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Labor-intensive repetitive activities are common in civil construction projects. Con-

struction workers are prone to developing musculoskeletal disorders-related injuries

while performing such tasks. The government regulatory agency provides minimum

safety requirement guidelines to the construction industry that might not be suffi-

cient to prevent accidents and injuries in a construction site. Also, the regulations

do not provide insight into what can be done beyond the mandatory requirements

to maximize safety and underscore the level of safety that can be attained and sus-

tained on a site. The research addresses the aforestated problem in three stages: (i)

identification of theoretical maximum attainable level of safety, safety frontier, (ii)

identification of underlying system inefficiencies and operational inefficiencies, and

(iii) identification of achievable level of safety, sustainable safety.

The research proposes a novel approach to identify the safety frontier by ki-

netic analysis of the human body while performing labor-intensive repetitive tasks.

The task is a combination of different unique actions, which further involve several

movements. For identifying a safe working procedure, each movement frame needs

to be analyzed to compute the joint stress. Multiple instances of repetitive tasks

can then be analyzed to identify unique actions exerting minimum stress on joints.

vi



The safety frontier is a combination of such unique actions. For this, the research

proposes to track the skeletal positional data of workers performing different repet-

itive tasks. Unique actions involved in all tasks were identified for each movement

frame. For this, several machine learning techniques were implemented. Moreover,

the inverse dynamics principle was used to compute the stress induced by essen-

tial joints. In addition to the inverse dynamics principle, several machine learning

algorithms were implemented to predict lower back moments. Then, the safety fron-

tier was computed, combining the unique actions exerting minimum stress to the

joints. Furthermore, the research conducted a questionnaire survey with construc-

tion experts to identify the factors affecting system inefficiencies that are not under

the control of the project management team and operational inefficiencies that are

under control. Then, the sustainable safety was computed by adding system ineffi-

ciencies to the safety frontier and removing operational inefficiencies from observed

safety.

The research validated the applicability of the proposed methodology in a real

construction site. The application of random forest classifier, one-vs-rest classifier,

and support vector machine approach were validated with high accuracy (>95%).

Similarly, random forest regressor, lasso regression, gradient boosting evaluation,

stacking regression, and deep neural network were explored to predict the lower back

moment. Random forest regressor and deep neural network predicted the lower back

moment with an explained variance of 0.582 and 0.700, respectively. The computed

safety frontier and sustainable safety can potentially facilitate the construction sec-

tor to improve safety strategies by providing a higher safety benchmark for monitor-

ing, including the ability to monitor postural safety in real-time. Moreover, different

industrial sectors such as manufacturing and agriculture can implement the similar

approach to identify safe working postures for any labor-intensive repetitive task.
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CHAPTER 1

INTRODUCTION

Workplace safety has always been of primary concern in civil infrastructure con-

struction projects. Construction researchers and industrialists are working hand-

in-hand to enhance the overall safety of the construction site [1–4]. In the past

few decades, there has been a significant improvement in construction safety [5–

10]. Researchers have done several studies and implemented them to improve the

construction methodology [11], equipment safety [6, 12–14], and workers’ safety

[8, 15–17]. Also, researchers have identified numerous technologies, such as inertial

measurement unit (IMU) [18, 19], motion sensor [20–23], computer vision [24–29],

and depth sensor camera [30–33], among others, to ensure the safety of materials,

equipment, and workers in the construction field. Besides, safety regulation agencies,

such as the Occupational Safety and Health Administration (OSHA), continuously

monitor workplace safety. These improvements have significantly reduced the rate

of fatal and non-fatal injuries occurring on a construction site. Figure 1.1 shows

the decreasing trend of rate of fatal injuries for construction workers and the overall

construction industry [34] due to the availability and implementation of advanced

technologies. Despite the decreasing trend, the rate of fatal injuries has always

been higher for construction workers than the average for the overall construction

industry.
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Fig. 1.1. Rate of fatal injuries

Notwithstanding the advancement in technology, most construction activities

are still labor-intensive and repetitive such as manual material handling, concreting

work, reinforcement bars fabrication and installation, masonry work, and formwork.

A brief literature review showed musculoskeletal disorders (MSDs) as one of the ma-

jor problems among the construction workers performing repetitive labor-intensive

tasks [35–37]. Neck disorder, wrist/hand disorder, lower back disorder, shoulder

disorder, and knee disorder were identified as the major MSDs from which the con-

struction workers were suffering [35]. The survey among the construction workers

identified the back, knee, and shoulder as the three body regions with the highest

prevalence of MSDs [36]. Repetitive tasks induce fatigue, causing a change in multi-

joint kinematics and postural stability [38]. [39] identified a significant difference

in the lifting technique of industrial manual material handlers between those who

develop lower back pain and those who do not. The stress generated in the back

muscles while lifting an object increases significantly with the increase in the incli-
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nation of the back [40], further highlighting the importance of ergonomic safety of

construction workers.

Similarly, a brief literature review showed several studies related to assessing

MSDs among construction workers with the implementation of technologies, such

as computer vision [41], inertial measurement unit (IMU) [19], and electromyogram

(EMG) [42], among others. Although several studies have been performed regarding

the MSDs and their effects, many workers are still suffering from MSDs related in-

juries [37]. Construction workers are dispersed randomly in a whole construction site

with only a handful of safety personnel to monitor the overall site safety. Moreover,

a handful of safety personnel cannot monitor the construction workers individually.

The aforementioned problem necessitates developing an automated control system

to monitor the construction workers’ activity, maximize the safety level and thrive

for the higher safety benchmark in construction projects. In order to develop such

a system, it is crucial to identify the factors affecting workers’ safety and the avail-

ability of different methods and technologies to track and monitor those factors. For

this, we conducted an extensive literature review, covered in Chapter 2. Section 1.1

provides a brief description of the dissertation outline.

1.1 Dissertation Outline

The dissertation provides a framework for identification of theoretical maximum

achievable level of safety, safety frontier, system & operational inefficiencies, and

sustainable safety, that can be achieved and sustained in a construction site. The

dissertation is divided into different chapters addressing the literature review, three

hypotheses, and a conclusion. The following subsections provide a summary of each

chapter.

3



1.1.1 Chapter 1 - Introduction

Chapter 1 provides brief information about the existing safety-related researches in

the construction sector. It identifies MSDs as one of the significant issues among

construction workers performing repetitive labor-intensive activities. Moreover, the

chapter identifies the need to develop a safety monitoring system to track and mon-

itor workers’ safety.

1.1.2 Chapter 2 - Literature Review

Chapter 2 presents an in-depth systematic literature review to identify factors af-

fecting construction workers’ safety. It identifies different technology that we can

implement for monitoring several safety factors. The chapter also identifies legal

issues and disputes resulting from the workers’ injuries and provides information

about the possible technologies we can use to resolve these issues.

1.1.3 Chapter 3 - Objective and Scope

Chapter 3 provides the objective of the research. The research framework includes

three research questions, three hypotheses, limitations, and the scope of the study.

1.1.4 Chapter 4 - Safety Frontier

Chapter 4 explains and validates a proposed framework to identify the theoretical

maximum achievable level of safety, safety frontier. The research discussed in the

chapter is published in Automation in Construction and presented in the journal

format. It partially answers the first two hypotheses of the study.
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1.1.5 Chapter 5 - System and Operational Inefficiencies

Chapter 5 identifies several crucial factors affecting workers’ safety while performing

repetitive labor-intensive activities such as masonry, manual material handling, and

concrete work. It categorizes the identified factors into the system and operational

inefficiencies based on expert opinions obtained from the questionnaire survey. It

also provides a framework to indexify the system and operational inefficiencies. The

chapter partially addresses the third hypothesis of the research.

1.1.6 Chapter 6 - Sustainable Safety

Chapter 6 validates the research framework developed in Chapter 4 using real con-

struction site data. In addition, it indexifies the system and operational inefficiencies

as discussed in Chapter 5. Then it describes a methodology to compute sustainable

safety that can be achieved and sustained in the construction site. The chapter

answers all three hypotheses of the study.

1.1.7 Chapter 7 - Conclusions

Chapter 7 summarizes the overall dissertation research framework and discusses

research findings, major contributions, significance, applicability in real construction

sites, and limitations. It also provides insights for future work.
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CHAPTER 2

LITERATURE REVIEW

Mapping the "Datafication" in Construction Worker Safety Research to

Minimize the Injury Related Disputesa

Sudip SUBEDI1, Nipesh PRADHANANGA2

Abstract

The construction workers are susceptible to work-related injury which increases

the probability of workers’ compensation claim. But the workers’ compensation

claim can cause dispute due to several reasons such as whether injury occurred on

the job, suspicion of fraud, and lack of evidence, among others. This highlights

the necessity of improvement in workers’ safety and the recording of evidence to

reduce the dispute occurrence. The rapid "datafication" of construction processes

implementing the available technologies can be a potential solution. This chapter

aims to trace the trends of such "datafication" by investigating the available scientific

literature to create a novel tabular index of what data is (or can be) generated

and leveraged, for what purpose, following what methodologies, and when. This

chapter identifies different technology that can be used to monitor workers’ safety

and provide data for dispute resolution, if any. The author proposes the use of
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systematic literature review (SLR) for this study to provide reliable data-based

mapping. The methodology includes identification of safety factors and technology

implemented from published scholarly articles and their applicability in dispute

resolution. A tabular index was created containing information such as factors

tracked, technology used, type of data, and accuracy, among others. Similarly,

multiple visual maps were generated aiding in the identification of the important

safety factors and most reliable technologies fit to be implemented for data collection,

that can help to reduce the chance of injury and identify the reason behind the injury,

if any. This literature review will serve as an index for researchers and practitioners

working on construction safety or wanting to learn about real-time construction

safety research. The visual maps reported in the literature review contributes as

a guide to understand what data type is required for a specific safety issue, how

to collect them, and how the data can be analyzed. The maps will also reveal

trends in the rise and fall of distinct types of analysis methods and technologies in

construction safety research. Finally, the construction practitioners can use the map

to identify the technology which can be used to collect different data that could help

to reduce the chance of injury as well as identify the reason behind the injuries if

occurred, reducing the probability of disputes.

2.1 Introduction

Construction is one of the oldest activities of humankind, and its methodology is

ever-changing to improve the cost, quality, time, and safety [1]. Numerous studies

have already been done and implemented to improve the construction methodology

[2], safety (materials, equipment, and laborers), and use of technology [3–7]. Despite

all these improvements, the injuries in the construction industry are significantly
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high, and the rate of fatal and non-fatal injuries is higher compared to most of the

other industries. Out of 5,147 fatal occupational injuries in the USA, 4,674 of them

were in the private sector in 2017 [8]. Moreover, out of 4,674 worker fatalities in

the private sector, 971 (20.8%) were in construction [8] which is very high compared

to the 3.98% contribution of the construction industry to overall gross domestic

product (GDP) [8].

