed [km/h] 

Δx [m] Δy [m] 
Sample 

correlation 
coefficient 

Sample 
mean value 

Sample 
standard 
deviation 

Sample 
mean value 

Sample 
standard 
deviation 

0.54 0.004 0.159 -0.029 0.125 0.473 

1.08 -0.009 0.186 -0.040 0.132 0.443 

1.62 -0.013 0.200 -0.023 0.136 0.536 

2.16 -0.035 0.217 -0.024 0.144 0.516 

2.70 -0.003 0.191 -0.008 0.124 0.449 

3.24 -0.022 0.197 -0.012 0.128 0.445 

3.78 -0.011 0.184 0.004 0.125 0.351 

4.32 -0.004 0.209 -0.009 0.129 0.542 

4.86 -0.005 0.186 0.007 0.131 0.509 

5.40 -0.011 0.218 0.019 0.125 0.438 

5.94 -0.020 0.196 -0.004 0.130 0.447 

6.48 0.000 0.213 0.017 0.137 0.523 

7.02 0.001 0.195 0.006 0.123 0.417 

7.56 -0.005 0.195 0.007 0.131 0.485 
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Table 4.6. Directions of principal components and corresponding variances of errors: Scenario 2 

Speed [km/h] 
Angle of maximum variance 
(with respect to the x-axis) 

Sample standard deviation [m] 

Main direction Orthogonal direction 

0.54 26º 0.226 0.084 

1.08 29º 0.205 0.077 

1.62 26º 0.235 0.077 

2.16 28º 0.232 0.089 

2.70 29º 0.247 0.063 

3.24 27º 0.243 0.063 

3.78 27º 0.219 0.089 

4.32 28º 0.205 0.077 

4.86 30º 0.202 0.095 

5.40 28º 0.221 0.084 

5.94 25º 0.232 0.095 

6.48 26º 0.207 0.095 

7.02 26º 0.224 0.084 

7.56 28º 0.232 0.077 

 

The errors in the two directions were then combined to calculate the absolute error AE 

according to Equation 4.3. Figure 4.21 shows the average absolute errors for the two scenarios, 

along with the 80% confidence interval calculated for every speed (the negative and positive error 

bars represent the 10th and 90th percentiles respectively). As it can be seen from the figure, there is 

no substantial difference between the two scenarios. This indicates that the specific direction of 

the movement does not affect the accuracy of the system because the effects of the residual time 

latency are balanced between the x and y directions. In addition, it can be noted that, in each 

scenario, the absolute error is consistent at all the experimented speeds, with averages ranging 

between 0.20 and 0.25 meters. This is also confirmed by the Q-Q plots of the absolute errors 
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obtained for different speeds (Figure 4.22), which show that the absolute errors calculated for 

every speed in both scenarios follow the same distribution. 

 

 

 

Figure 4.21. Absolute error for the 14 speeds used in the experiment - mean 

and 80% confidence interval: a) Scenario 1,  b) Scenario 2 
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Figure 4.22. Q-Q plot of the absolute error (examples): 

a) Scenario 1, v = 2.70 km/h and v = 5.40 km/h,  b) Scenario 1, v = 2.70 km/h and v = 7.02 km/h, 

c) Scenario 2, v = 2.16 km/h and v = 3.78 km/h,  d) Scenario 2, v = 2.16 km/h and v = 5.94 km/h 

 

4.4.3 Comparison of the results with static conditions 

As mentioned in Section 4.2.4, the location estimations collected in static conditions were 

used to make a comparison between static and dynamic conditions. About 1,000 location 

estimations were collected before the beginning of each run in both scenarios. Therefore, about 

a) b) 

c) d) 
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27,000 data points were used to measure the accuracy of the system in static conditions. The errors 

along x and y were calculated according to Equations 4.1 and 4.2, and their mean and standard 

deviation are reported in Table 4.7. From the obtained results, it can be seen that the mean of the 

error in both x and y directions is close to zero, showing that the measurements are unbiased in this 

case too. The standard deviations are the same in the two directions (x and y), and indicate that 

about 68% of the estimated locations is within a circle centered in the true location (since the mean 

errors are both zero) and with radius of approximately 7 centimeters. These results are comparable 

with the errors measured in Scenario 1 (dynamic case) along the y-direction, in which the speed 

of the moving object did not have a component. 

 

Table 4.7. Accuracy of the UWB RTLS in static conditions 

Direction 
Error [m] AE [m] Offset 

[m] 
Precision 

[m] 
DRMS 

[m] Mean SD Mean SD 

x 0.005 0.067 
0.079 0.048 0.026 0.077 0.081 

y -0.007 0.068 

 

Although only the error can be used for comparison with the dynamic case, the other 

accuracy measures, namely offset, precision, and DRMS, were also calculated for completeness, 

using Equations 4.4, 4.5, 4.6 respectively. It is interesting to note the larger contribution of the 

precision to the value of the DRMS, compared to the offset. This means that the average of the 

estimated locations (xMEAN, yMEAN) is very close to the true location (xTRUE, yTRUE), but overall the 

estimated locations are quite dispersed around their mean. 
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4.5 FINDINGS AND CONCLUSIONS 

4.5.1 Summary of the findings 

In this chapter, the experiments conducted to assess the accuracy of the UWB RTLS in 

dynamic conditions were presented. It was shown that, when tracking dynamic resources, the 

accuracy of the system is affected by two different types of error: location estimation error εLE and 

displacement due to the time latency dTL. In this study, these two components of the system error 

ε were evaluated separately. The findings of the experiments can be summarized as follows: 

• The location estimation error is not affected by the speed of the tracked object. In both 

scenarios, similar results in terms of error along x Δx, error along y Δy, and absolute 

error AE were obtained for all the 14 speeds considered in the experiments. 

• Based on the two configurations considered in the experiments (Scenario 1 and 

Scenario 2), the location estimation error is not affected by the orientation of the 

movement. No variations were in fact observed in the two scenarios in terms of 

absolute error, with averages ranging between 20 and 25 centimeters at all the 

experimented speeds. It is speculated that similar results would be obtained for any 

considered angle, but more experiments are required to confirm the independence of 

the accuracy from the orientation of the movement. 

• The errors measured along x Δx and along y Δy are both normally distributed with 

approximately zero mean. This shows that the location estimations are not affected by 

a systematic error (unbiased). This was expected after removing the time latency from 

the location estimations. 

• The location estimation error increases when tracking dynamic objects instead of static 

ones. The error measured in the static case and the error measured along the y-direction 
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in Scenario 1 of the dynamic case are very similar (standard deviation of about 7 

centimeters). In this second case, the object was moving but the speed had no 

component along y. Therefore, this case can be considered as a statics case. On the 

contrary, the errors measured along x in Scenario 1 and along both x and y in Scenario 

2 are different, showing that the presence of the speed leads to larger errors. 

• When tracking dynamic objects, the location estimation error increases because of the 

effects of the residual time latency. Although an average time latency was removed 

from the collected data, larger errors were measured in the dynamic case compared to 

the static one. As discussed in Section 4.3.1, the frequency of acquisition of the signals 

transmitted by the tags is different from the frequency of output of the location 

estimations. Since the true locations are generated according to the output frequency 

of the UWB RTLS, it is not possible to perfectly match all the estimated locations and 

true locations in time. This leads to a larger location estimation error in the dynamic 

case. 

• In real-time applications, since the estimated locations are made available by the UWB 

RTLS at the same frequency used to calculate the true locations, a larger location 

estimation error εLE must be considered. In addition, the displacement due to the time 

latency dTL must be calculated, by multiplying the time latency of the system with the 

speed of the moving object. A lag of four (4) acquisitions between estimated locations 

and true locations was measured for the UWB RTLS, which translates into a time 

latency of 1.73 seconds at the frequency selected for the experiments (2.3 Hz). 
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4.5.2 Application and relevance of the findings 

The results of the experiments presented in this chapter will be used in the implementation 

of the proposed Site Safety Monitoring System. Specifically, they allow to define two of the 

components of the Virtual Safety Boundary to assign to the workers: location estimation error εLE 

and displacement due to the time latency dTL (refer to Figure 4.2). 

1. For the first component εLE, the absolute error is considered. Since there is no significant 

variation among the absolute errors measured at different speeds in the two scenarios, 

all the measurements were combined to create one random variable for the absolute 

error and develop the cumulative distribution function (cdf) for it (Figure 4.23). From 

the cdf, the value for the location estimation error can be selected based on the desired 

confidence level. For example, the 95th percentile is considered if a 95% confidence 

level is required. 

 

Figure 4.23. Cumulative distribution functions of the absolute error 
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2. The other component of the VSB that can be calculated with the results of these 

experiments is related to the time latency of the UWB RTLS. The system provides the 

location estimations with a certain time latency, and the tracked object moves during 

this time span. As a result, by the time the location estimation is provided, the object is 

not in the location where it was at the time of the acquisition. The distance that the 

object has moved during this time latency is referred to as displacement due to the time 

latency dTL. This displacement depends on the speed of the moving object. Assuming 

constant speed between two consecutive location estimations, the displacement due to 

the time latency can be obtained from: 

dTL = v · TL             (4.7) 

where v is the speed of the moving object and TL is the time latency of the system. 

Based on the results of the experiments presented in this study, a value of 1.73 seconds 

can be considered as time latency of the UWB RTLS. 

These results (εLE and dTL) will be used in defining the VSB for the proposed Site Safety 

Monitoring System. A detailed description of the proposed system is presented in the following 

chapter.  
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CHAPTER 5: THE DETECTION MODEL 

5.1 A SITE SAFETY MONITORING SYSTEM 

The objective of this study is to develop a Site Safety Monitoring System that identifies 

when a construction worker is in an unsafe location. Typically, the size and complexity of a 

construction site do not allow the site supervisor to always be aware of what is happening in all 

the locations of the site. For this reason, an automated safety system that enables the real-time 

monitoring of the workers’ positions from a digital viewing device (e.g. laptop or tablet) can be 

used as aid to increase safety on construction sites. In this study, an unsafe location is defined as 

being in the proximity of a safety hazard when the conducted task does not require a worker to be 

in that location. Examples of typical unsafe locations are workers in too close proximity to an edge 

with falling hazard, an operating construction equipment, a chemical hazard or harmful substance. 

These locations are referred to as danger zones in this study, and they can be defined within the 

virtual environment of the Detection Model. This adds flexibility to the system, since the danger 

zones can be easily redefined every time the conditions of the site, and consequently the safety 

requirements, change with the progress of the project. In addition, different danger zones can be 

created for different workers, depending on their training and responsibility, in order to restrict 

specific areas to unauthorized workers, but allow others to enter. 

The proposed Site Safety Monitoring System is composed of two main parts: a UWB 

RTLS, which is a readily available product, and a Detection Model, which is developed in this 

study (Figure 5.1). As explained in Chapter 4, the UWB RTLS (composed of receivers, tags, POE 

switch, and location estimation platform) estimates the location of the workers through tags that 

are attached to them (e.g. installed on their safety hat). The Detection Model detects when a worker 

walks into an unsafe location by continuously comparing the locations of the tags with the defined 

danger zones in real time. When an unsafe situation is detected, it can be communicated to the 
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involved parties (e.g. worker, site supervisor, equipment operator) in various forms, such as an 

acoustic alarm or a vibrating device. It should be noted that the identification of an effective way 

of communicating the detected unsafe location is out of the scope of this study. The accuracy 

assessment of the UWB RTLS was presented in Chapter 4. This chapter presents the design and 

implementation of the Detection Model. On the latter part of the chapter, the experiments 

conducted to evaluate the functionality of the model are presented. 

 

Figure 5.1. Overview of the proposed Site Safety Monitoring System 

 

5.2 DETECTION MODEL 

5.2.1 Model design 

The Detection Model developed in this study processes the location information of the tags 

provided by the UWB RTLS, and compares the positions of the workers with the boundaries of 

defined danger zones, to determine whether a worker is in an unsafe location. As discussed in 

Section 4.2.1, the location information of the tags is provided by the UWB RTLS through a log 

file. The Detection Model acquires the log file generated by the UWB RTLS in real time and 

processes the provided information to identify whether the location of a worker is “safe” or 

“unsafe”. The model also provides a graphical visualization of the tags moving within the 
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monitored environment, and can issue a warning in the desired format (e.g. acoustic alarm) when 

an “unsafe” status is detected. Hence, the Detection Model consists of three main modules, each 

related to one of the functionalities described above (Figure 5.2): 1) Information Module, which 

allows the user to input the information required to initiate the project; 2) Analysis Module, which 

analyzes the location estimation and site environmental data, and verifies the safety status of each 

worker; and 3) Visualization Module, which transforms the results of the analysis into visual 

information. The details of each module are discussed below. 

 

Figure 5.2. Schematic of the Detection Model 

 

5.2.1.1 Information Module 

The Information Module acquires the input parameters from the user and passes them to 

the Analysis Module for its functionalities. The required information is either UWB Specifications 

or Project Requirements. The UWB Specifications parameters, which allow integration between 
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the UWB RTLS and the Detection Model, include Tag IDs, Time Latency, Location Estimation 

Error, and Acquisition Frequency of the UWB RTLS. The Project Requirements parameters 

include: Site Boundaries, which defines the boundaries of the monitored environment; Danger 

Zones, which defines the locations and boundaries of the unsafe locations on the site; Object Size, 

which defines the dimension of the objects to be monitored; Safety Margin, which defines a buffer 

zone around the workers that allows them to safely conduct their tasks (this is one of the 

components of the VSB - see Section 4.1); and Reliability Level, which defines the desired level 

of reliability of the model in detecting workers’ unsafe locations. 

5.2.1.2 Analysis Module 

The Analysis Module determines when a worker is in an unsafe location. As shown in 

Figure 5.2, five main functions are implemented in this module. The following explains each 

function into detail. 

Extraction of location estimation. This function reads the log file generated by the UWB 

RTLS and extracts the tag ID and the location information of each tag. The x, y, z coordinates of 

the tags (estimated locations) are extracted every time a new location is estimated by the UWB 

RTLS. 

Calculation of speed. Using consecutive location estimations, this function calculates the 

speed of each tag at the time of the latest location estimation. At first glance, the obvious way to 

calculate the speed would be to assume that it remains constant between two consecutive location 

estimations. The distance between the two location estimations is then divided by the time taken 

to cover that distance. This is assumed to be the inverse of the frequency f set for the acquisition. 

However, as discussed in Section 4.3.1, one challenge of using the current UWB RTLS (Ubisense) 

is that the consecutive locations of the tag are not acquired with a constant rate. Therefore, 
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considering the time as the inverse of the set acquisition frequency is not a realistic assumption, 

and would lead to large errors in the calculation of the speed. 

To overcome this limitation, more than two consecutive acquisitions must be considered. 

Specifically, six consecutive location estimations are considered in the calculation (Figure 5.3). 

As discussed in Section 4.3.1, at the frequency of 2.3 Hz, the location estimations provided by the 

UWB RTLS are grouped into clusters of two or three consecutive readings. Therefore, if six 

consecutive estimated locations are considered for estimating the speed, there are always three 

clusters of points involved in the calculation (Figure 5.3). In this case, to obtain the speed, the sum 

of the distances covered among the latest six location estimations (d) must be divided by the time, 

which can be calculated as five times the inverse of the acquisition frequency. This allows to 

reduce the error generated by the non-even acquisition rate of the UWB RTLS. The speed of the 

tag is then calculated every time a new location estimation is available. However, when 

considering six location estimations, it is assumed that the speed of the object remains constant 

during the acquisition of the six locations, which takes about 2 seconds to be completed. Therefore, 

a change in the speed occurring during these estimations would not be recognized. This limitation 

is due to the particular way the Ubisense UWB RTLS acquires and outputs the estimated locations, 

in which the acquisition rate is not even, and the time stamp provided in the log file has a precision 

of only 1 second. If either the acquisition frequency was constant or the time stamp was known 

with a higher precision, the speed could be calculated using the two latest location estimations, 

and a speed change would be detected more quickly. However, with this particular UWB RTLS, 

the error deriving from the assumption of constant speed during the six latest location estimations 

is smaller than the error that would be observed by considering the two latest location estimations. 
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d0 = ��x� - x1�2 + �y2 - y1�2 + ��x - x2�2 + �y3 - y2�2 + ��x� - x3�2 + �y4 - y3�2 +

         + ��x� - x4�2 + �y5 - y4�2 + ��x� - x5�2 + �y6 - y5�2
         (5.1) 

v0 = 
��
5·f

                (5.2) 

 

Figure 5.3. Calculation of the speed considering six (6) consecutive location estimations 

 

Since the speed of the tag is calculated by taking the ratio of the covered distance to the 

time taken to cover it, the location estimation error of the UWB RTLS should also be included in 

the calculation of the distance d covered among the six location estimations. In particular, the 

location estimation error should be added to the coordinates of each location estimation. Therefore, 

Equations 5.1 and 5.2 can be rewritten as: 

d = ���x2+ex2� - �x1+ex1��2
 + ��y2+ey2� - �y1+ey1��2

 + ���x3+ex3� - �x2+ex2��2
 + ��y3+ey3� - �y2+ey2��2

 + 

���x4+ex4� - �x3+ex3��2
 + ��y4+ey4� - �y3+ey3��2

 +  ���x5+ex5� - �x4+ex4��2
 + ��y5+ey5� - �y4+ey4��2

 + 

���x6+ex6� - �x5+ex5��2
 + ��y6+ey6� - �y5+ey5��2

            (5.3) 

v = 
d 

5·f
                 (5.4) 



 

126 

where, exi and eyi are the Δx and Δy errors associated to (xi, yi), which are described by a probability 

density function. Therefore, the speed calculated by the model at every new location estimation is 

also described by a probability density function. As discussed in Section 4.4.2, the components of 

the location estimation error along the x and y directions (Δx and Δy) are both normally distributed, 

and there is no correlation between the errors measured in the direction of the motion and the one 

orthogonal to it. Therefore, the results obtained in Scenario 1 of the accuracy assessment can be 

used to describe the distribution of the errors in these two directions. As a result, two normal 

distributions with zero mean are used to describe exi and eyi. The standard deviation of each 

distribution is calculated from the variances obtained in Scenario 1 for Δx, adjusted based on the 

direction of the motion: 

σ�exi�= �σ�2 cosα              (5.5) 

σ�eyi�= �σ�2 sinα              (5.6) 

where σx is the standard deviation of the error along the direction of the motion, and α is the angle 

between the x-axis and the direction of the motion. This can be calculated from the latest location 

estimations considered in the calculation of the speed. To reduce the effects of the location 

estimation error, the three (3) latest location estimations (and not only the last two) are considered. 

Assuming that the direction of the motion does not change during the estimation of three 

consecutive locations, a linear regression among them is performed, and the slope of the regression 

line (or regression coefficient) m is used to determine the direction of the motion: 

α = tan��� �               (5.7) 

Calculation of VSB dimension. In this function, the calculated speed, along with Time 

Latency, Location Estimation Error, Acquisition Frequency, Object Size, Safety Margin, and 

Reliability Level is used to calculate the radius of the circular VSB that is assigned to each tag. 
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First, the displacement dTL due the time latency is calculated multiplying the Time Latency TL by 

the speed v, according to Equation 4.7. dTL and Location Estimation Error εLE are then added to 

Object Size R and Safety Margin S to obtain the VSB. From the resulting cumulative distribution 

function, the value of the percentile corresponding to the desired Reliability Level q is selected as 

dimension for the VSB. For every new reading received from the UWB RTLS, the dimension of 

the VSB is adjusted based on the speed of the tag. 