Construction workers are directly and indirectly affected by the injuries occurring

in the accidents [9]. Pain and suffering, moral and psychological suffering (especially

in the case of death and permanent disability), among others, are some of the in-

direct effects, whereas loss of salary, reduction of professional capacity, loss of time

(medical treatment), site compliance of health, and safety issues are some of the

direct effects of injuries to construction workers [9]. And researchers have identified

the workplace injuries and their effects as one of the major cause of disputes and

delays in construction site [10–12]. As construction accidents usually cause serious

injuries or death to workers, and many parties are involved in the accidents, disputes

are very common over issues such as causes, reliability, and compensation [13]. Dis-

putes mainly arise if there is doubt that the injury is job-related or when the extent

of disability is difficult to measure since total compensation payments are typically

a function of time off the job or reduced earning capacity [14]. These disputes can

eventually lead to litigation, causing delay and loss in the construction project. So,

there is a need for improvement in construction methodology, which ensures better

safety as well as provides evidence for dispute resolution. Several researchers have

validated the implementation of technology to enhance the construction methodol-

ogy and safety [5, 6, 15] such as computer vision [16–19], motion sensor [20–23], and

range camera [24–29], among others. These technology have quantitative data asso-

ciated with them, which can be used for enhancing construction safety as validated
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by the researchers. Besides, these data can be used to find the reasons behind the

accidents, if any.

Even though there have been numerous studies regarding the implementation

of technology to enhance the construction methodology and safety [5, 6, 15], it is

difficult for the construction safety personnel to find the proper technology suitable

for their construction site and similarly for the new researchers to keep track of

the technology previously researched. The authors identified a lack of a systematic

mapping that keeps track of all the information, such as research proposed by whom,

used for what purpose, the methodology implemented, and cost versus reliability.

This chapter tries to address this issue by creating an index map containing the

implementation methodology and technical details of different technology used for

tracking and enhancing the construction safety obtained from a pool of published

research papers.

The authors aim to track the trends of “Datafication” in the construction in-

dustry, by reviewing the available scientific literature to create a novel visualization

maps of what data is generated, for what purpose, who generated the data, following

what methodologies, and when was it generated. “Datafication” is the digitization of

different aspects of our life, and it aids in real-time tracking and predictive analysis.

This chapter explores the implementation of technology in tracking and enhancing

construction safety through literature review. Similarly, this chapter provides an in-

dex for extracting quantitative data regarding workers’ behavior which can be used

for dispute resolution in case of any injury.
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2.2 Background

As mentioned in the previous section, injuries are present in construction industry.

There is a higher risk of dispute arisal with the occurrence of the injury. An injured

worker has to prove his/her engagement in work activities when the injury occurred,

the nature of work activities contributed to the injury’s development, whether or

not recovery has occurred, and whether or not the worker refused a legitimate offer

from the employer [30–32]. This can be very challenging in absence of data or

witness. Also the disputes are partially motivated by the fact that the workers’

compensation program in the US generally prevents an injured worker from suing

his/her employer for damages [33]. This forces injured workers to seek other sources

of recovery including other party’s involved in the project such as design firms [33].

The typical allegation includes the design firm’s responsibility to visit the job site

to review the contractor’s work for conformance with the plans and specifications

gave rise to a duty to prevent unsafe conditions at the job site [33].

In Reese v. Triple D. Truss, LLC, lack of data resulted into the dispute regard-

ing the liability of claim against negligence. Similarly, in Purcell v. Visting Nurses

Found. Inc., lack of real-time monitoring resulted into an accident injuring a con-

struction worker and lack of recorded data resulted into the discrepancy regarding

how the accident occurred and the extent of injury. And, in Am. Nat’l Bk. Tr.

Co. v. Nat’l Adv. Co., lack of real-time monitoring resulted in a fatal electrocu-

tion while painting a billboard. The real stimuli of the electrocution was hard to

determine due to lack of real-time data causing dispute regarding the liability of

the death. All these dispute cases further enhance the necessity of identification

of proper technology that can be implemented in the construction site, which can

primarily prevent accidents from happening and provide hard data in case of injury.
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Also, from the preliminary literature review, it was found that researchers prior-

itized legal disputes related to change orders [34], cost overruns [35, 36], ambiguous

contracts [37], schedule delays[35, 36], low quality [36], among others. A gap was

identified regarding the research related to remedial of the workers’ compensation

claims related dispute and the possible implementation of recent technology.

Today’s technology, in coordination with ultra-fast computer systems, can gen-

erate a vast amount of data. Researchers from the University of Berkeley estimated

that every year about 1 Exabyte (= 1 Million Terabyte) of data are generated, of

which a significant portion is available in digital form [38]. Daniel A. Keim has

proposed different data types to be visualized such as one-, two-, or multidimen-

sional data, text, hypertext, hierarchies, graphs, algorithms and software as well

as different visualization technique like standard 2D/ 3D displays (bar chart, x-

y plots), geometrically transformed displays (landscapes and parallel coordinates),

icon-based displays (needle icons and star icons), dense pixel displays (recursive

patterns and circle segment technique), and stacked displays (treemaps) [39]. We

used the stacked displays visualization technique for mapping and indexing of all the

available information of technology implemented to track and enhance construction

workers’ safety. The obtained visual indexing can provide different ways to capture

real-time workers’ safety related data to assist in minimizing the injuries as well as

the workers’ compensation related disputes.

2.3 Objective

Although construction safety includes materials, equipment, and workers’ safety, the

literature review was limited to tracking construction workers’ safety. The study

was further limited to track the academic research papers only, and any commercial
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products or patents were not tracked in this literature review. Moreover, only the

information such as data transfer rate, accuracy, and range, among others, that

were available in the published research papers were tabulated. The technological

advancement might have enabled higher frequency rates or larger ranges and better

accuracy, but those were not included in the scope of this literature review.

2.4 Methodology

After a thorough study of different types of literature reviews such as traditional/

narrative, systematic, meta-analysis, meta-synthesis, and critical literature review,

the authors employed the systematic literature review (SLR) to carry out further

study [40]. The SLR has been widely used for conducting literature reviews [41–44].

The SLR methodology clearly specifies its "criterion based selection" process [43].

By definition, the systematic literature review is a means of identifying, evaluating,

and interpreting all available research relevant to a particular research question, or

topic area, or phenomenon of interest [45]. Since the primary purpose of this study

is to provide reliable data-based mapping for construction safety personnel and new

researchers, this study is based on the guidelines proposed and implemented by

Kitchenham [45, 46] and [47]. Although more sophisticated methods are available

for scientometric analysis (including but not limited to co-citation analysis, citation

burst analysis, co-authorship analysis, among others), the scope of this chapter is

limited to building an index for extracting quantitative data regarding workers’

behavior. Figure 2.1 shows the flowchart of the implemented methodology.
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Methodology

Review	Protocol

Search	Procedure

Quality	Assessment

Data	Collection

Data	Analysis

Is	published	research	related	to	construction
workers'	safety?
Has	any	technology	been	used	to	enhance	the
construction	workers’	safety?
Did	recognized	journal	publisher	publish	it?
How	many	citations	does	it	have?

Questionnaire

Automation	in	Construction
Journal	of	Construction	Engineering	and
Management
Journal	of	Computing	in	Civil	Engineering
Advanced	Engineering	Informatics

Procedure	II	(Search	in	selected	major	journal
publication)

Construction	workers'	safety	tracking
Real-time	construction	safety	training	for	workers
Factors	affecting	construction	workers	safety
Location-based	workers'	safety	tracking
Physiological	factors	tracking	of	construction
Data	mining	of	construction	workers'	safety

Procedure	I	(Search	in	google	scholar	using
keywords)

Were	enough	papers	reviewed	to	reach	a	point	of
data	saturation?
What	procedure	was	used	to	map	all	the	papers?
Were	enough	papers	reviewed	chronologically	to
perform	a	valid	trend	analysis?
Were	sufficient	current	research	papers	included?
Was	the	study	able	to	track	all	the	essential
workers'	safety	factors?

Questionnaire

Name	of	authors
Source	of	publication
Published	year
Implemented	technology
Methodology	used
Factors	tracked
Pros	and	cons	of	technology	used
Number	of	citations
Country	of	publication

Data	extracted	from	paper

Fig. 2.1. Flowchart of the Implemented Methodology

2.4.1 Review Protocol

To conduct an unbiased literature review, a predefined protocol is necessary that

specifies the method used to undertake a systematic literature review (SLR) [45].

The authors created the questionnaire to find a list of research papers answering

those questions. Table 2.1 shows the questions needed to be answered positively to

select the research papers for review.

Table 2.1. Questionnaire for research paper selection

SN Question
1 Is published research related to construction workers’ safety?
2 Has any technology been used to enhance the construction workers’ safety?
3 Did recognized journal publisher publish it?
4 How many citations does it have?
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The first question aided in filtering the papers related to the construction work-

ers’ safety. Then, the second question helped to sort out the papers that had im-

plemented one or more technology, directly or indirectly aiding to the construction

workers’ safety. As it was virtually impossible to find all the papers, priority was

given to the papers published in recognized journal publishers, such as Automation

in Construction, Journal of Computing in Civil Engineering, and Safety Science,

among others, enlisted in the following step. The authors also prioritized the num-

ber of citations to find the papers. While searching for papers using keywords, the

inclusion of papers with higher citations was assured.

2.4.2 Search Procedure

The authors implemented two different search procedures to address two critical

aspects of the literature review, first, the inclusion of relevant research papers, and

second, the inclusion of recent research papers. The Search Procedure I addressed

the first aspect of the review, and the Search Procedure II addressed the second

aspect.

Search Procedure I

Google Scholar was used as the only search engine to find the relevant research

papers for Search Procedure I due to ease of accessibility. Through the preliminary

review of some research papers related to the implementation of technology to track

and maintain construction workers’ safety, the list containing keywords, phrases, and

major technology was prepared as enlisted in Table 2.2. To narrow down the scope

of Search Procedure I, only the first thirty papers were reviewed for each phrase as

the papers beyond that were not relevant to the keyword used. Not all the reviewed
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papers were relevant to our scope of review, which were filtered either by reading

the abstract or the whole research paper. References from the obtained papers were

thoroughly reviewed to find additional research papers.

Table 2.2. List of primary keywords used to search the journal papers and conference
proceedings.

Keywords Phrases
Construction Workers, Safety,
Physiological Factors, Safety
Training, Real-Time Tracking,
Data Mining, Location-based
Tracking, Workers’ Safety
Factors

Construction workers safety tracking
Real-time construction safety training for workers
Factors affecting construction workers safety
Location-based workers’ safety tracking
Physiological factors tracking of construction
workers
Data mining of construction workers’ safety

During this search procedure, the authors found that the search engine showed

the most viewed or most cited papers in the top. Also, since this procedure was

retrospective, the inclusion of enough recent research papers became virtually im-

possible. This warranted the need for another search procedure, which should be

able to include enough numerous research papers for which the Search Procedure II

was implemented.

Search Procedure II

From the list of the research papers identified from the Search Procedure I, the

authors identified the principal journal publications. Then the title and abstract of

each research paper were reviewed, from each issue and volume, to filter the relevant

papers from all major journal publication. The authors narrowed down the scope of

Search Procedure II to finding research papers published in the range 2000 – 2018,

as no significant papers were found before 2000 from the Search Procedure I. The

authors identified four major journal publications with the highest number of study

related papers for the thorough review from Search Procedure I, as listed in Table
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2.3. This search procedure made sure that recent as well as old research papers

were incorporated in the study, making the trend analysis possible during the data

analysis phase.