VSB = R + S + dTL + εLE              (5.8) 

VSBq = qth percentile of VSB             (5.9) 

Comparison with danger zones. This function checks whether the VSB of a moving tag 

overlaps with one of the defined danger zones. The overlap is detected when at least one of three 

geometric conditions has occurred (Figure 5.4). Specifically, a circular VSB and a rectangular 

danger zone overlap if: 

1. The center of the VSB circle is inside the danger zone 

�xD < x < xD+wD�  ∧  �yD-hD < y < yD�        (5.10) 

2. The distance between the center of the VSB circle and one vertex of the danger zone is 

smaller than the radius of the VBS circle 

��x - �xD+wD��2 +  �y - yD�2  <  VSB        (5.11) 

3. The distance between the center of the VSB circle and one edge of the danger zone is 

smaller than the radius of the VSB circle 

|x - �xD+wD�| < VSB  ∧  �yD- hD < y < yD�       (5.12) 
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Figure 5.4. Possible overlaps between a circular VSB and a rectangular danger zone 

 

Definition of safety status. This function defines the safety status of a worker based on 

the results obtained from the previous function. A detected overlap indicates that the worker is in 

an unsafe location. In this case, the safety status associated to the tag is changed to “unsafe”, 

otherwise it remains “safe”. 

5.2.1.3 Visualization Module 

The Visualization Module generates a real-time visualization of the monitored 

environment, which includes the defined danger zones, the moving tags (workers), the dynamic 

VSB, and the site boundaries, along with the safety status of each tag (worker). The module 

acquires Site Boundaries and Danger Zones from the Information Module, and location estimation, 

VSB dimension, and safety status from the Analysis Module (see Figure 5.2). The location 

estimation and the safety status are refreshed in the Visualization Module every time a new reading 

is made by the UWB RTLS, and the module updates the location of the moving tags, the VSB 

dimension, and the safety status of the workers in the visualization of the monitored environment 

in real time. 
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5.2.2 Model implementation 

A proof of concept for the described Detection Model was implemented in Matlab. This 

environment was selected due to its ease in interfacing with other programs, implementation of 

algorithms, and visualization of the results. Matlab relies on a proprietary programming language, 

based on procedural programming, which uses a list of instructions to be carried out consecutively. 

This section provides the implementation details of the Detection Model described in the previous 

section. 

5.2.2.1 Data flow of the model 

Figure 5.5 shows the highest level (level 0) of the data flow diagram (DFD) for the 

proposed model. DFDs in general represent the functions performed by a model and the 

interactions between these functions, showing the data transformation and the data flow. Control 

flows are used to represent interactions with the model without any flow of data (Dennis et al. 

2008). The level 0 DFD, also called context diagram, is used to identify the model boundaries and 

the terminators that interact with the model (i.e. any entity that either triggers or receives something 

from the model). The DFD in Figure 5.5 shows the flow of data through the different processes 

used for the implementation of the proposed model at a high level. 

  

Figure 5.5. Level 0 data flow diagram of the Detection Model 
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As it can be seen from the figure, at the highest level, the Detection Model interacts with 

the user (e.g. site supervisor) and the UWB RTLS. The user loads the input parameters into the 

model (data flow) and launches it (control flow), while the UWB RTLS provides the generated 

log file in real time (data flow). The model makes the results of the analysis available to the user 

(data flow) through the visualization of the monitored environment, and an audible signal for 

“unsafe” situations. 

Six processes were defined in the implementation of the proposed Detection Model: 

1.0 Set input parameters 

2.0 Extract tag ID and location estimation 

3.0 Calculate speed 

4.0 Calculate VSB dimension 

5.0 Define safety status 

6.0 Output results 

Figure 5.6 shows the level 1 DFD for the proposed model. At this level, the figure shows 

the details of the six processes needed for the interaction between the model and the terminators. 
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Figure 5.6. Level 1 data flow diagram of the Detection Model 

 

To formally define the implementation of the model, each process is explained by its 

Process Specification (PSPEC), which describes the function of the process and identifies the 

required pre and post conditions. Pre-conditions define what is required to initiate the process, 



 

132 

while post-conditions define what output must be provided by the process (Dennis et al. 2008). 

Below, the description of the six aforementioned processes is presented, while the pre and post 

conditions of each process are listed in Table 5.1. The variables used for each parameter are also 

brought inside brackets in the remainder of this chapter. 

 

Process 1.0: Set input parameters. This process stores the parameters inputted by the 

user. These are: 

• Tag IDs (tagA, tagB, etc.) 

• Time Latency (tLat) 

• Location Estimation Error (estErr) 

• Acquisition Frequency (freq) 

• Site Boundaries (xBound, yBound, wBound, hBound) 

• Danger Zones (xDang, yDang, wDang, hDang for each danger zone) 

• Object Size (objSize) 

• Safety Margin (safeMargin) 

• Reliability Level (rLev) 

 

Process 2.0: Extract tag ID and location estimation. This process, after opening the log 

file generated by the UWB RTLS, checks whether a new line is available and, if it is, reads the 

new line. As discussed in Section 4.2.1, every line of the log file contains different types of 

information. To extract tag ID and location estimation (x, y, z coordinates), the model recognizes 

the symbols used in the file as delimiters, and separates the single information contained in the 

line. This way, the tag ID (tagID) can be extracted and stored. The location estimation is extracted 
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and stored in three arrays associated with the x, y, and z coordinates of each tag. For example, the 

information related to tagA are stored in tagAx, tagAy, and tagAz. At the same time, the location 

estimation is converted from string to number format. When a new location estimation is provided, 

the new x, y, and z coordinates are assigned to the next elements of arrays tagAx, tagAy, and tagAz 

respectively. 

 

Process 3.0: Calculate speed. This process calculates the speed of a tag based on the latest 

extracted location estimations. As discussed in Section 5.2.1, six (6) consecutive location 

estimations are used in the calculation. First, the distance d covered among the six location 

estimations (refer to Figure 5.3) is calculated according to Equation 5.3. The speed v is then 

estimated dividing the distance by the time required to cover it (5f) (Equation 5.4). The two 

equations are implemented as: 

dist = ���tagAx(2)+ex�2��-�tagAx(1)+ex�1���2+��tagAy(2)+ey�2��-�tagAy(1)+ey�1���2 +
  ���tagAx(3)+ex�3��-�tagAx(2)+ex�2���2+��tagAy(3)+ey�3��-�tagAy(2)+ey�2���2 +
  ���tagAx(4)+ex�4��-�tagAx(3)+ex�3���2+��tagAy(4)+ey�4��-�tagAy(3)+ey�3���2 +
  ���tagAx(5)+ex�5��-�tagAx(4)+ex�4���2+��tagAy(5)+ey�5��-�tagAy(4)+ey�4���2 +
  ���tagAx(6)+ex�6��-�tagAx(5)+ex�5���2+��tagAy(6)+ey�6��-�tagAy(5)+ey�5���2    (5.13) 

v = 
dist

5·freq
             (5.14) 

 

Process 4.0: Calculate VSB dimension. This process calculates the radius of the circular 

VSB surrounding each tag, according to Equations 5.8 and 5.9. First, the displacement dTL 

associated with the time latency is calculated multiplying the Time Latency tLat by the speed v. 

The VSB dimension is then calculated by adding Location Estimation Error estErr and 
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displacement due to the time latency to Object Size objSize and Safety Margin safeMargin. The 

percentile corresponding to the defined Reliability Level rLev is then selected from the obtained 

random variable through the Matlab function prctile. 

dTL = tLat ∙ v              (5.15) 

VSB = objSize + safeMargin + estErr + dTL         (5.16) 

VSBq = prctile(VSB, rLev)            (5.17) 

 

Process 5.0: Define safety status. This process checks whether the VSB of each tag 

overlaps one of the danger zones defined on the site, in order to identify whether a worker is in an 

unsafe location. The overlap is detected when at least one of the three geometric conditions defined 

in Section 5.2.1 has occurred (Equations 5.10 to 5.12). Each of these conditions implies that four 

(4) additional geometric conditions are checked, because the center of the VSB circle is compared 

with either four vertexes or four edges of the danger zone (refer to Figure 5.4). If one of the three 

conditions is true, then the safety status is labeled as “unsafe”, otherwise it is labeled as “safe”. 

Condition 1 can be rewritten according to the following pseudocode: 

if:     tagAx  > xDang  ∧  

         tagAx  < �xDang + wDang�   ∧ 

         tagAy  > yDang   ∧  

         tagAy  < �yDang + hDang�   ∧ 

then: safeStatus = “unsafe” 

else: safeStatus = “safe” 
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For Condition 2: 

if:    ��tagAx - �xDang + wDang��2
 + �tagAy - yDang�2  < VSB    ⋁ 

 ��tagAx - xDang�2 + �tagAy - yDang�2  < VSB    ⋁ 

 ��tagAx - xDang�2 + �tagAy - �yDang + hDang��2
  < VSB    ⋁ 

 ��tagAx - �xDang + wDang��2
 + �tagAy - �yDang + hDang��2

  < VSB 

then: safeStatus = “unsafe” 

else: safeStatus = “safe” 

For Condition 3: 

if:     3|tagAx - �xDang + wDang �| < VSB4  ∧  3yDang < tagAy < �yDang + hDang�4    ∨ 

    3tagAx - xDang < VSB4  ∧  3yDang < tagAy < �yDang + hDang�4    ∨ 

    3|tagAy - �yDang + hDang �| < VSB4  ∧  3xDang < tagAx < �xDang + wDang�4    ∨ 

    3tagAy - yDang < VSB4  ∧  3xDang < tagAx < �xDang + wDang�4 
then: safeStatus = “unsafe” 

else: safeStatus = “safe” 

 

Process 6.0: Output results. This process creates a real-time visualization of the 

monitored environment, along with the tags moving within it and the defined danger zones (Figure 

5.7). The Matlab function plot is used to generate a figure window that represents the boundaries 

of the monitored environment. A 1x1 m2 grid is also drawn on the figure to facilitate the user in 

identifying the location of the visualized elements. The Matlab function rectangle is used to 

generate the visualization of the danger zones. The input parameters of the function are taken from 
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the Information Module, where the Danger Zones parameters were defined by the user. Each tag 

is represented trough a circle with center in the latest tag’s estimated location and radius equal to 

the calculated VSB dimension. If an “unsafe” status is detected, the circle is represented with the 

red color, otherwise the blue color is used. An external function (circle) is used to draw the 

boundaries of the VSB, using the results provided by the Analysis Module as input parameters. In 

this implementation, an audio file is also opened and reproduced in case of “unsafe” status, so that 

an acoustic signal is provided when an unsafe location is detected. However, more studies are 

required to identify the most effective way of communicating the detected unsafe situation to the 

involved parties. Since Matlab does not allow to remove specific objects from a figure window, 

the whole process is repeated within a loop, in order to update the location of a tag when a new 

location estimation is made by the UWB RTLS. 

 

Figure 5.7. Real-time visualization of the monitored environment 
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Table 5.1. Pre-conditions and post-conditions of the implemented processes 

Process Pre-conditions Post-conditions 

1.0 Set input parameters • Model must be initiated • A valid Tag ID must have been 
assigned to each tag 

• Valid values of Time Latency, 
Location Estimation Error, 
Acquisition Frequency, Object 
Size, Safety Margin, and 
Reliability Level must have 
been defined 

• Four valid numbers must have 
been assigned to the Site 
Boundaries and each rectangular 
Danger Zone 

2.0 Extract tag ID and 
location estimation 

• UWB RTLS must be activated 

• Log file must be saved in a defined 
location 

• x, y, z coordinates must have 
been stored into three different 
arrays 

3.0 Calculate speed • At least six consecutive location 
estimations must be available 

• Value of the Acquisition Frequency 
parameter must be available 

• A distribution for the speed 
must have been calculated 

4.0 Calculate VSB 
dimension 

• Values of the Time Latency, 
Location Estimation Error, Object 
Size, Safety Margin and Reliability 
Level parameters must be available 

• Distribution of the speed must be 
available 

• A valid number of the VSB 
Dimension must have been 
calculated 

5.0 Define safety status • Values of the Danger Zones 
parameters must be available 

• Location estimation must be 
available 

• Value of the VSB dimension must 
be available 

• Either a “safe” or an “unsafe” 
status must have been identified 

6.0 Output results • Values of the Danger Zones 
parameter must be available  

• Location estimations must be 
available 

• Value of the VSB dimension must 
be available 

• Safety status must be available 

• A figure window must be 
opened and visible on the screen 
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5.2.2.2 Functions sequence of the model 

As discussed above, a DFD is used to show the flow of data through different processes, 

but it does not provide any information about the sequence of events occurring in the model. For 

this purpose, the flowchart of the Detection Model is shown in Figure 5.8. It represents the steps 

implemented in the model in sequential order. As it can be seen from the figure, steps 1 through 6 

in the flowchart correspond to the six (6) processes identified in the level 1 DFD. 
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Figure 5.8. Flowchart of the Detection Model 
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At the beginning, the model requires the parameters of the Information Module as an input 

(Step1). As discussed above, the user defines Site Boundaries, Object Size, Safety Margin, and 

Reliability Level as well as rectangular Danger Zones. These are identified through four 

parameters: x and y of the top-left corner, and width and height of the rectangle. The user is also 

prompted for the specifications of the UWB RTLS, namely Tag IDs, Time Latency, Location 

Estimation Error, and Acquisition Frequency. Once the UWB RTLS is activated, the model 

acquires the log file from the UWB RTLS and extracts the tag ID and location estimation from the 

file (Step 2). For each tag ID, this step is repeated until six (6) location estimations are available, 

since this is the number required for the calculation of the tag’s speed (refer to the PSPECs of 

Process 3.0). When six location estimations are available, the model calculates the speed of the tag 

(Step 3) and the final dimension of the VSB by adding Location Estimation Error and displacement 

due to the time latency to Object Size and Safety Margin, and calculating the percentile 

corresponding to the defined Reliability Level parameter (Step 4). The latest location estimation 

(x, y, z coordinates) represents the position of the moving tag and is used as the center of the circle 

that represents the VSB. The boundaries of this circle are compared with the defined boundaries 

of the Danger Zones, and the safety status of the tag is identified (Step 5). In particular, if an 

overlap is detected, the status of the tag is labelled as “unsafe”, otherwise a “safe” status is defined. 

Based on its safety status, the tag is displayed on the site plan as a blue (safe) or red (unsafe) circle. 

An acoustic alarm is also issued if an “unsafe” status is detected (Step 6). Finally, the model 

continuously checks whether a new location estimation is available (Step 7). If this is the case, it 

reads the new location estimation and repeats steps 2 to 7. 

The described sequence of steps was implemented in Matlab, in order to develop the 

Detection Model and perform the functionalities identified in the design phase. The model was 
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then evaluated through a laboratory experiment that aimed at measuring its reliability in detecting 

when workers are in unsafe locations. 

 

5.3 EVALUATION OF THE MODEL 

The reliability of the developed Detection Model in detecting and signaling a worker’s 

unsafe location within the expected range was evaluated when combined with the UWB RTLS. 

The experiments for the evaluation of the model were conducted in the Civil Engineering Concrete 

Laboratory of the University of Calgary, due to its similarities to a typical construction site, such 

as the presence of concrete blocks, steel profiles, and wooden materials, as well as small 

construction equipment.  

5.3.1 Experiment design and setup 

To evaluate the model, a scenario was simulated, where a potential construction worker 

equipped with a UWB tag approached a danger zone. It was examined whether the model was 

capable to generate the alarm before the worker entered the danger zone. The layout of the 

experiment is shown in Figure 5.9. A rectangular danger zone of 1.5 x 1.6 meters was defined on 

the floor of the Concrete Laboratory, and a person repeatedly approached it with different paces 

in an area that was monitored by the UWB RTLS (refer to Section 4.2.1 for the configuration of 

the UWB RTLS). The coordinates of the four corners of the danger zone were accurately measured 

with a total station (Leica TCR803, with accuracy of 2 mm ± 2 ppm), and the person was tracked 

in real time through a UWB tag installed on the safety hat. 
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Figure 5.9. Experiment layout 

 

During the tracking, the model automatically generated a Virtual Safety Boundary (VSB) 

around the tag, that is composed of (refer to Section 4.1): size of the resource R; safety margin S; 

location estimation error εLE; and displacement dTL due to the time latency of the UWB RTLS, 

which varied with the speed of the tag. When the person was in the proximity of the danger zone, 

the model detected the overlap between the VSB and the danger zone and issued an acoustic alarm 

to report the exact time of detection. The person was instructed to stop after hearing the alarm. The 

experiment was conducted at three (3) different paces, namely “slow”, “medium”, and “fast”, to 

evaluate the response of the model at different walking speeds. For every pace, 100 runs were 

repeated. A run began when the person started walking towards the danger zone and finished when 

the person stopped after hearing the alarm. 

To verify whether the model is capable to timely identify an unsafe location, the location 

of the person was recorded when the alarm was issued. To facilitate the measurements, 14 parallel 

lines were drawn on the floor of the laboratory in the area where the alarm was expected. The 
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measuring lines (7 before and 7 after the edge of the danger zone) were spaced 10 centimeters 

apart from each other, which allowed measuring the results with an accuracy of 10 centimeters. 

Based on the specific parameters inputted in the model, the alarm was expected to be issued before 

the person reached the danger zone 95% of the times. The ratio of successful trials to the total 

number of trials (success rate) was used as measure to evaluate the model. Figure 5.10 shows the 

experiment setup in the laboratory. The blue lines delimit the danger zone, while the black color 

was used for the measuring lines. 

 

Figure 5.10. Experiment setup 
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The experiment was recorded using a video camera (Canon SX210 IS) installed in line 

with the edge of the danger zone that the worker was approaching in the experiment. The video 

frame covered the danger zone and the measuring lines, along with the person walking towards 

them. Figure 5.11 shows an example of a typical run of the experiment. As it can be seen, the 

camera captures the movements of the person along the designed path, while he is walking through 

the measuring lines and the danger zone. 

 

Figure 5.11. View of the experiment from the camera perspective 
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5.3.2 Data collection 

To initiate the model, the input parameters discussed in Section 5.2.1 were defined through 

the Information Module. As mentioned, they consist in Project Requirements and UWB 

Specifications (Table 5.2). In the Project Requirements, the coordinates of the corners of the 

monitored environment were inputted to define the Site Boundaries. The coordinates of the top 

left corner and the dimensions of the danger zone (width and height) were also inputted in the 

Detection Model to recreate the danger zone in the virtual environment where the model operates 

(Danger Zones parameter). The Reliability Level was set to 95%, according to the experiment 

design discussed above. The Safety Margin was set to zero, so that the alarm was expected to be 

issued when the person crossed the edge of the danger zone. This way, the VSB was composed by 

object size R, displacement dTL due to the time latency, and location estimation error εLE. 

In this experiment, the object size R is used to take into consideration the distance between 

the tag (installed on the safety hat worn by the person) and the tip of the more advanced foot during 

the walk, which was considered for the measurements. Based on a study that defined the reference 

gait parameters of human locomotion, the average step length of a normal male person between 

20 and 29 years of age is 61.6 centimeters, with a 95th percentile of 69 centimeters (Öberg et al. 