Table 2.3. List of journal publications reviewed for additional papers.

SN Journal Publications
1 Automation in Construction
2 Journal of Construction Engineering and Management
3 Journal of Computing in Civil Engineering
4 Advanced Engineering Informatics

2.4.3 Quality Assessment

The quality, as well as the number of papers reviewed, plays a crucial role in deter-

mining the quality of the review itself. Therefore, the authors created a questionnaire

based on the guidelines of SLR to assess the quality of the data obtained for the

review, as shown in Table 2.4. Besides, to maintain the integrity of the obtained

data from reviewed papers, data extracted by one reviewer was cross-checked and

verified by another reviewer.

Table 2.4. Questionnaire for research paper selection.

SN Question
1 Were enough papers reviewed to reach a point of data saturation?
2 What procedure was used to map all the papers?
3 Were enough papers reviewed chronologically to perform a valid trend analysis?
4 Were sufficient current research papers included?
5 Was the study able to track all the essential workers’ safety factors?

2.4.4 Data Collection

Table 2.5 shows the list of information extracted by the researcher from each of

the reviewed papers. A mapping index was created for visualization of technology
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implementation for construction workers’ safety from the extracted information.

The name of the authors were tracked to see the trend and continuity of researchers’

involvement in such researches. The source of publication provided key information

for selecting the major journal publications for Search Procedure II. The published

year was valuable for trend analysis. The major information collected for indexing

included implemented technology, the methodology used, factors tracked, and the

pros and cons of technology. The number of the citation was considered as an

indirect measurement of the research paper’s importance and used to find papers

for Search Procedure I.

Table 2.5. List of information extracted from the review paper.

SN Journal Publications
1 Name of authors
2 Source of publication
3 Published year
4 Implemented technology
5 Methodology used
6 Factors tracked
7 Pros and cons of technology used
8 Implemented technology
9 Country of publication

2.4.5 Data Analysis

The data analysis was carried out to create a visual mapping of all the available

information. The data analysis computer software, NVIVO, was used for mapping

and trend analysis. NVIVO is “a qualitative data analysis (QDA) computer software

package produced by QSR International, has many advantages and may significantly

improve the quality of research” [48]. This software eases the five essential tasks

in the analysis of qualitative data: managing data, managing ideas, query data,

modeling visually, reporting [49].
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2.5 Theoretical Definitions

For proper mapping and visualization of the available information regarding the use

of different technology to track and enhance the construction workers’ safety, the

classification of these technology based on different factors affecting the workers’

safety was paramount. Also, for unbiased classification throughout the study, a

clear theoretical definition for each identified major factor was deemed necessary so

that if any confusion arose during the classification of technology, these definitions

could be referred for clarification.

2.5.1 Technology

For this literature review, the authors divided the technology into four major cat-

egories, hardware, software, tools and environment, and medium. The authors

primarily focused on tracking the hardware that provided the right data of interest.

Hardware The hardware consists of all the equipment that can measure and

provide data, directly or indirectly, helpful for the analysis of construction work-

ers’ safety. It can be touched and felt, unlike software. Global Positioning Sys-

tem (GPS), Physiological Status Monitoring (PSM) Device, and Ultra-Wide Band

(UWB), among others, are some of the examples of hardware providing direct data

and Laser Scanner and Robotic Total Station (RTS), among others, are the exam-

ples of hardware providing indirect data for worker safety. Direct data are directly

related to the construction workers’ physical, physiological, psychological, and visu-

alization factors. Whereas, indirect data provides additional information about the

construction workers’ working environment.
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Software The software plays the role of interface between the hardware and the

user, and cannot be touched like hardware. MS Project, Autodesk Revit, and Unity

3D, among others, are some of the examples of the software that help a user to

visualize the data obtained from the hardware and find the proper analysis tools.

Tools and Environment For this literature review, the environment is a digital

representation of the physical and functional characterization of the construction en-

vironment. Augmented Reality (AR), Virtual Reality (VR) combined with Machine

Learning (ML) and Artificial Intelligence (AI) can facilitate as interactive digital

tools and construction environments in which users can perform different construc-

tion workers’ safety-related research without putting construction workers into any

real danger. Users may use one or many hardware and software in the environment

to take advantage of it.

Medium Programming languages like Matlab, C, C+, and C++, among others,

play a crucial role in the analysis part of the research. Moreover, these languages

act as a medium between the technology and people to deduce results from analysis

and get into a conclusion.

2.5.2 Techniques

There are specific tools that have been and are currently in use, such as surveys,

questionnaires, training, and educational program for enhancing construction work-

ers’ safety. Although these cannot be classified into any sub-heading of technology,

which is the key focus, they play a vital role in construction workers’ safety enhance-

ment, and they have been incorporated in the scope of the study.
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2.5.3 Construction Workers’ Safety

It is the discipline of preserving the health of those who build, operate, maintain, and

demolish the engineering works and of others affected by those works [50]. It is the

overall safety of all the workers working in the construction site from any potentially

fatal or non-fatal injuries. From the literature review, many factors affecting the

workers’ safety were identified and categorized into three major factors; personal,

environmental, and organizational. Not all factors can be tracked using existing

technology.

2.5.4 Personal Factors

Personal factors are related to an individual that can influence how they act and

behave, such as attitude, motivation, and ability to perform a task. Personal factors

can be categorized into different sub-factors.

Physical Factors Physical factors are properties that can be observed without

the need for a device or a tool [51]. For instance, common physical measures used

to detect stress are posture, eye gaze, voice, pupil diameter, and hand and finger

movement. However, sophisticated equipment and sensors that can analyze visual

and audio cues are still needed to obtain physical signals at sampling rates enough

for data analysis. It involves the anticipation of or confrontation with a situation

that is characterized by physical harm, danger, pain, or discomfort [52].

Physiological Factors Physiological factors are properties that require a device

and a tool to be attached to individuals to detect wide fluctuations [51]. It relates

to the factors affecting the functioning in the body, such as heart rate, blood volume

pulse, and blood pressure, among others.
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Psychological Factors These are the factors regarding the influence of training

levels, propensity to accept danger or risk-taking, skill levels, supervisor carefulness,

and worker carelessness, among others. [53]. It involves the anticipation of or

confrontation with situations that are potential threats to self-esteem and that often

involve fear of failure or personal evaluation [52].

Cognitive Factors The cognitive factors refer to characteristics of the person that

affect perceiving, remembering, thinking, problem-solving, decision making that is

reflective of information processing regularities [54]. It affects the performance and

learning of a person.

2.5.5 Environmental Factors

These are the factors that relate to site conditions such as tidiness, the interre-

lationship between construction groups, inter- and intragroup cooperation, control

and supervision of work activities, the influence of site planning, and worker safety

observance [53].

2.5.6 Organizational Factors

These relate to factors such as group interactions, interrelationships, trade union

involvement, safety policy, safety propaganda, and safety climate, among others

[53].

2.6 Data Collection and Analysis

Two hundred and seventy six published research papers were reviewed in total using

the defined search protocol. Search Procedure I was used for 134 papers, and Search
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Procedure II for the remaining 142 papers. Thirty-seven percent of the reviewed

papers were extracted from Automation in Construction, 16% from Journal of Con-

struction Engineering and Management, 11% from Journal of Computing in Civil

Engineering, and 6% from Advanced Engineering Informatics. Table 2.6 shows the

details about the publications from where the papers were reviewed.

Table 2.6. List of journal publications reviewed for additional papers.

SN Journal Publications No. of Papers
1 Automation in Construction 103
2 Journal of Construction Engineering and Management 44
3 Journal of Computing in Civil Engineering 30
4 Advanced Engineering Informatics 15
5 Others 84

Total Number of Papers 276

After data collection from 276 reviewed papers, the qualitative data analysis was

performed using the qualitative data analysis software, NVIVO, for visualization and

mapping of the vital information. The authors identified the primary factors affect-

ing the construction workers’ safety from the reviewed papers and coded into the

NVIVO as a 1st tier node. The authors further subdivided the primary factors into

secondary factors and coded as 2nd tier node, which was further subdivided into

tertiary factors and coded as 3rd tier node. Similarly, the authors coded different

technology used to track and enhance construction safety (both directly and indi-

rectly) as 4th tier node in each tertiary factors. Then, each 4th tier node was coded

with the relevant information from the reviewed paper. Figure 2.2 shows an example

of 1st, 2nd, 3rd, and 4th tier nodes created, and the information details for one of the

technology coded in 4th tier node.
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Nodes

Factors Tracked 0 0
Name Files References

Personal 0 0

Cognitive 0 0
Visualization 0 0
Physiological 1 2
Psychological 1 1
Physical 2 2

Posture 0 0
Motion 0 0
Vision 0 0
Location 1 1

Magnetic Head Orientation Tracker 1 1
Laser with Pan & Tilt 1 1
Chirp Spread Specturm 3 3
Bluetooth Proximity Sensor 3 4
Inertial Measurement Unit 4 4
Laser Scanner 5 5
Total Station 7 7
Global Positioning System 7 8
Range Camera 7 7
Wireless Network System 8 9
Computer Vision 9 9
Radio Frequency Identification Syste 18 19
Ultra Wide Band 22 23

Environmental 0 0
Organizational 0 0

Pros 0 0
Cons 0 0
Frequency 0 0
Objective of Research 18 20
Research Findings 44 46

<Files\\Technology Papers\\A. Construction Worker's Safety Tracking\\Automated task-level activity
analysis through fusion of real time location sensors and worker's thoracic posture data> - § 1 reference
coded  [0.20% Coverage]

Reference 1 - 0.20% Coverage

This approach is tested in an indoor environment that had a simple 
site layout and lacked major obstructions. Therefore, a commerciallyavailable UWB localization system is
utilized to monitor the real-time spatial and temporal information of the participants in the test case.

<Files\\Technology Papers\\A. Construction Worker's Safety Tracking\\Automated trajectory and path
planning analysis based on ultra wideband data> - § 1 reference coded  [0.30% Coverage]

Reference 1 - 0.30% Coverage

The experiments conducted used the following configuration of a UWB system: (1) central hub processor
and computer interface; (2) receivers (six 90° midgain, three 60° high gain, and no omni-directional
antenna); (3) Cat5e shielded cables (of several lengths); and (4) tags (up to 60 Hz, including one 1 Hz
reference tag).

<Files\\Technology Papers\\A. Construction Worker's Safety Tracking\\Data Fusion of Real-Time Location
Sensing and Physiological Status Monitoring for Ergonomics Analysis of Construction Workers> - § 1
reference coded  [0.09% Coverage]

Reference 1 - 0.09% Coverage

In this paper, the tracking data collected by UWB is sampled with the workers’ speed, indicating traveling
and stationary status.

<Files\\Technology Papers\\A. Construction Worker's Safety Tracking\\Location tracking and data
visualization technology to advance construction ironworkers' education and training in safety and
productivity> - § 1 reference coded  [0.08% Coverage]

Reference 1 - 0.08% Coverage

In this research, Ultra Wideband (UWB) location tracking technology was implemented as suggested by
Cheng et al. [10].