1993). Figure 5.12a shows the typical posture of a walking person at the moment of maximum 

legs extension (when the step length is measured). As shown in the figure, it can be assumed that 

the forehead of the person (where the tag was positioned) is located half way between the tips of 

the two feet (step length). Therefore, if the 95th percentile is considered, the maximum distance 

between the forehead of the person and the tip of the more advanced foot is approximately 35 

centimeters. As a consequence, the distance between the tag (forehead of the person) and the more 

advanced foot varies from 0 to 35 centimeters during the locomotion. Since the experiment was 

conducted in controlled conditions, it is assumed that the step length was constant during the 
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experiment. Under this assumption, all the values between 0 and 35 centimeters have the same 

probability of occurrence. Therefore, a uniform distribution defined in this interval was considered 

to describe the object size (Figure 5.12b). 

f�R� = 61/(b-a) 
0

for  a ≤ R ≤ b
          for  R < a  or  R > b

          (5.18) 

where a and b are the lower and upper boundary of the distribution respectively (i.e. 0 and 0.35 

meters). As a result, in this experiment, the Object Size parameter was not defined as one value, 

but as the two boundaries of the identified uniform distribution. 

 

           

Figure 5.12. a) Typical posture of a walking person, 

b) Uniform distribution for the step length (object size) 

 

The displacement dTL due to the time latency is also a probabilistic value calculated by 

multiplying the time latency of the UWB RTLS TL with the speed of the moving object v (refer to 

Equation 4.7). As discussed in Section 5.2.1, the speed of the moving object is described by a new 

distribution function every time a new location estimation is available. This depends on the 
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distribution of the errors of the location estimations considered in the calculation of the distance. 

Since the experiment was conducted along a straight path, only the errors of the two farthest points 

can be considered, because the errors associated to the middle points will cancel out in the 

calculation. These errors are ex1 and ex6 along the x-direction, and ey1 and ey6 along the y-direction. 

According to the results presented in Chapter 4, they are normally distributed: 

fe1�x� = fe6�x� = 1
√2π:; e- 12�x - =;

>; �2
          (5.19) 

fe1�y� = fe6�y� = 1
√2π:?

e- 12@y - =?
>? A2

          (5.20) 

where μx = μy = 0 m, σx = 0.22 m, and σy = 0.08 m. The two standard deviations were calculated 

by combining the Δx and Δy errors obtained for all the experimented speeds in Scenario 1, since, 

as discussed in Section 4.4.2, there is no difference among the errors at different speeds. 

Similarly, the components along x and y of the location estimation error εLE are described 

by the same probability density functions. εLE is in fact the error of the latest location estimation 

considered in the calculation of the speed (x6, y6). Therefore, the three probabilistic values of object 

size R, displacement due to the time latency dTL, and location estimation error εLE were combined 

to calculate the value that allows to obtain a 95% success rate for the experiment. 

x = R + dTL + CDE            (5.21) 

Random values of R, ex1, ey1, ex6, and ey6 were generated based on the corresponding distributions. 

The resulting distribution changes every time the UWB RTLS estimates a new location of the tag, 

since it varies with the calculated speed. At every new location estimation, the 95th percentile of 

the new considered variable is calculated by the model. Figure 5.13 shows an example of the 

combined cumulative distribution function for an average calculated speed v0 of 4 km/h (refer to 

Section 5.2.1). 
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Figure 5.13. Cumulative distribution function of  x = R + dTL + εLE for v0 = 4km/h 

 

In this experiment, one tag was initiated in the model through the corresponding Tag ID 

(020-000-120-224). An Acquisition Frequency of 2.3 Hz (i.e. one acquisition every 0.432 seconds) 

was used. The Time Latency was set to 1.73 seconds, based on the results of the experiments 

presented in Chapter 4. 
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Table 5.2. Selected input parameters for the Detection Model in the experiment 

 Parameter Value 

P
ro

je
ct

 
R

eq
u

ire
m

en
ts

 

Site Boundaries 
xBound = 0 m           yBound = 0 m      

wBound = 30 m        hBound = 11 m 

Danger Zones 
xDang1 = 6.02 m      yDang1 = 3.24 m      

wDang1 = 1.5 m       hDang1 = 1.6 m 

Reliability Level rLev = 95% 

Safety Margin safeMargin = 0 m 

Object Size objSize(min) = 0 m       objSize(max) = 0.35 m 

U
W

B
 

S
pe

ci
fic

at
io

n
s 

Tag IDs tagA = 020-000-120-224 

Acquisition Frequency freq = 0.432 s 

Time Latency tLat = 1.73 s 

Location Estimation Error 
xEstErrMean = 0       xEstErrSD = 0.22 

yEstErrMean = 0       yEstErrSD = 0.08 

 

Once the model was initiated, a person equipped with a UWB tag was instructed to 

repeatedly approach the danger zone along a straight path, from a distance of 10 meters (refer to 

Figure 5.9). The UWB RTLS continuously estimated the location of the tag, while the Detection 

Model calculated the VSB dimension to consider around the tag, and compared its boundaries with 

those of the danger zone. At every approach, the model issued an acoustic alarm when it detected 

an overlap (refer to Figure 5.7). The person was instructed to stop after hearing the alarm. 

As mentioned, the experiment was conducted at three different paces. To correctly evaluate 

the results of the experiment, it was important that the person maintained an approximately 

constant speed during the different runs of each pace. For this reason, some preparatory trials were 

conducted. First, the three desired paces were defined by different trials of walking along the path. 
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The time required to cover a distance of 10 meters at each pace was then measured, in order to 

give the person an approximate reference value. Finally, few rounds of practice were conducted, 

so that the person was able to train himself in counting the right time needed to cover the distance 

to the danger zone at every pace. It was believed that a fairly consistent speed could be achieved, 

and this was confirmed by the results obtained in the experiments (as will be discussed in Section 

5.3.4). 

5.3.3 Data analysis 

As discussed above, in order to identify the position of the person at the time the alarm was 

issued, the experiment was recorded with a camera aligned to the edge of the danger zone where 

the alarm was expected to be issued. In the video, the danger zone and the measuring lines are 

shown along with the person walking towards them. To identify the exact moment when the alarm 

was issued, the videos were analyzed with the software Aegisub 3.0.2, which allows to display the 

spectrum of the audio track contained in the video (Figure 5.14). This way, the beginning of the 

acoustic alarm issued by the model can be recognized, and the corresponding time stamp identified 

with an accuracy of 0.01 seconds. The video was then slowed down frame by frame until the same 

time stamp was reached, so that the location of the person at that exact time could be recorded. 

Since the video was captured with a frame rate of 30 frames per second, the accuracy achieved in 

the analysis was approximately 0.03 seconds. 
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Figure 5.14. Screenshot of the software used for the analysis (Aegisub 3.0.2) 

 

The position of the more advanced foot was considered as benchmark for the 

measurements. At every run, the position of the tip of the foot was recorded based on the measuring 

lines defined on the floor. As already mentioned, an area of ± 0.7 meters around one edge of the 

danger zone was divided into 10 centimeters wide stripes. The stripe where the tip of the foot was 

at the time the alarm was issued, was used as measurement for the experiment (refer to Figure 

5.14). As a result, 14 possible distances were measurable at every run, providing an accuracy of 

10 centimeters. This did not impact the measured success rate of the model, since this was 

calculated by comparing the position of the tip of the foot to the edge of the danger zone. 

5.3.4 Experiment results 

Before analyzing the data obtained from the experiment, the speed of the person, as 

calculated by the Detection Model based on the location estimations provided by the UWB RTLS 

(as explained in Section 5.2.2), was plotted to verify whether a constant pace was maintained by 

the person at every run. Figure 5.15 shows the speed profiles estimated by the model during the 

entire experiment (100 trials) in each of the three scenarios. As discussed above, a trial began when 

the person started walking towards the danger zone and finished when the person stopped after 
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hearing the alarm. After each trial, the person went back to the starting point to begin a new one. 

Therefore, the speed profiles shown in the figure range from zero to the approximate value of 

speed maintained by the person during the trial, but include also the speed calculated for the person 

while he was walking back to the starting point. Although the person was instructed to keep the 

same pace during this phase too, this adds variability to the speed profile shown in the figure. 

However, the majority of the points are concentrated around the walking speed maintained at every 

pace, since the person maintained an approximately constant speed while walking back to the 

starting point, and the duration of the walk along the covered path is longer than the time spent by 

the person without moving. The faster the pace kept by the person, the smaller the difference 

between the number of high peaks and low peaks. The same trend can be observed in Figure 5.16, 

which shows the cumulative distribution functions (cdf) of the speeds calculated by the model in 

the three scenarios during the entire experiment. From this figure, it can be seen how the majority 

of the points are included within a small speed range. This means that the person was able to keep 

a relatively consistent pace at every run, with speeds ranging between 2.2 and 3.2 km/h in the 

“slow pace” scenario, between 3.1 and 4.2 km/h in the “medium pace” scenario, and between 4.6 

and 6.0 km/h in the “fast pace” scenario. 
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Figure 5.15. Calculated speed of the walking person in three approximated paces: 

a) slow pace  b) medium pace  c) fast pace

a) 

b) 

c) 
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Figure 5.16. Cdf of the calculated speed of the walking person in three approximated paces: 

a) slow pace  b) medium pace  c) fast pace 

 

After verifying the consistency of the speed, the data analysis was conducted. Each run 

was marked based on the stripe in which the alarm was issued by the model. As mentioned earlier, 

a) 

b) 

c) 
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the stripes identify the range of distances measured from the edge of the danger zone that the 

worker was approaching. Negative numbers were used for the stripes before the danger zone (i.e. 

the alarm was issued before the worker reached the danger zone), while positive numbers were 

used for the stripes after the danger zone. The results of the experiments are shown in Table 5.3, 

and their distribution is graphically presented through the histograms shown in Figure 5.17. The 

dashed line in the figure represents the edge of the danger zone, where the alarm was expected to 

be issued by the model. Therefore, the results on the left of the dashed line include all the cases 

where the alarm was issued before the person reached the danger zone. On the contrary, the cases 

on the right are those where the person stepped into the danger zone before the alarm was issued. 

 

Table 5.3. Summary of the results of the model evaluation 

Stripe 
(range in m) 

Slow pace Medium pace Fast pace 

Frequency Percentage Frequency Percentage Frequency Percentage 

-0.7  ‒  -0.6 7 7% 8 8% 7 7% 

-0.6  ‒  -0.5 10 10% 7 7% 6 6% 

-0.5  ‒  -0.4 18 18% 18 18% 8 8% 

-0.4  ‒  -0.3 27 27% 29 29% 11 11% 

-0.3  ‒  -0.2 13 13% 14 14% 18 18% 

-0.2  ‒  -0.1 10 10% 9 9% 26 26% 

-0.1  ‒  0.0 9 9% 8 8% 13 13% 

0.0  ‒  0.1 4 4% 3 3% 7 7% 

0.1  ‒  0.2 2 2% 4 4% 3 3% 

0.2  ‒  0.3 0 0% 0 0% 1 1% 

0.3  ‒  0.4 0 0% 0 0% 0 0% 

0.4  ‒  0.5 0 0% 0 0% 0 0% 

0.5  ‒  0.6 0 0% 0 0% 0 0% 

0.6  ‒  0.7 0 0% 0 0% 0 0% 

TOTAL 100 100% 100 100% 100 100% 
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Figure 5.17. Histograms of the results: a) slow pace  b) medium pace  c) fast pace 

a) 

b) 

c) 
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As it can be seen from the figures, the overlap between the VSB and the danger zone (i.e. 

issue of the alarm) was detected before the person was able to reach the danger zone in 276 of the 

300 total runs (92%). This is aligned with the results expected from this experiment. The 

parameters selected for the calculation of the VSB (specifically Object Size, Location Estimation 

Error, and Reliability Level) were chosen to include about 95% of the results. This means that, if 

the alarm was triggered at the exact moment the VSB entered the danger zone, it would be expected 

to be issued before the person reached the edge of the danger zone in 95% of the runs. However, 

since the consecutive locations of the person are estimated with a certain frequency (i.e. there is a 

time interval between them), the alarm is actually triggered at the first location estimation that 

determines the overlap between the VSB and the danger zone. This means that a small portion of 

the VSB is already inside the danger zone every time the alarm is issued. Therefore, the success 

rate obtained in the experiment can only be close to 95%, but an actual success rate of 95% cannot 

be reached. 

The “slow pace” and “medium pace” scenarios presented similar results. In the first case, 

the alarm was issued before the person stepped into the danger zone in 94% of the runs, while in 

the second case in 93% of the runs. In about 30% of the runs the alarm was issued between 0.3 

and 0.4 meters before the danger zone was reached (27 and 29 times in “slow pace” and “medium 

pace” respectively). In the “fast pace” scenario, the alarm was issued before the danger zone was 

reached in 89% of the runs, and 44% of the runs are grouped into the two intervals that range from 

-0.3 to -0.1 meters. This means that in this scenario, the alarm was usually issued later compared 

to the other scenarios. 
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5.4 DISCUSSION 

5.4.1 Validation of the results 

To evaluate the goodness of the results obtained in the experiments, the confidence interval 

can be used as method for validation. A confidence interval is calculated for one variable of a 

model and, if the interval contains the target value defined for that variable, the model is considered 

valid for that variable (Petty 2010). In this study, the reliability of the Detection Model in detecting 

unsafe locations was measured based on the ratio of successful trials (i.e. when the alarm was 

issued before the person entered the danger zone) to the total number of trials in each pace (success 

rate). Therefore, every trial can be considered as a Bernoulli trial, where only two outcomes 

(success or failure) are possible. Based on the success rate observed in each pace (p�), the 

confidence interval that will contain the true ratio (p) of the population represented by the sample 

can be calculated (Krishnamoorthy 2016). 

p� - z1-
F
G
�1

n
 p� �1-p��  <  p  <  p� + z1-

F
G
�1

n
 p� �1-p��         (5.22) 

where α defines the desired confidence level, z1- α /2 is the z-value corresponding to that confidence 

level, and n is the sample size. For example, if the 90% confidence interval is taken, it can be said 

that, with 90% confidence, the true success rate (p) will fall between the two limits of the calculated 

interval; i.e. there is a 90% chance that p will fall in the interval. 

The 90% confidence intervals (CI90) of the results obtained in the experiment were 

calculated for the three paces. These are presented in Table 5.4. As it can be seen from the table, 

in all the considered scenarios, the expected 95% success rate is included in the 90% confidence 

interval calculated for the results. Therefore, it can be concluded that, with 90% confidence level, 

the model was capable to detect and signal the unsafe location within the expected range with the 

desired reliability level. 
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Table 5.4. 90% confidence interval of the results 

 
p� 

CI90 

 Lower bound Upper bound 

Slow pace 0.94 0.884 0.995 

Medium pace 0.93 0.870 0.989 

Fast pace 0.89 0.817 0.963 

 

5.4.2 Perception-reaction time of the workers 

As discussed in Section 4.1, one of the components of the VSB is the displacement due to 

the perception-reaction time dPR of the involved people. This component should be taken into 

account when the warning signal is issued directly to the worker whose location was detected as 

“unsafe”. Since workers are moving, the time required for them to react to the warning and come 

to a complete stop translates into a distance that should be considered in the calculation of the 

VSB. Under the assumption of constant speed, the displacement due to the perception-reaction 

time can be calculated as: 

dPR = tPR · v              (5.23) 

where tPR is the perception-reaction time of the worker and v is his/her speed. 

Although the experiments conducted to evaluate the functionality of the model were not 

designed to measure the perception-reaction time, the collected data were used to estimate the 

perception-reaction time of the person that performed the experiment. As discussed above, the 

person approaching the danger zone was instructed to stop after hearing the alarm, and the 

experiment was recorded by means of a video camera. The number of frames counted between the 

moment the alarm was issued and the moment the person came to a complete halt was used to 

measure the perception-reaction time. Since the video was captured with a frame rate of 30 frames 
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per second, the accuracy of the measurements is approximately 0.03 seconds. The obtained results 

are presented in Table 5.5. It should be noted that the person performing the experiment was 

expecting the issue of the alarm. Therefore, he was ready to react to the warning and stop when he 

was in proximity of the danger zone. As a result, these values can be considered an estimate of the 

perception-reaction time of a person that is expecting an external stimulus. It is reasonable to 

expect a larger value of perception-reaction time for a person that is surprised by the same stimulus. 

 

Table 5.5. Perception-reaction time calculated in the experiment 

 
Slow pace Medium pace Fast pace 

# frames PRT [s] # frames PRT [s] # frames PRT [s] 

Mean 26.61 0.878 26.99 0.891 26.39 0.871 

SD 3.34 0.110 3.48 0.115 2.91 0.096 

 

In order to include the effects of the displacement dPR due to the perception-reaction time 

in the model, an additional random variable should be added to the calculation of the VSB. As 

discussed above, the VSB dimension is calculated by taking the qth percentile (depending on the 

desired reliability level) of the random variable resulting from the sum of object size R, location 

estimation error εLE, and displacement dTL due to the time latency. In addition to these components, 

the distribution function of the perception-reaction time must be considered. Results found in the 

literature show that people’s perception-reaction time follows a lognormal distribution (Taoka 

1989 and Koppa 1997). Under this assumption, the displacement dPR due to the perception-reaction 

time can be calculate according to Equation 5.23. The sum of the four components defines the 

cumulative distribution function on the VSB dimension, from which the qth percentile that would 

include the desired number of measurements can be calculated.  



 

161 

5.5 SUMMARY 

The proposed Site Safety Monitoring System for the real-time control of workers’ locations 

on the site was described in this chapter. The system allows to identify when workers are in unsafe 

locations by continuously monitoring their position. The real-time location information is provided 

by the UWB RTLS and processed by the Detection Model, which determines whether a worker is 

in an unsafe location. The integration of these two components constitutes the Site Safety 

Monitoring System. In this chapter, the design and implementation phases of the developed 

Detection Model were presented. The functionality of the model was then evaluated through a 

laboratory experiment. A scenario was created, where a person equipped with a UWB tag was 

tracked in real time while repeatedly approaching a defined danger zone. The reliability of the 

model (in terms of success rate) in detecting the unsafe location before the person entered the 

danger zone was measured. The input parameters for the model were selected in a way that a timely 

alarm was expected in 95% of the trials. To achieve this result, the components of the VSB that 

are described through a probability density function (i.e. object size, displacement due to the time 

latency, and location estimation error) were combined, and the 95th percentile of the resulting 

distribution calculated. The results obtained in the model evaluation have shown that, with 90% 

confidence level, the desired reliability in detecting the unsafe location before the person entered 

the danger zone was achieved by the model.  
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CHAPTER 6: CONCLUSIONS 

6.1 SUMMARY 

Statistics on workplace injuries and fatalities show that construction has one of the worst 

safety records among all industries in Canada. An analysis conducted in this study on the accidents 

occurred in construction in recent years, showed that about 75% of the fatalities were caused by 

either Contact with Objects or Equipment or Falls. A closer look at the contributing factors to the 

accidents revealed that many accidents are related to either scarce situational awareness or 

disregard of the defined safety policies. Recent studies have proven that the application of Real-

Time Locating Systems (RTLS) to construction sites can help in mitigating the occurrence of these 

contributing factors, when they are related to workers’ location. Among the different positioning 

technologies that have been proposed in the research, UWB has been proved to be the most suitable 

for construction site applications. One application where it has shown to be very promising is the 

implementation of automated UWB-based site safety systems. 

The objective of this study was to develop a UWB-based Site Safety Monitoring System 

that is capable to detect in real time when construction workers enter unsafe locations on the site. 

The system is composed of an available UWB Real-Time Locating System that estimates the 

location of workers on the site, and a Detection Model that detects when workers are in an unsafe 

location using the provided location estimations. An unsafe location is detected when the Virtual 

Safety Boundary (VSB) around a worker overlaps one of the danger zones defined on the site. A 

VSB is a safety buffer considered around each resource (in this case workers), whose dimension 

depends on the size of the resource, the tracking accuracy of the UWB RTLS, and the safety margin 

required by the conducted activity. To achieve the objective of this study, two sub-objectives were 

identified. First, the accuracy of the UWB RTLS when tracking dynamic resources was assessed 
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within the range of the human walking speed (0.5-8 km/h). Second, a Detection Model that 

identifies whether workers are in unsafe situations was developed and evaluated. 