<Files\\Technology Papers\\A. Construction Worker's Safety Tracking\\Performance evaluation of ultra
wideband technology for construction resource location tracking in harsh environments> - § 1 reference
coded  [0.25% Coverage]

1st Tier Node

2nd Tier Node

3rd Tier Node

4th Tier Node

Fig. 2.2. Example of different tier nodes coded in NVIVO with information details for
Ultra-Wideband

2.7 Results and Finding

The authors analyzed the journal papers extracted using the defined search protocols

using the qualitative analysis software, NVIVO, and MATLAB. Figure 2.3 shows

the comparative trend line for overall published papers and the ones published in

the United States between the numbers of journal papers and published year from

January 2000 to December 2018. It can be observed that the trend of the number

of studies regarding the use of technology for workers’ safety tracking has been

increasing rapidly since 2006. Also, the maximum number of the published journal

was 44 in 2016 and 2018. Similar trend can be observed for researches from just the
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United States. This shows that the researchers are trying to implement technology

in a construction site for the enhancement and tracking of workers’ safety.

Fig. 2.3. Chronological plot of journal papers reviewed

2.7.1 Geographical Networking of Construction Workers’

Safety Research

The authors reviewed the inter-country collaboration network based on the location

of university or institute conducting construction workers’ safety research. The au-

thors identified thirty countries contributing most to the research. Figure 2.4 shows

the collaboration network among the countries. The edge represents the collabora-

tion between countries and the size of node represents the country’s involvement in

the research. Countries like USA, Canada, China, UK, Korea, Hong Kong, Australia,

Germany, among others, had the major contribution in the construction workers’

safety research. And, USA was the major collaborator with multiple countries.
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Iran
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South Africa
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Japan

Egypt

Switzerland

Fig. 2.4. Inter-country collaboration network

2.7.2 Technologies Aiding Construction Workers’ Safety

The authors found forty-three different technology from the in-depth literature re-

view of 276 journal papers, directly or indirectly involved in tracking the construc-

tion workers’ safety. Figure 2.5 shows the chronological matrix of the different

technology used in the published researches for the review period. The most popu-

lar technology among the researchers were computer vision, ultra-wideband (UWB),
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radio frequency identification (RFID), building information modeling (BIM), range

camera, accelerometer, virtual reality (VR), inertial measurement unit (IMU), RTS,

and augmented reality (AR), among others and were used more in the researches.

Some of the technology like lumbar motion monitor (LMS), magnetic head ori-

entation tracker (MHOT), headset, and target alarm (TA) among others were only

used once and were not preferred by any other researchers which could be due to

various reasons like cost of technology, complexity, wear-ability, and accuracy among

others. Similarly, there was an overall incremental trend regarding the use of tech-

nology throughout the reviewed period. After 2010, a more pronounced rise can be

observed in the use of technology for tracking the construction workers. The total

is different from the total number of papers because some research activities used

multiple technology.
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1 Computer Vision 1 1 1 1 1 2 5 3 3 1 7 13 12 16 67
2 Ultra Wide Band 1 3 1 2 6 5 6 2 1 2 29
3 Radio Frequency Identification System 1 2 4 1 4 4 1 1 4 22
4 Building Information Model 1 2 1 3 6 6 8 7 5 39
5 Range Camera 1 2 1 1 6 2 5 1 1 2 3 25
6 Accelerometer 2 1 1 4 4 2 14
7 Inertial Measurement Unit 1 1 5 4 1 12
8 Virtual Reality 1 1 1 1 1 1 1 2 6 7 2 6 30
9 Motion Sensor 1 2 1 2 3 1 10

10 EEG Sensor 2 2 3 7
11 Robotic Total Station 1 1 2 1 2 7
12 Augmented Reality 1 1 1 1 1 1 2 3 11
13 Computer 2 1 2 5
14 Game Engine 2 1 2 1 6
15 Global Positioning System 1 1 1 2 4 9
16 Laser Scanner 1 1 1 1 1 1 6
17 Physiological Status Monitoring Device 1 2 2 1 1 7
18 Wireless Network System 1 1 3 1 1 1 8
19 Chirp Spread Spectrum 2 1 1 4
20 Eye Tracking System 1 2 3 6
21 Heart Rate Monitor 1 3 4
22 Metabolic System Monitor 1 1 1 1 4
23 Wearable Insole Pressure System 4 4
24 Bluetooth Proximity Sensor 1 3 1 5
25 ECG Sensor 1 1 1 3
26 EMG Sensor 1 2 3
27 Gyroscope 1 1 1 1 4
28 Temperature Sensor 1 2 3
29 Angle Sensor 1 1 2
30 Geographic Information System 1 1 2
31 Heat Stress Monitor 1 1 2
32 Oxygen Sensor 1 1 2
33 Alarm 1 1
34 Dynamometer 1 1
35 Exoskeleton 1 1
36 GSR Sensor 1 1
37 Headset 1 1
38 Laser with Pan & Tilt Unit 1 1
39 Lumber Motion Monitor 1 1
40 Magnetic Field Sensor 1 1
41 Magnetic Head Orientation Tracker 1 1
42 Photoplethysmogram Sensor 1 1
43 Unmanned Aerial Vehicle 1 1

Yearly Total 0 0 4 1 2 4 4 5 8 12 14 24 30 27 28 40 60 57 53 373

Year

To
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l

Te
ch
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gy

Fig. 2.5. Matrix representation of different technology used by published researches

Real-time location system (RTLS) based technology such as UWB, active RFID,

and GPS were the most used technology to track the location and positioning of

the workers. Also, researchers extensively used computer vision either to track the

workers’ safety directly or to visualize and verify the usability of other technology

during analysis. The use of advanced environments like BIM, VR, and AR for
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visualization increased rapidly from 2010. Figure 2.6 shows the trend line of the use

of BIM, VR, and AR in the visualization of construction workers’ safety.

Fig. 2.6. Trend line for the use of BIM, VR, and AR in the visualization of construction
workers’ safety

2.7.3 Visual Mapping of Identified Factors and Tracking

Technologies

The authors used the qualitative analysis software (NVIVO) and python networkx

module, to derive a visual map for each factor showing the list of technology used

to directly or indirectly track construction workers’ safety. These visual maps made

the task of finding the proper technology suitable for research or site environment

easier. Figure 2.7 shows the visual map showing the list of technology used to,

directly and indirectly, track the physiological factors of construction workers.
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Physiological

Breathing Rate

Electrical Activity

Energy Expenditure
Heart Rate

Maximum Voluntary Contraction

Metabolic Equivalent

Minute Ventilation

Oxygen Consumption (VO2)

Oxygen Saturation Level

Respiratory Exchange RatioSkin Temperature

Metabolic System Monitor

Physiological Status Monitoring Device

EEG Sensor

EMG Sensor
GSR Sensor

ECG Sensor

Heart Rate MonitorPhotoplethysmogram Sensor

Dynamometer

Oximeter

Temperature Sensor

Fig. 2.7. Visual map for the list of technology used to track physiological factors of a
construction worker

The authors further sub-divided the 2nd tier secondary (physiological) factor

as, defined previously, into 3rd tier tertiary factors such as oxygen consumption,

breathing rate, heart rate, electrical activity, respiratory exchange ratio, energy ex-

penditure, and skin temperature among others. For each 3rd tier tertiary factors,

the authors listed 4th tier technology such as metabolic system monitor (MMS),

oximeter, PSM device, and temperature sensor among others. We can create sim-
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ilar maps for all other factors like location, psychological, postural, cognitive, and

visualization among others.

From Figure 2.7, it can be noticed that the same technology could be used

to track the multiple factors. Also, this could ease the task for researchers and

construction personnel, to find a suitable technology for tracking multiple factors,

by merely using these visual maps. Additionally, Figure 2.8, 2.9, and 2.10 shows

the similar visual maps for physical, psychological, vigilance, and cognitive factors

of construction workers. The physical factors include location, posture, motion, and

vision. From Figure 2.8, it can be observed that majority of the research was focused

on technologies tracking workers’ location.
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Physical

Location

Motion

Posture

Vision

Bluetooth Proximity Sensor

Chirp Spread Specturm

Computer Vision

Global Positioning System
Inertial Measurement Unit

Laser Scanner
Laser with Pan & Tilt

Magnetic Head Orientation Tracker

Radio Frequency Identification System

Range Camera

Total Station

Ultra Wide Band

Wireless Network System

Accelerometer

Gyroscope

Magnetic Field Sensor

Motion Sensor

Angle Sensor
Exoskeleton

Lumber Motion Monitor

Physiological Status Monitoring Device

Eye Tracking System

Fig. 2.8. Visual map for the list of technology used to track physical factors of a con-
struction worker
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Personal

Visualization
Cognitive

Psychological

BehaviorRisk Perception

Vigilance

Augmented Reality

Building Information Model

Computer Software

Computer Vision

Game Engine

Range Camera

Virtual Reality

Safety Training

Questionnarire

Beeper

Digital Camera

Headset

Target Alarm

Fig. 2.9. Visual map for the list of technology used to track psychological, visualization,
and cognitive factors of a construction worker
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Construction Worker's Safety

Organizational

Environmental

Safety Management

Oxygen Level

Relative Humidity
Temperature

Construction Real Time Information and Communication System

Geographic Information System

Safety Training

SimSAFE

Survey

Visual Inspection

Oxygen Sensor

Heat Stress Monitor
Temperature Sensor

Fig. 2.10. Visual map for the list of technology used to track environmental and organi-
zational factors of a construction worker

2.7.4 Tabular Index with Critical Information about the

Technology

The authors created a tabular index from this review, which held all the critical

information about the technology used to track different construction workers’ safety

factors, as shown in Tables 2.7 and 2.8. Table 2.7 shows the information like factors

tracked, technology used, type of data, data transfer rate, range, accuracy, and
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task performed from all the reviewed research papers while Table 2.8 shows the

related citations for information collected in Table 2.7. The authors obtained all

the information included in the tabular index from the reviewed research papers

itself. And the authors did not investigate any additional source to find more details

about the technology. For example, there might be more advanced computer vision

technology available in the market with better data transfer capacity. However,

those pieces of information were excluded in this literature review. Moreover, if any

specific information could not be obtained about technology, then the table was left

empty rather than finding the information from other sources. The authors primarily

focused on the technology used to track the personal factors of construction workers’

safety, as stated in the scope of this chapter.

Similarly, not all the technology listed are used directly to track the construc-

tion workers’ safety. Some of the technology are used either to indirectly track the

construction workers’ safety or as supporting technology such as laser scanner, RTS,

etc. Also, some of the popular methodologies like questionnaires and surveys have

been included in this indexing, although they were not real-time tracking technol-

ogy, as they were found to be key methods for tracking construction workers’ safety.