In Chapter 4, the accuracy assessment of the UWB RTLS was presented. The positioning 

error of the system when tracking dynamic resources was measured through experiments 

conducted in a laboratory environment. An Anorad table was used to accurately control the motion 

parameters (distance, speed, and acceleration) of the monitored UWB tag. This way, it was 

possible to model the true locations of the tag over time and compare them with the estimated 

locations provided by the UWB RTLS. As a result, the dynamic accuracy of the UWB RTLS was 

measured in terms of absolute error AE and its components along x and y (Δx and Δy). Fourteen 

different speeds in the range 0.5 to 8 km/h were tested in the experiments, in order to measure the 

effects of the speed on the accuracy of the dynamic tracking. In addition, the experiment was 

repeated in two different scenarios, where the trajectory of the tag was changed to evaluate whether 

the specific orientation of the motion affects the tracking accuracy. During the experiments, the 

UWB RTLS was set to provide a new location estimation every 0.432 seconds.  

The results showed that the real-time tracking of the UWB RTLS is affected by a certain 

time latency. In particular, it was shown that there is a discrepancy between the acquisition rate 

and the output rate of the UWB RTLS, and that this latency increases during the location estimation 

of the points belonging to the same cluster of acquisitions. Then the system recovers the delay 

before acquiring a new cluster of signals. When tracking moving objects, the error associated with 

the time latency of the system becomes relevant, because the speed of the objects translates into a 

distance (referred to as displacement due to the time latency). Therefore, to correctly measure the 

accuracy of the UWB RTLS, the time latency was calculated and removed from the collected data. 

A cross-correlation analysis between true locations and estimated locations was conducted to 
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calculate the time latency of the system. The results of the analysis indicated that there is a lag of 

four (4) acquisitions between the true locations and the estimated locations provided by the UWB 

RTLS. At the frequency selected for the experiments (2.3 Hz), this translates into a time latency 

of 1.73 seconds. 

The accuracy of the UWB RTLS was measured in terms of absolute error AE and its 

components along x and y (Δx and Δy). The results showed that the accuracy of the dynamic 

tracking is not affected by the speed of the tracked object within the range 0.5-8 km/h. An average 

absolute error ranging between 0.20 and 0.25 meters was measured at every speed in both 

scenarios. However, when these results are compared to those obtained in static conditions, it 

seems that the accuracy decreases when tracking dynamic resources instead of static ones. This is 

due to the residual time latency that affects the tracking. As discussed above, the time latency 

increases during the location estimation of the same cluster of acquisitions. For this reason, 

although an average value of the time latency was removed from the collected data, it is not 

possible to perfectly match all the estimated locations with the corresponding true locations in 

time. This leads to measure larger errors along the direction of the movement when tracking 

moving resources. For this reason, the errors along x and y appear larger when the speed component 

along the axis is larger. On the contrary, the absolute error does not vary with the direction of the 

movement, showing that the location estimation error of the system is not affected by the trajectory 

of the tracked object. 

Based on these experimental results, the system error (ε) component of the VSB to assign 

to each worker can be determined. In particular, the displacement dTL due to the time latency and 

the location estimation error of the UWB RTLS εLE were evaluated separately, which had not been 

done before. For the first component, since the location estimations provided by the UWB RTLS 
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are made available with an even rate, an average time latency of 1.73 seconds must be considered. 

This value is then multiplied by the speed of the resource v to obtain the displacement dTL due to 

the time latency. Since the speed of the resource is described by a probability distribution, the 

displacement due to the time latency is also described by a probability distribution. Similarly, the 

second component (εLE) is described by the cumulative distribution function of the absolute error. 

Therefore, the value to consider for the two components combined (εLE and dTL) depends on the 

desired confidence level. For example, the 95th percentile of the combined variable will be 

considered if the VSB should include the 95% of the locations estimated by the UWB RTLS. 

In Chapter 5, a Detection Model was developed to process the location estimations 

provided by the UWB RTLS and identify when a worker is in an unsafe location. The model 

acquires the location information of the workers and continuously verifies whether the VSB of 

each worker overlaps one of the danger zones defined on the site. The analysis of the location 

information occurs continuously and in real time, based on the latest estimated location and 

estimated speed of the tag, which are updated at a specified frequency. A method was proposed 

for the calculation of the speed of the tag, based on the findings of the accuracy assessment 

previously discussed (i.e. the way the UWB RTLS estimates and outputs the location estimations). 

The dimension of the VSB assigned to each tag is also updated every time a new location 

estimation is available, since it varies with the speed of the tag. The location of the worker and its 

identified safety status are visualized in a window that shows the danger zones, the moving tag, 

and the associated VSB within the monitored environment. Different colors are used to show 

different results of the analysis, to easily identify when a worker is in an unsafe location. 

The functionality of the developed Detection Model was evaluated through an experiment 

conducted in a laboratory environment that is similar to a construction site environment. A person 



 

166 

equipped with a UWB tag repeatedly approached a defined danger zone in three different human 

paces (slow, medium, fast). When the Detection Model detected the unsafe location, an acoustic 

alarm was issued. The person was instructed to stop at the hearing of the alarm. The location of 

the person at the time of the issue of the alarm (denoting the time when the model detected the 

overlap between the VSB and the danger zone) was measured, in order to evaluate the reliability 

of the model (in terms of success rate) in timely detecting the unsafe location. In this experiment, 

the input parameters related to object size R, location estimation error εLE, and displacement dTL 

due to the time latency, all components of the VSB, were selected in a way that the unsafe location 

was expected to be detected before the person entered the danger zone in 95% of the trials. The 

results of the experiments have shown that the model issued a timely alarm in 94% of the trials of 

the “slow pace” scenario, 93% of the trials of the “medium pace” scenario, and 89% of the trials 

of the “fast pace” scenario. The 90% confidence interval was used to evaluate the goodness of the 

results, which were shown to be included in this interval at the three considered paces. 

 

6.2 RESEARCH CONTRIBUTIONS 

The main contributions of this study are related to the two sub-objectives defined in 

Chapter 1. 

1. The accuracy of the UWB RTLS was assessed in dynamic conditions within the range 

of the human walking speed. The two components of the system error (location 

estimation error and displacement due to the time latency) were measured separately. 

In the experiments, the parameters of the motion (distance, speed, and acceleration) 

of a tracked UWB tag were accurately controlled, which was not done in previous 

studies. This way, it was possible to precisely examine the effects of the speed on the 

location estimation error of the system, for speeds ranging between 0.5 and 8 km/h. 
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The effects of the orientation of the motion were also investigated. It was shown that 

neither the speed nor the orientation of the motion affect the accuracy of the UWB 

RTLS. In addition, the time latency affecting the tracking was measured, and the 

reasons that lead to this latency were identified. 

2. A Detection Model was developed. It is capable to acquire and analyze the location 

information provided by the UWB RTLS and identify whether a worker is in a safe or 

unsafe location. It calculates the dimension of the VSB to assign to each worker based 

on the location estimations provided by the UWB system and, based on this, 

determines the safety status of the workers. The model was implemented in Matlab, 

and successfully integrated with the UWB RTLS. Its reliability in timely detecting an 

unsafe location was evaluated through laboratory experiments. Based on the input 

parameters used in the experiments, the expected reliability was achieved with 90% 

confidence level. 

 

6.3 CONCLUDING REMARKS 

Accuracy of the UWB RTLS. The results obtained in the accuracy assessment have 

shown that, when tracking dynamic resources, a considerable portion of the positioning error 

comes from the time latency affecting the tracking. For the tested UWB RTLS, this was measured 

to be about 1.7 seconds. As discussed in Section 4.4.2, the error measured after removing the time 

latency from the collected data ranges between 0.20 and 0.25 meters. However, when the time 

latency is considered, this error increases drastically with the speed of the resource. For example, 

for a speed of 1 m/s (close to a normal walking speed), the displacement due to the time latency is 

1.7 meters. In light of these results, it can be concluded that UWB offers a high level of accuracy 

in positioning tracking, but the time factor plays a major role when tracking dynamic resources. 
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This particular aspect should be taken into account when designing a UWB RTLS that is meant 

for kinematic purposes. In an ideal system, the time required to acquire the signal information and 

transform it into a location estimation should be smaller than the frequency set for the acquisition. 

In addition, the acquisition frequency should be the same as the output frequency, so that the 

location estimations are made available to the user as soon as they are estimated. In alternative, a 

precise time stamp (for example with 0.1 seconds precision) should be associated to each location 

estimation, so that the correct time interval between consecutive acquisitions could be considered 

for practical applications. 

Applicability of the Site Safety Monitoring System. The Site Safety Monitoring System 

developed in this study allows to detect when workers are in an unsafe location by continuously 

monitoring their position on the site. With the proper implementation of such a system in real 

construction sites, some of the factors that contribute to the occurrence of typical accidents could 

be mitigated. For example, it would help the site supervisor in making sure that workers do not 

disregard some of the defined safety policies; or it would help increasing the level of situational 

awareness of the workers involved in the construction operations, when they are working in 

proximity of an operating equipment or a falling hazard. 

In the first case, to comply with safety regulations, a site supervisor should be able to 

continuously monitor the ongoing operations on the site. Although employers have the most 

authority in the workplace, the responsibility of guaranteeing the safety of workers on construction 

sites is usually assigned to a site supervisor. Even though it is not explicitly mentioned in the 

Occupational Health and Safety Act (which defines the minimum standards for workplace health 

and safety) of some of the provinces (e.g. Alberta), the role of the site supervisor is largely 

described in the official guidelines that clarify the application of the Act. His/her main 
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responsibility is “to help make sure day-to-day operations support the employer’s health and safety 

policy and program … He/she needs to make sure people are working in a way that will keep them 

healthy and safe” (OHS Alberta 2015). A task that becomes more and more difficult as the size of 

the site increases and several construction operations are conducted at the same time. With the 

proposed Site Safety Monitoring System, a site supervisor could control the position of each 

worker from a handheld device, and receive real-time warnings of unsafe situations occurring on 

the site. 