For instance, [55] used depth sensor camera (direct hardware) to track the postural

data (physical factor), and PSM device (direct hardware) to track heart rate (phys-

iological data). Besides, computer vision (indirect hardware) was used to record

the experiment for assisting in the analysis, and the gaming engine (software) was

used to create an animation of lifting technique to help the subject visualize using

a virtual environment (tools and environment).
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Table 2.7. Tabular index of different technology used to track construction workers’ safety factors

Aa Bb Cc Dd Ee Ff Gg Hh

1 Environmentali
1.1 Oxygen

Level
Oxygen Sensor Nu-

meric
1/900Hz Real-time update of oxygen level of

confined space in a construction site
1.2 Relative

Humidity
Heat Stress
Monitor

Nu-
meric

1/60Hz 38-
95%,
60m

±5% Measure and collect the relative hu-
midity data

Wireless Net-
work System
(WNS)

Nu-
meric

3Hz 100m Dynamic update of a humidity infor-
mation of defined space

1.3 Tempera-
ture

Heat Stress
Monitor

Nu-
meric

1/60Hz 29.8-
56.1
°C
Up to
60m

±0.5°C Measure and collect the temperature
data

Temperature
Sensor

Nu-
meric

1/900Hz Real-time update of a temperature
level of confined space in a construc-
tion site

WNS Nu-
meric

3Hz 100m Dynamic update of a temperature in-
formation of defined space

2 Organizationali
2.1 Safety

Manage-
ment

Construction
Real Time In-
formation &
Communica-
tion (CRTIC)
System

Report Relevant data stored in a centralized
database with access for analysis to
individual projects
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Table 2.7. (Continued...)

A B C D E F G H
Geographical
Information
System (GIS)j

Spatial
& Non-
spatial

Develop a safety database of a
project, construction sequence that
helps hazard identification and ana-
lyzes spatial & non-spatial safety in-
formation

Safety Training Enhance the construction workers’
safety performance

SimSAFE Enhance the construction workers’
safety by monitoring schedule and its
activity

Survey Enhance the construction workers’
safety by asking safety related ques-
tionnaire

Visual Inspec-
tion

Inspect the construction site to iden-
tify possible safety hazards

3 Personal
3.1 Cognitive
3.1.1 Electrical

Activity
EEG Sensors Nu-

meric
220Hz
to
250Hz

Measure the electrical activity of
construction workers’ brain to track
workload stress

3.2 Physical
3.2.1 Location Bluetooth Prox-

imity Sensor
(BPS)

Nu-
meric

0.7Hz 18.3m 0.53m Real-time detection and storage of un-
safe incidents through tracking con-
struction resources

Chirp Spread
Spectrum (CSS)

Nu-
meric

124Kbps
to
2Mbps

1000m ±0.87m Real-time locating tracking of the po-
sition of construction site workers us-
ing time-of-arrival, and WPAN
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Table 2.7. (Continued...)

A B C D E F G H
Range Camera Nu-

meric
15.2Hz
to 50Hz

0.8m
to
7.5m

Track real-time positional, motion
and postural data of construction
workers

Computer Vi-
sion

Nu-
meric,
Image

10Hz to
30Hz

300m ±1.05m Track the location of construction
workers

GPS Nu-
meric

1Hz to
10Hz

1cm to
0.3m

Track the position of the construction
workers

IMU Nu-
meric

128Hz 0.43m
to
1.44m

Track the location of the construction
workers

Laser Scannerj Nu-
meric

Scan and create a point cloud of a con-
struction field

Laser with Pan
& Tiltj

Nu-
meric

Acquire 3D coordinates of range
points of various objects

MHOT Nu-
meric

Track the workers’ head orientation in
a 3D space

RFID Nu-
meric

100Hz 1.5m Track the location of the construction
workers

RTSj Nu-
meric

Cross verify the coordinate data ob-
tained from other technology

UWB Nu-
meric

1Hz to
60Hz

0.3m Track the location of the construction
workers

WNS Nu-
meric

250Kbps 100m 1m to
2m

Track the location of the construction
workers

3.2.2 Motion Accelerometer Nu-
meric

40Hz to
400Hz

Track the body movement of con-
struction workers
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Table 2.7. (Continued...)

A B C D E F G H
Computer Vi-
sion

Nu-
meric,
Image

5Hz to
120Hz

Track the body movement of con-
struction workers

Gyroscope Nu-
meric

51.2Hz
to
800Hz

Track the body movement of con-
struction workers

IMU Nu-
meric

52Hz Track the body movement of con-
struction workers

Magnetic Field
Sensor

Nu-
meric

Track the body direction of construc-
tion workers

Motion Sensor Nu-
meric

100Hz
to
2400Hz

Track the body movement of con-
struction workers

Range Camera Nu-
meric

30 Hz 0.8m
to 4m

Track the body movement of con-
struction workers

3.2.3 Posture Angle Sensor Nu-
meric

103Hz 0.05° Measure the bodily postural angle of
construction workers

Range Camera Nu-
meric

Measure the bodily postural angle of
construction workers

Computer Vi-
sion

Nu-
meric,
Image

25Hz Track the posture of construction
workers

Exoskeleton Nu-
meric

100Hz Measure the bodily postural angle of
construction workers

IMU Nu-
meric

10 Hz Measure the bodily postural angle of
construction workers
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Table 2.7. (Continued...)

A B C D E F G H
LMS Nu-

meric
60Hz Measure the positional data of the

lumbar region of construction workers
Motion Sensor Nu-

meric
100Hz
to
2400Hz

Track the body posture of construc-
tion workers

PSM Device Nu-
meric

25Hz to
50Hz

Measure the bodily postural angle of
construction workers

Wearable Insole
Pressure System
(WIPS)

Nu-
meric

50 Hz Track workers’ posture based on raw
foot planar pressure distribution data

3.2.4 Eye Fixa-
tion/ Vi-
sion

Computer Vi-
sion

Image 5Hz to
6.67Hz

95% to
99%

Track the construction workers by
computer vision

Eye Tracking
System

Nu-
meric

500Hz Measure the eye movement data of
construction workers

Range Camera Image Track the construction workers using
a range camera

3.3 Physiological
3.3.1 Breathing

Rate
MMS Nu-

meric
0.2Hz Measure the breathing rate of con-

struction workers
PSM Device Nu-

meric
1Hz Measure the breathing rate of con-

struction workers
3.3.2 Electrical Activity
3.3.2.1 Electroen-

cephalo-
gram
(EEG)

EEG Sensor Nu-
meric

1Hz to
220Hz

Measure the electrical activity of con-
struction workers’ brain
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Table 2.7. (Continued...)

A B C D E F G H
3.3.2.2 Electro-

myog-
raphy
(EMG)

EMG Sensor Nu-
meric

12 Hz to
1500 Hz

Measure the electrical activity of con-
struction workers’ muscle

3.3.2.3 Galvanic
Skin Re-
sponse
(GSR)

GSR Sensor Nu-
meric

1/60Hz Measure the electrical resistance of
construction workers’ skin

3.3.3 Energy
Expendi-
ture

MMS Nu-
meric

1/5Hz Measure the energy expenditure of
construction workers

3.3.4 Heart
Rate

Heart Rate
Monitor

Nu-
meric

1/60Hz
to
1/15Hz

Measure the heart rate of construc-
tion workers

Electrocar- dio-
graphy (ECG)
Sensor

Nu-
meric

1Hz to
500Hz

Measure the electrical activity of con-
struction workers’ heart

MMS Nu-
meric

1/5Hz Measure the heart rate of construc-
tion workers

Photo plethys-
mograph (PPG)
Sensor

Nu-
meric

1/60Hz Measure the heart rate of construc-
tion workers

PSM Device Nu-
meric

1Hz Measure the heart rate of construc-
tion workers
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Table 2.7. (Continued...)

A B C D E F G H
3.3.5 Max-

imum
Voluntary
Contrac-
tion

Dynamometer Nu-
meric

Measure the strength of lumbar mus-
cles of construction workers

3.3.6 Metabolic
Equiva-
lent

MMS Nu-
meric

1/5 Hz Measure the ratio of working vs. rest-
ing metabolic rate of construction
workers

3.3.7 Minute
Ventila-
tion

MMS Nu-
meric

1/5Hz Measure the volume of gas inhaled
or exhaled from construction workers’
lungs

3.3.8 Oxygen
Con-
sumption

MMS Nu-
meric

1/5 Hz Measure the oxygen consumption of
construction workers

3.3.9 Oxygen
Satura-
tion

Oximeter Nu-
meric

0.5Hz Measure the oxygen saturation level
in arterial blood to indirectly quan-
tify the blood circulation in the lower
extremities of construction workers

3.3.10 Respi-
ratory
Exchange
Ratio

MMS Nu-
meric

1/5Hz Measure the ratio between the
amount of CO2 produced in
metabolism and O2 used by construc-
tion workers

3.3.11 Skin
Tempera-
ture

PSM Device Nu-
meric

Measure the skin temperature of con-
struction workers

Temperature
Sensor

Nu-
meric

1/60Hz
to 1Hz

0.01◦C Measure the skin temperature of con-
struction workers
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Table 2.7. (Continued...)

A B C D E F G H
3.4 Psychological
3.4.1 Risk Per-

ception
Questionnaire Nu-

meric/
Subjec-
tive

Measure the level of risk perception
level for the hazards encountered by
construction workers

VR Virtual
Site

Analyze the people’s risk perception
in a virtual construction site

3.4.2 Vigilance Beeper Sound Produce an alarming sound when
there is a hazard in the construction
site

Computer Vi-
sion

Image/
Video

Provide visual information to safety
in-charge to identify the hazardous ar-
eas in the construction site

Headset Sound Provide bidirectional communication
to construction workers regarding any
hazardous situation at the construc-
tion site

Alarm Sound Produce an alarming sound when
there is a hazard in the construction
site

3.5 Visualiza-
tion

AR 3D Im-
age

Help construction personnel to vi-
sualize a construction site/ proce-
dure by superimposing the computer-
generated image on a user’s real view

BIM 3D Im-
age

Provide the complete 3D visualization
of the construction site or procedure
to a construction personnel
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Table 2.7. (Continued...)

A B C D E F G H
Computer Provide a platform to create a safety

monitoring automated flow chart
Computer Vi-
sion

Image/
Video

1/10Hz
to 1Hz

Visualize and verify the data obtained
using other technology by visual com-
parison

Game Engine Virtual
Site

Create the virtual construction envi-
ronment for construction personnel to
help in training or visualization

Range Camera 3D
image
/Coor-
dinate

Create a realistic 3D model that helps
construction personnel in the visual-
ization of a construction site

VR Virtual
Site

Create a virtual construction environ-
ment for construction personnel to
help in training or visualization

Unmanned
Aerial Vehicle
(UAV)

Monitoring of potential safety hazards
by UAVs

aSN
bFactors Tracked
cTechnology
dData Type
eData Transfer Rate
fRange
gAccuracy
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Table 2.8. Reference journal articles for different technology identified in Table 2.7

SN Factors Tracked Technology Citation
1 Environmental i

1.1 Oxygen Level Oxygen Sensor [56, 57]
1.2 Relative Humidity Heat Stress Monitor [58]

WNS [59]
1.3 Temperature Heat Stress Monitor [58, 60]

Temperature Sensor [56]
WNS [59]

2 Organizationali
2.1 Safety Management CRTIC System [61]

GISj [62, 63]
Safety Training [64–66]
SimSAFE [67]
Survey [68–77]
Visual Inspection [78]

3 Personal
3.1 Cognitive
3.1.1 Electrical Activity EEG Sensors [79–85]
3.2 Physical
3.2.1 Location BPS [86–90]

CSS [74, 91–93]
Range Camera [24–29]
Computer Vision [16–19, 94–101]

hTask
iSince the primary focus was to identify personal factors, environmental and organizational factors listed above are incomplete.
jThese technology are indirectly used to enhance the construction workers’ safety tracking.
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Table 2.8. (Continued...)

SN Factors Tracked Technology Citation
GPS [92, 102–107]
IMU [104, 108–111]
Laser Scannerj [6, 112–116]
Laser with Pan & Tiltj [117]
MHOT [118]
RFID [86, 92, 104, 112, 113, 119–135]
RTSj [6, 18, 96, 98, 112, 113, 133]
UWB [6, 23, 96, 98, 103, 104, 136–157]
WNS [5, 103, 130, 131, 158, 159]

3.2.2 Motion Accelerometer [82, 160–170]
Computer Vision [21, 161, 171–176]
Gyroscope [162, 166, 167, 170]
IMU [164, 177, 178]
Magnetic Field Sensor [168]
Motion Sensor [108, 173, 178–182]
Range Camera [183–187]

3.2.3 Posture Angle Sensor [188, 189]
Range Camera [15, 20, 27, 190–198]
Computer Vision [173, 199, 200]
Exoskeleton [189]
IMU [201–205]
LMS [206]
Motion Sensor [20–23, 57, 173, 179]
PSM Device [146, 149, 157, 160, 169]
WIPS [199, 207–209]

3.2.4 Eye Fixation/ Vision Computer Vision [108, 111, 163, 166–168, 195, 200, 210–224]
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Table 2.8. (Continued...)

SN Factors Tracked Technology Citation
Eye Tracking System [225–228]
Range Camera [229]

3.3 Physiological
3.3.1 Breathing Rate MMS [58, 60, 230]

PSM Device [160, 230]
3.3.2 Electrical Activity
3.3.2.1 EEG EEG Sensor [79–85]
3.3.2.2 EMG EMG Sensor [21, 57, 181]
3.3.2.3 GSR GSR Sensor [231]
3.3.3 Energy Expenditure MMS [58]
3.3.4 Heart Rate Heart Rate Monitor [80, 231–233]

ECG Sensor [160, 230, 234]
MMS [58, 60, 230]
PPG Sensor [234]
PSM Device [146, 160, 169, 230]

3.3.5 Maximum Voluntary
Contraction

Dynamometer [181]

3.3.6 Metabolic Equiva-
lent

MMS [58]

3.3.7 Minute Ventilation MMS [58]
3.3.8 Oxygen Consump-

tion
MMS [58, 60, 232]

3.3.9 Oxygen Saturation Oximeter [57]
3.3.10 Respiratory Ex-

change Ratio
MMS [58]

3.3.11 Skin Temperature PSM Device [160]
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Table 2.8. (Continued...)

SN Factors Tracked Technology Citation
Temperature Sensor [80, 231]

3.4 Psychological
3.4.1 Risk Perception Questionnaire [68, 235–242]

VR [243, 244]
3.4.2 Vigilance Beeper [245]

Computer Vision [246]
Headset [102]
Alarm [245, 247]

3.5 Visualization AR [118, 168, 248–256]
BIM [59, 88, 90, 105, 115, 134, 156, 158, 197, 242, 249, 251, 257–

282]
Computer [100, 117, 283, 284]
Computer Vision [6, 18, 23, 100, 102, 105, 146, 198, 208, 228, 250, 264, 284–

291]
Game Engine [74, 91, 109, 251, 292, 293]
Range Camera [294, 295]
VR [193, 252, 253, 296–314]
UAV [280]
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Figure 2.11 shows the visual map showing the construction workers’ safety fac-

tors. Tables 2.7 and 2.8 show all the details of the technology used to track these

factors. The number after the factor in Figure 2.11 locates its position in Tables

2.7 and 2.8 where all the necessary details like technology used, type of data, data

transfer rate, citations, among others can be found. Tables 2.7, 2.8, and Figure

2.11 combined provide an insight to new researchers and construction practitioners

for finding suitable technology that can be implemented in the construction site to

reduce injuries.

Construction	Workers'	Safety

Environmental	[1] Organizational	[2]Personal	[3]

Physical	[3.2]

Location	[3.2.1]

Motion	[3.2.2]

Posture	[3.2.3]

Vision	[3.2.4]

Safety	Management	[2.1]Oxygen	Level	[1.1]

Relative	Humidity	[1.2]

Psychological	[3.4]

Risk	Perception	[3.4.1]

Vigilance	[3.4.2]

Temperature	[1.3]

Physiological	[3.3]

Breathing	Rate	[3.3.1]

Electrical	Activity	[3.3.2]

Energy	Expenditure	[3.3.3]

Heart	Rate	[3.3.4]

Electroencephalogram	(EEG)	[3.3.2.1]

Electromyography	(EMG)	[3.3.2.2]

Galvanic	Skin	Response	(GSR)	[3.3.2.3]

Maximum	Voluntary	Contraction	[3.3.5]

Metabolic	Equivalent	[3.3.6]

Minute	Ventilation	[3.3.7]

Oxygen	Consumption	[3.3.8]

Oxygen	Saturation	[3.3.9]

Respiratory	Exchange	Ratio	[3.3.10]

Skin	Temperature	{3.3.11]

Cognitive	[3.1]

Electrical	Activity	[3.1.1]

Visualization	[3.5]

Fig. 2.11. Mapping of Real-Time Construction Safety Tracking Factors

2.7.5 Applicability to Legal Dispute Resolution

The authors identified some major technology which are applicable for monitoring

the workers’ safety reducing the risk of injury. As well, these technology are capable
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of collecting hard data which can be useful for dispute resolution in case an injury

occur causing legal dispute. Table 2.9 displays the identified major workers’ injury

related disputes and list of applicable technology for dispute resolution.

Table 2.9. Identified workers’ injury related disputes with applicable technology for its
resolution

Disputes Technology Application References
Liability
of in-
jury

Computer Vi-
sion

Collect visual data
that helps in visu-
alization of how an
injury occurred and
determination of
liable party, if any

[315–318], (Reese v.
Triple D. Truss, LLC;
Amant v. Pacific Power
& Light; Frampton v.
Dauphin Distribution
Services Co.)

Causation
of in-
jury

Computer Vi-
sion, Range
Camera, IMU

Capture visual data or
measure bodily postu-
ral data that can be
used to identify the
cause of injury

[31, 317, 319, 320], (Pur-
cell v. Visiting Nurses
Found. Inc.; Molinar
v. Larry Reetz Constr.
Ltd.; Orth v. Stoebner
Permann Const)

Work-
relation
of in-
jury

UWB, RFID
System,
BPS, CSS,
Computer
Vision

Track the worker’s
location which can
help in determining
whether the injury
occurred in workplace
or not

[30, 321], (Orth v. Stoeb-
ner Permann Const;
Rakestraw v. General
Dynamics Land Systems
Inc.)

Severity
of in-
jury

Range Cam-
era, PSM De-
vice, IMU

Measure the bodily
postural data that can
be used to predict the
severity of injury at-
tributed to work

[30, 321–323], (Orth
v. Stoebner Permann
Const; Parsons v. Work-
force Safety & Ins.
Fund)

Working
condi-
tion

Heat Stress
Monitor,
tempera-
ture sensor,
oxygen sensor

Keep track of work-
ing condition related
data such as rela-
tive humidity, temper-
ature, wet/dry floor,
among others, which
can help in determin-
ing the injuries such as
heat stroke, slip and
fall, anoxia, hypoxia,
among others

[324, 325], (Callan v
Structure Tone, Inc.;
Gulf States Steel Co. v.
Christison; Pedroza v.
BRB)

Continued on Next Page. . .
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Table 2.9. (Continued...)

Disputes Technology Application References
Negligence Computer Vi-

sion
Captures the visual
data that helps in
identifying the negli-
gent party responsible
for injury

[325–327], (Callan v
Structure Tone, Inc.;
Fraser v. Norman; Lee
v. M&H Enters., Inc.)

2.8 Major Technologies Tracking the Construction Work-

ers’ Safety

From the literature review, the authors identified major technologies implementable

to track construction workers’ safety. Some of these technologies include UWB,

range camera, computer vision, IMU, RFID system, among others.

2.8.1 Ultra-Wide Band (UWB)

Ultra-wideband (UWB) is a communication technology that employs a wide range

of effective signal bandwidth (typically greater than 25% of the center frequency)

. UWB is usually used in short-range wireless applications and can carry high

data with low power and little interference [328]. The use of UWB in the field

of construction workers’ safety was traced back to 2007. Twenty-three different

research papers were found related to the tracking of construction workers’ location

using UWB for enhancing construction safety. Figure 2.12 shows the trend line of

the use of UWB for enhancing construction workers’ safety. The figure shows the

typical trend of rise in use of technology to the peak and its fall after it gets outdated

by new technology.
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The UWB is used to track the location of construction workers in an indoor

environment [157]. The UWB system consists of a set of central processing hub,

several receiving antennas, CAT-5 shielded cable and active RFID tags (one of which

is used as a calibration or reference tag) [137, 144, 157]. The receiver antennas are

connected via shielded cables to the central processing hub. The UWB tags come

in the form of a small badge (6.5 x 3.4 x 0.6 cm3), asset cube (2.9 x 2.9 x 2.9 cm3),

or micro rectangular form (1.3 x 2.5 x 0.6 cm3) with a weight of each tag less than

12g [74]. The data rate of the radio frequency (RF) signal of each tag is fixed and

can be up to 60 Hz, including 1, 15, and 30 Hz [144]. The average error of these tags

was found to be about 0.3m [149]. [153] listed less error, work-ability in mid-sized

indoor workspaces, small sized tags, real-time data recording and streaming, cost

efficient, among others as the reasons for choosing UWB for a workers’ tracking.
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Fig. 2.12. Trend line of UWB use in construction workers’ safety
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2.8.2 Range Camera

Range camera is the technology used to produce a two-dimensional (2D) image

showing the distance to points in a scene from a specific point. The range image has

pixel values which can be converted into physical distance. The biggest and unique

advantage of using a range camera is to track moving objects in real-time at high-

frame update rates approximate to the television update rate [24]. Like the UWB

technology, the use of range camera for construction workers’ safety tracking was

tracked back to 2007. Twenty-five different published research papers were found

regarding the use of range camera. Depth sensor camera (Kinect) [29, 183, 184,

187, 329], 3D range video camera [24], 3D range image camera [26–28, 294], flash

laser detection and ranging (LADAR) [25] were among the different types of range

cameras used in the published research. Figure 2.13 shows the trend line of the use

of UWB for enhancing construction workers’ safety. The range camera was used to

track the location, motion, and posture of the construction workers.