In the second case, the Site Safety Monitoring System can be used to directly inform the 

workers that are participating to the construction operations. This way, their situational awareness 

can be increased, and some of the factors that usually lead to accidents reduced. For example, 

heavy construction equipment usually has various blind spots, where operators have no clear 

visibility of the surroundings. Therefore, equipment operators could be informed of the presence 

of other workers in the proximity of the equipment. Similarly, workers could be notified when they 

are too close to an operating machine, as well as when they are entering another unsafe location, 

such as an area characterized by a falling hazard, or a chemical hazard.  

Flexibility of the Site Safety Monitoring System. The unsafe locations are defined in the 

virtual environment where the developed Detection Model operates. Therefore, they can be easily 

modified and updated throughout the lifecycle of the site, allowing large flexibility in the 

application of the system. Similarly, the IDs of the UWB tags used for tracking the workers allow 

to assign different roles to different workers. This way, each danger zone can be restricted only to 

unauthorized workers. The same way, some of the tags can be programmed to be the boundaries 

of the unsafe locations defined on the site, allowing a fast and easily modifiable definition of the 

danger zones, through the installation of tags on the corners of the areas to be restricted. 
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Selection of an appropriate reliability level. The desired level of reliability of the model 

in detecting unsafe locations can be defined by the user. To select an appropriate reliability level, 

different aspects related to the specific conducted activity should be evaluated, such as location on 

the site, typical movements of workers for that activity, involved equipment, type of hazard, level 

of risk, consequences associated to that risk. All these factors will help in determining the 

acceptable margin of error of the Site Safety Monitoring System. For example, if a reliability level 

of 95% is selected, a margin of error of 5% is considered. This means that only very few unsafe 

situations would not be detected. However, a large number of false alarms might be recorded, 

which would negatively impact the constriction operations. On the other hand, lower reliability 

levels would lead to less false alarms but more undetected unsafe situations. 

 

6.4 LIMITATIONS 

The following are the limitations of this research study. 

Speed range. This study focused on assessing the dynamic accuracy of the UWB RTLS 

within the human walking speed range (0.5-8 km/h). 

Testing environment. The laboratory environment selected for the experiments presents 

conditions that can be typically found in a construction site. Nevertheless, additional tests in 

different environmental setups are required to assess the effects of the environment on the tracking 

performance of the UWB RTLS. 

Number of tags. The evaluation of the developed Detection Model was conducted when 

tracking one tag at a time. Further studies are required to evaluate if its reliability changes when 

tracking multiple tags simultaneously. 
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Danger zones. The developed Detection Model allows the definition of static rectangular 

danger zones. Different algorithms are required for the identification of the overlap between a VSB 

and a danger zone when introducing non-rectangular danger zones. 

Parallel walk. The developed Detection Model would generate false alarms when a worker 

is walking close and parallel to one of the edges of the defined danger zone. In this case, if the 

dimension of the VSB generated by the Detection Model is large enough, an unsafe location is 

detected even if the worker is not actually entering the danger zone. 

 

6.5 RECOMMENDATIONS FOR FUTURE WORK 

The following recommendations can be considered for the future work related to the 

presented study. 

UWB RTLS 

• Testing the tracking performances of the UWB RTLS in different environmental setups 

to verify whether the environment affects the dynamic accuracy of the system. 

• Testing the tracking performances of the UWB RTLS at higher speeds to verify its 

applicability when tracking faster resources, such as construction equipment. 

• Testing the UWB RTLS in a real construction site through long term experiments to 

evaluate more practical aspects, such as the feasibility of installing and calibrating 

additional infrastructure in an environment that constantly changes during its lifecycle. 

Detection Model 

• Testing the reliability of the Detection Model in timely detecting workers entering an 

unsafe location when tracking more workers simultaneously. A previous study has 

shown that the static accuracy of the UWB RTLS does not decrease when tracking up 
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to 15 tags simultaneously (Maalek and Sadeghpour 2012). Therefore, it is expected that 

also the reliability of the detection model does not decrease. Nevertheless, additional 

tests should be conducted for validation. 

• Considering a non-circular VSB (e.g. elliptical) to avoid false alarms when a worker is 

walking parallel to the edge of a danger zone. This way the error due to the time latency 

of the UWB RTLS (the one associated to the movement of the resource) would be 

considered only in the direction of the speed. 

• Expanding the functionality of the Detection Model by including collision detection 

between moving objects, such as workers and equipment or equipment and equipment. 

An analysis should be conducted to evaluate whether circular VSBs are suitable for 

construction equipment. Different detection algorithms should be developed for 

detecting the overlap between different geometric shapes. 

• Evaluating the possibility of using UWB tags to physically and virtually define the 

danger zones on the site, in order to increase the flexibility and ease of use of the 

Detection Model. 

• Evaluating possible ways of effectively communicating a detected unsafe situation to 

the involved people. As discussed above, the detected unsafe situation can be 

communicated to different people involved in the construction operations, such as the 

site supervisor or the workers conducting the activities. Different ways of 

communicating it might be required based on the role of the person to be informed and 

the particular environmental conditions of the construction site (e.g. noise, low 

visibility). 
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• Evaluating social and cultural issues related to the implementation of such a system in 

real construction sites, such as the attitude of workers towards being continuously 

monitored, or their reliability in wearing the UWB tag. In addition, the legal and ethical 

implications of monitoring the position of the workers on the site should also be 

evaluated. 
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APPENDIX A: TEST FOR NORMALITY OF THE MEASURED ERRORS 

The normal probability plots of the errors (Δx and Δy) were used to test the normality of 

the distributions of the location estimation errors measured in both scenarios. A normal probability 

plot is constructed in a way that the cumulative distribution function has the shape of a straight 

line if the considered data follow a normal distribution (Faber 2012). The cumulative distribution 

function of a normally distributed variable is given by: 

FX�x� = Φ �x-μX

σX
�             (A.1) 

where μX and σX are the mean value and the standard deviation of the normally distributed variable, 

and Φ(·) is the standard normal probability distribution function. Equation A.1 can be rewritten as: 

x = ∅���JK�L��σX + μX            (A.2) 

By plotting x against Φ-1(FX(x)) (z-value), a straight line is obtained if the considered data are 

normally distributed. The normal probability plots of the errors (Δx and Δy) measured in Scenario 

1 and Scenario 2 are presented in Figures Figure A.0.1 to Figure A.0.4. As it can be seen from the 

figures, all the distributions fit to a straight line. Therefore, it can be concluded that both Δx and 

Δy are normally distributed for both scenarios and all the experimented speeds. 
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Figure A.0.1. Normal probability plot of the errors: Scenario 1 - Δx 

a) v = 0.54 km/h,  b) v = 1.08 km/h,  c) v = 1.62 km/h,  d) v = 2.16 km/h, 

e) v = 2.70 km/h,  f) v = 3.24 km/h,  g) v = 3.78 km/h,  h) v = 4.32 km/h 

a) b) 

c) d) 

e) f) 

g) h) 
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Figure A.1 cont’d. Normal probability plot of the errors: Scenario 1 - Δx 

i) v = 4.86 km/h,  j) v = 5.40 km/h,  k) v = 5.94 km/h,  l) v = 6.48 km/h,  

m) v = 7.02 km/h,  n) v = 7.56 km/h 

  

i) j) 

k) l) 

m) n) 
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Figure A.0.2. Normal probability plot of the errors: Scenario 1 - Δy 

a) v = 0.54 km/h,  b) v = 1.08 km/h,  c) v = 1.62 km/h,  d) v = 2.16 km/h, 

e) v = 2.70 km/h,  f) v = 3.24 km/h,  g) v = 3.78 km/h,  h) v = 4.32 km/h 

a) b) 

c) d) 

e) f) 

g) h) 
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Figure A.2 cont’d. Normal probability plot of the errors: Scenario 1 - Δy 

i) v = 4.86 km/h,  j) v = 5.40 km/h,  k) v = 5.94 km/h,  l) v = 6.48 km/h,  

m) v = 7.02 km/h,  n) v = 7.56 km/h 

  

i) j) 

k) l) 

m) n) 
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Figure A.0.3. Normal probability plot of the errors: Scenario 2 - Δx 

a) v = 0.54 km/h,  b) v = 1.08 km/h,  c) v = 1.62 km/h,  d) v = 2.16 km/h, 

e) v = 2.70 km/h,  f) v = 3.24 km/h,  g) v = 3.78 km/h,  h) v = 4.32 km/h 

a) b) 

c) d) 

e) f) 

g) h) 
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Figure A.3 cont’d. Normal probability plot of the errors: Scenario 2 - Δx 

i) v = 4.86 km/h,  j) v = 5.40 km/h,  k) v = 5.94 km/h,  l) v = 6.48 km/h,  

m) v = 7.02 km/h,  n) v = 7.56 km/h 

  

i) j) 

k) l) 

m) n) 
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Figure A.0.4. Normal probability plot of the errors: Scenario 2 - Δy 

a) v = 0.54 km/h,  b) v = 1.08 km/h,  c) v = 1.62 km/h,  d) v = 2.16 km/h, 

e) v = 2.70 km/h,  f) v = 3.24 km/h,  g) v = 3.78 km/h,  h) v = 4.32 km/h 

a) b) 

c) d) 

e) f) 

g) h) 
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Figure A.4 cont’d. Normal probability plot of the errors: Scenario 2 - Δy 

i) v = 4.86 km/h,  j) v = 5.40 km/h,  k) v = 5.94 km/h,  l) v = 6.48 km/h,  

m) v = 7.02 km/h,  n) v = 7.56 km/h 

 

i) j) 

k) l) 

m) n) 