The most significant advantage of range camera sensors is the ability to collect

dense point cloud range data in real-time of a larger field of view, safe and concise

data acquisition, competitive prices, among others [24]. And, data noise resulting

inaccuracies, non-optimal manufacturing of camera device, line-of-sight producing

shadow effects, among others are some of the limitations of the range camera [24].
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Fig. 2.13. Trend line of range camera use in tracking construction workers’ safety

2.8.3 Computer Vision

The computer vision is concerned with the automatic extraction, analysis, and un-

derstanding of useful information from a single image or a sequence of images which

involves the development of a theoretical and algorithmic basis to achieve automatic

visual understanding [330]. Digital cameras and time-lapse photography which can

capture stationary or visual images are categorized as computer vision. The digi-

tal camera is the camera which can capture the images and store them in digital

memory. It is used to capture the stationary images as well as the visual motion.

The data collection rate for computer vision technology varies from 5 Hz to 120

Hz depending upon the nature of data required and the quality of the technology

used. The types of data collected from computer vision vary with the nature of the

research such as numeric data, photographic image, and visual image. They were

used directly as well as indirectly to track the construction workers’ safety. [16–
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19, 94, 95, 102, 172, 284] used the computer vision technology directly to track the

location of the construction workers, [21, 161, 171–175] used it for tracking motion,

[27, 173] for posture tracking, and [100, 108, 168, 172, 210, 212, 284] for visualiza-

tion; whereas [82, 96, 98, 111, 118, 146, 163, 166, 250] used the computer vision

technology indirectly to visualize and validate the use of other technologies for en-

hancing construction workers’ safety. Sixty-seven different published papers used

computer vision directly/ indirectly for tracking workers’ safety. Figure 2.14 shows

the trend line of the use of computer vision for tracking and enhancing construction

workers’ safety. It can be inferred from the figure that the use of computer vision is

still rising and bears potential in tracking and enhancing the safety.
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Fig. 2.14. Trend line of computer vision use in tracking construction workers’ safety

2.8.4 Inertial Measurement Unit (IMU)

The inertial measurement unit (IMU) is defined as a device that uses measurement

systems such as gyroscopes and accelerometers to estimate the relative position (x,

58



y, z), orientation (roll, pitch, yaw), velocity, and acceleration of a moving object with

respect to an inertial frame [331]. The data collected from the IMU sensors attached

to construction workers’ bodies are used to analyze the workers’ bodily response. It

is used to track personal factors such as location, motion, and posture of construction

workers. [108–111] used the IMU for construction workers’ location tracking, [110,

164, 177] for motion tracking, and [202–204] for posture tracking. Twelve different

published papers used IMU for tracking construction workers’ safety. The use of

IMU for workers’ safety research was found to be started from 2010 (1 no.) which

increased to 5 nos. in 2016. The data transfer rate of IMU varied and was found to

be varying from 10 Hz to 128 Hz in different published researches.

2.8.5 Radio Frequency Identification (RFID) System

The radio frequency identification (RFID) is a form of wireless communication that

allows for the automated remote identification of objects [332]. The major com-

ponents of an RFID system are tags or transponders that are affixed to objects of

interests and readers or interrogators that communicate remotely with the tags to

enable identification [332]. Better range, no need for a line of sight, multiple tags

readability, reliability among others are the significant advantages of RFID [332].

2.9 Conclusion and Limitations

A detailed tabular index was created that contained the critical information (the

type of data, data transfer rate, range, accuracy, the task performed, and citations)

of different technologies used to track different construction workers’ factors. Ad-

ditionally, some visual maps were created showing the major technologies validated

by researchers to track construction workers’ safety. Academic researchers can use
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this index to get an overview of different technologies proven to be useful for track-

ing and enhancing construction workers’ safety. Also, construction professionals can

use the index to find suitable technology and its methodology relevant to ensuring

workers’ safety as per site requirements.

Among the identified personal, organizational, and environmental factors track-

ing the construction workers’ safety, the authors found that the researchers pri-

oritized tracking personal factors (physical, psychological, physiological, and visu-

alization). The location tracking of construction workers implementing different

technologies was of key interest to the researchers to enhance safety. Also, the au-

thors found the rise in the research validating the applicability of computer vision

in tracking construction workers’ safety.

Additionally, the authors found an overall increase in the use of technology for

enhancing and tracking construction workers’ safety every year. The findings from

the literature review indicate that new technologies have the potential to capture

real-time data and assist in minimizing accidents as well as resolving disputes after

accidents. It needs to be acknowledged that privacy and accountability, that comes

with the implementation of technology, have not been addressed in this chapter.

Although there might be several other latest technologies that can be implemented

to track construction workers’ safety, only the technologies that are already available

and validated in construction site by researchers, have been introduced.

Construction work-related injuries have always been a major challenge to the

construction industry resulting in loss of life, workers’ disability, schedule delay, in-

creased cost, compensation claims, and legal disputes, among others. While legal

affairs and dispute mitigation have been traditionally focused on contracts and hu-

man involvements, this chapter shows a new trend that can change the way legal

issues are dealt with in the future. First, the tabular index and visual map gener-
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ated from the literature review aid in enhancing site safety by providing a catalog

for the construction personnel to get the required information regarding the selec-

tion of suitable technology that can be implemented in a construction site. Second,

in case of injury, the authors identified the list of potential technologies that can

be implemented to collect real-time data that can assist in pinpointing the cause of

injury and play a key role in dispute resolution, if any.

From this literature review, the authors identified several technologies that re-

searchers used for tracking the construction workers’ safety. Also, many construction

workers’ safety-related factors were identified. All this information was coded in the

text using the qualitative analysis software, NVIVO. With the current advancement

in technology, an algorithm can be created using machine learning (ML) and natural

language processing (NLP) to automatically generate all the required information

for each technology from the pool of relevant research papers. Also, a similar algo-

rithm can be developed to create a similar visual map for any data of interest.

Not all workers might feel comfortable being tracked and monitored while work-

ing due to the privacy issue. Similarly, in case of any injuries, the ownership of the

data can be another issue. And with the datafication comes the risk of a potential

data breach. Further research is needed to address all these issues which are not

considered in the scope of this literature review.

2.10 Data Availability Statement

Data generated or analyzed during the study are available from the corresponding

author by request.

61



2.11 List of Cases

Am. Nat’l Bk. Tr. Co. v. Nat’l Adv. Co., 149 Ill. 2d 14 (Ill. 1992)

Amant v. Pacific Power & Light, 520 P.2d 181 (Wash. Ct. App. 1974)

Callan v. Structure-Tone, Inc., 2007 N.Y. Slip Op. 31383 (N.Y. Sup. Ct. 2007)

Frampton v. Dauphin Distribution Services Co. 648 A. 2d 326. (Penn. Sup. Ct.,

1994)

Fraser v. Norman, 184 Ark. 434 (Ark. 1931)

Gulf States Steel Co. v. Christison, 154 So. 565 (Ala. 1934)

Lee v. M&H Enters., Inc., 347 P.3d 1153 (Ariz. Ct. App. 2015) Molinar v. Larry

Reetz Constr., Ltd., 409 P.3d 956 (N.M. Ct. App. 2017)

Orth v. Stoebner Permann Const, 724 N.W.2d 586 (S.D. 2006)

Parsons v. Workforce Safety & Ins. Fund, 841 N.W.2d 404 (N.D. 2013)

Pedroza v. BRB, 583 F.3d 1139 (9th Cir. 2009)

Purcell v. Visting Nurses Found. Inc., 2013 N.Y. Slip Op. 32110 (N.Y. Sup. Ct.

2013)

Rakestraw v. General Dynamics Land Systems, Inc., 469 Mich. 220 (Mich. 2003)

Reese v. Triple D. Truss, LLC, C.A. No: K15C-09-030 RBY (Del. Super. Ct. Nov.

28, 2016)

2.12 Bibliography
[1] E. A. P. Koningsveld, H. F. V. D. Molen, History and future of ergonomics

in building and construction, Ergonomics 40 (1997) 1025–1034. URL: https:
//doi.org/10.1080/001401397187586. DOI:10.1080/001401397187586.

[2] A. Serpell, L. F. Alarcón, Construction process improvement methodology
for construction projects, International Journal of Project Management 16
(1998) 215–221. URL: https://doi.org/10.1016/s0263-7863(97)00052-5.
DOI:10.1016/s0263-7863(97)00052-5.

[3] H. Lingard, S. Rowlinson, Behavior-based safety management in hong
kong's construction industry, Journal of Safety Research 28 (1997) 243–256.

62

https://doi.org/10.1080/001401397187586
https://doi.org/10.1080/001401397187586
http://dx.doi.org/10.1080/001401397187586
https://doi.org/10.1016/s0263-7863(97)00052-5
http://dx.doi.org/10.1016/s0263-7863(97)00052-5


URL: https://doi.org/10.1016/s0022-4375(97)00010-8. DOI:10.1016/
s0022-4375(97)00010-8.

[4] R. Haslam, S. Hide, A. Gibb, D. Gyi, T. Pavitt, S. Atkinson, A. Duff,
Contributing factors in construction accidents, Applied Ergonomics 36
(2005) 401–415. URL: https://doi.org/10.1016/j.apergo.2004.12.002.
DOI:10.1016/j.apergo.2004.12.002.

[5] W. Wu, H. Yang, D. A. Chew, S. hua Yang, A. G. Gibb, Q. Li, To-
wards an autonomous real-time tracking system of near-miss accidents
on construction sites, Automation in Construction 19 (2010) 134–141.
URL: https://doi.org/10.1016/j.autcon.2009.11.017. DOI:10.1016/j.
autcon.2009.11.017.

[6] T. Cheng, M. Venugopal, J. Teizer, P. Vela, Performance evaluation of
ultra wideband technology for construction resource location tracking in
harsh environments, Automation in Construction 20 (2011) 1173–1184.
URL: https://doi.org/10.1016/j.autcon.2011.05.001. DOI:10.1016/j.
autcon.2011.05.001.

[7] R. Y. M. Li, D. P. L. Ng, Wearable robotics, industrial robots and con-
struction worker’s safety and health, in: Chen J. (eds) Advances in Hu-
man Factors in Robots and Unmanned Systems. AHFE 2017. Advances
in Intelligent Systems and Computing, Springer International Publishing,
2017, pp. 31–36. URL: https://doi.org/10.1007/978-3-319-60384-1_4.
DOI:10.1007/978-3-319-60384-1_4.

[8] BLS, Table 4. fatal occupational injuries counts and rates by selected indus-
tries, 2016-17, 2018. URL: https://www.bls.gov/news.release/cfoi.t04.
htm, accessed: 2019-04-02.

[9] E. Ikpe, F. Hammon, D. Oloke, Cost-benefit analysis for accident preven-
tion in construction projects, Journal of Construction Engineering and Man-
agement 138 (2012) 991–998. URL: https://doi.org/10.1061/(asce)co.
1943-7862.0000496. DOI:10.1061/(asce)co.1943-7862.0000496.

[10] S. A. Assaf, M. Al-Khalil, M. Al-Hazmi, Causes of delay in large
building construction projects, Journal of Management in Engineering
11 (1995) 45–50. URL: https://doi.org/10.1061/(asce)0742-597x(1995)
11:2(45). DOI:10.1061/(asce)0742-597x(1995)11:2(45).

[11] P. S. LaBarre, I. H. El-adaway, Project benchmarking: Tool for mitigating
conflicts, claims, and disputes through improved performance, Journal of
Legal Affairs and Dispute Resolution in Engineering and Construction 6 (2014)
04513003. URL: https://doi.org/10.1061/(asce)la.1943-4170.0000140.
DOI:10.1061/(asce)la.1943-4170.0000140.

[12] M. P. Jalal, E. Noorzai, T. Y. Roushan, Root cause analysis of the most
frequent claims in the building industry through the SCoP3E Ishikawa dia-
gram, Journal of Legal Affairs and Dispute Resolution in Engineering and
Construction 11 (2019) 04519004. URL: https://doi.org/10.1061/(asce)
la.1943-4170.0000289. DOI:10.1061/(asce)la.1943-4170.0000289.

63

https://doi.org/10.1016/s0022-4375(97)00010-8
http://dx.doi.org/10.1016/s0022-4375(97)00010-8
http://dx.doi.org/10.1016/s0022-4375(97)00010-8
https://doi.org/10.1016/j.apergo.2004.12.002
http://dx.doi.org/10.1016/j.apergo.2004.12.002
https://doi.org/10.1016/j.autcon.2009.11.017
http://dx.doi.org/10.1016/j.autcon.2009.11.017
http://dx.doi.org/10.1016/j.autcon.2009.11.017
https://doi.org/10.1016/j.autcon.2011.05.001
http://dx.doi.org/10.1016/j.autcon.2011.05.001
http://dx.doi.org/10.1016/j.autcon.2011.05.001
https://doi.org/10.1007/978-3-319-60384-1_4
http://dx.doi.org/10.1007/978-3-319-60384-1_4
https://www.bls.gov/news.release/cfoi.t04.htm
https://www.bls.gov/news.release/cfoi.t04.htm
https://doi.org/10.1061/(asce)co.1943-7862.0000496
https://doi.org/10.1061/(asce)co.1943-7862.0000496
http://dx.doi.org/10.1061/(asce)co.1943-7862.0000496
https://doi.org/10.1061/(asce)0742-597x(1995)11:2(45)
https://doi.org/10.1061/(asce)0742-597x(1995)11:2(45)
http://dx.doi.org/10.1061/(asce)0742-597x(1995)11:2(45)
https://doi.org/10.1061/(asce)la.1943-4170.0000140
http://dx.doi.org/10.1061/(asce)la.1943-4170.0000140
https://doi.org/10.1061/(asce)la.1943-4170.0000289
https://doi.org/10.1061/(asce)la.1943-4170.0000289
http://dx.doi.org/10.1061/(asce)la.1943-4170.0000289


[13] H. Fan, H. Li, Retrieving similar cases for alternative dispute resolution in con-
struction accidents using text mining techniques, Automation in Construction
34 (2013) 85–91. URL: https://doi.org/10.1016/j.autcon.2012.10.014.
DOI:10.1016/j.autcon.2012.10.014.

[14] E. Falaris, C. R. Link, M. E. Staten, Causes of Litigation in Workers'
Compensation Programs, W.E. Upjohn Institute for Employment Research,
1995. URL: https://doi.org/10.17848/9780585282985. DOI:10.17848/
9780585282985.

[15] S. J. Ray, J. Teizer, Real-time construction worker posture analysis for
ergonomics training, Advanced Engineering Informatics 26 (2012) 439–
455. URL: https://doi.org/10.1016/j.aei.2012.02.011. DOI:10.1016/
j.aei.2012.02.011.

[16] J. Teizer, P. Vela, Personnel tracking on construction sites using video cam-
eras, Advanced Engineering Informatics 23 (2009) 452–462. URL: https://
doi.org/10.1016/j.aei.2009.06.011. DOI:10.1016/j.aei.2009.06.011.

[17] J. Yang, O. Arif, P. Vela, J. Teizer, Z. Shi, Tracking multiple workers on
construction sites using video cameras, Advanced Engineering Informatics
24 (2010) 428–434. URL: https://doi.org/10.1016/j.aei.2010.06.008.
DOI:10.1016/j.aei.2010.06.008.

[18] M.-W. Park, C. Koch, I. Brilakis, Three-dimensional tracking of construction
resources using an on-site camera system, Journal of Computing in Civil
Engineering 26 (2012) 541–549. URL: https://doi.org/10.1061/(asce)cp.
1943-5487.0000168. DOI:10.1061/(asce)cp.1943-5487.0000168.

[19] Z. Zhu, M.-W. Park, C. Koch, M. Soltani, A. Hammad, K. Davari, Pre-
dicting movements of onsite workers and mobile equipment for enhancing
construction site safety, Automation in Construction 68 (2016) 95–101.
URL: https://doi.org/10.1016/j.autcon.2016.04.009. DOI:10.1016/j.
autcon.2016.04.009.

[20] S. Han, M. Achar, S. Lee, F. Peña-Mora, Empirical assessment of a RGB-
d sensor on motion capture and action recognition for construction worker
monitoring, Visualization in Engineering 1 (2013) 6. URL: https://doi.
org/10.1186/2213-7459-1-6. DOI:10.1186/2213-7459-1-6.

[21] X. Li, A. Komeili, M. Gül, M. El-Rich, A framework for evaluating muscle ac-
tivity during repetitive manual material handling in construction manufactur-
ing, Automation in Construction 79 (2017) 39–48. URL: https://doi.org/
10.1016/j.autcon.2017.01.005. DOI:10.1016/j.autcon.2017.01.005.

[22] J. Seo, A. Alwasel, S. Lee, E. M. Abdel-Rahman, C. Haas, A comparative
study of in-field motion capture approaches for body kinematics measurement
in construction, Robotica 37 (2017) 928–946. URL: https://doi.org/10.
1017/s0263574717000571. DOI:10.1017/s0263574717000571.

[23] H. Chen, X. Luo, Z. Zheng, J. Ke, A proactive workers' safety risk evaluation
framework based on position and posture data fusion, Automation in Con-

64

https://doi.org/10.1016/j.autcon.2012.10.014
http://dx.doi.org/10.1016/j.autcon.2012.10.014
https://doi.org/10.17848/9780585282985
http://dx.doi.org/10.17848/9780585282985
http://dx.doi.org/10.17848/9780585282985
https://doi.org/10.1016/j.aei.2012.02.011
http://dx.doi.org/10.1016/j.aei.2012.02.011
http://dx.doi.org/10.1016/j.aei.2012.02.011
https://doi.org/10.1016/j.aei.2009.06.011
https://doi.org/10.1016/j.aei.2009.06.011
http://dx.doi.org/10.1016/j.aei.2009.06.011
https://doi.org/10.1016/j.aei.2010.06.008
http://dx.doi.org/10.1016/j.aei.2010.06.008
https://doi.org/10.1061/(asce)cp.1943-5487.0000168
https://doi.org/10.1061/(asce)cp.1943-5487.0000168
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000168
https://doi.org/10.1016/j.autcon.2016.04.009
http://dx.doi.org/10.1016/j.autcon.2016.04.009
http://dx.doi.org/10.1016/j.autcon.2016.04.009
https://doi.org/10.1186/2213-7459-1-6
https://doi.org/10.1186/2213-7459-1-6
http://dx.doi.org/10.1186/2213-7459-1-6
https://doi.org/10.1016/j.autcon.2017.01.005
https://doi.org/10.1016/j.autcon.2017.01.005
http://dx.doi.org/10.1016/j.autcon.2017.01.005
https://doi.org/10.1017/s0263574717000571
https://doi.org/10.1017/s0263574717000571
http://dx.doi.org/10.1017/s0263574717000571


struction 98 (2019) 275–288. URL: https://doi.org/10.1016/j.autcon.
2018.11.026. DOI:10.1016/j.autcon.2018.11.026.

[24] J. Teizer, T. Kahlmann, Range imaging as emerging optical three-dimension
measurement technology, Transportation Research Record: Journal of the
Transportation Research Board 2040 (2007) 19–29. URL: https://doi.org/
10.3141/2040-03. DOI:10.3141/2040-03.

[25] J. Teizer, C. H. Caldas, C. T. Haas, Real-time three-dimensional occupancy
grid modeling for the detection and tracking of construction resources, Jour-
nal of Construction Engineering and Management 133 (2007) 880–888. URL:
https://doi.org/10.1061/(asce)0733-9364(2007)133:11(880). DOI:10.
1061/(asce)0733-9364(2007)133:11(880).

[26] J. Teizer, 3d range imaging camera sensing for active safety in construction,
Journal of Information Technology in Construction (ITcon) 13 (2008) 103–117.
URL: https://www.itcon.org/2008/8.

[27] R. Gonsalves, J. Teizer, Human motion analysis using 3d range imaging tech-
nology, in: Proceedings of the 2009 International Symposium on Automa-
tion and Robotics in Construction (ISARC 2009), International Association
for Automation and Robotics in Construction (IAARC), 2009. URL: https:
//doi.org/10.22260/isarc2009/0044. DOI:10.22260/isarc2009/0044.

[28] H. Son, C. Kim, K. Choi, Rapid 3d object detection and modeling using
range data from 3d range imaging camera for heavy equipment operation,
Automation in Construction 19 (2010) 898–906. URL: https://doi.org/10.
1016/j.autcon.2010.06.003. DOI:10.1016/j.autcon.2010.06.003.

[29] I. T. Weerasinghe, J. Y. Ruwanpura, J. E. Boyd, A. F. Habib, Appli-
cation of microsoft kinect sensor for tracking construction workers, in:
Construction Research Congress 2012, American Society of Civil Engineers,
2012. URL: https://doi.org/10.1061/9780784412329.087. DOI:10.1061/
9780784412329.087.

[30] K. Roberts, Predicting disputes in workers' compensation, The Journal of Risk
and Insurance 59 (1992) 252–261. URL: https://doi.org/10.2307/253191.
DOI:10.2307/253191.

[31] N. R. Boulton, Establishing causation in iowa workers’ compensation law: An
analysis of common disputes over the compensability of certain injuries, Drake
L. Rev. 59 (2010) 463. URL: https://lawreviewdrake.files.wordpress.
com/2015/06/irvol59-2_boulton.pdf.

[32] R. D. Emerson, R. E. Minchin, S. Gruneberg, Workers’ compensation
in construction: Workers’ benefits under alternative dispute resolution sys-
tems, Journal of Legal Affairs and Dispute Resolution in Engineering and
Construction 5 (2013) 113–121. URL: https://doi.org/10.1061/(asce)la.
1943-4170.0000116. DOI:10.1061/(asce)la.1943-4170.0000116.

[33] T. M. Toole, K. Erger, Prevention through design: Promising or perilous?,
Journal of Legal Affairs and Dispute Resolution in Engineering and Con-

65

https://doi.org/10.1016/j.autcon.2018.11.026
https://doi.org/10.1016/j.autcon.2018.11.026
http://dx.doi.org/10.1016/j.autcon.2018.11.026
https://doi.org/10.3141/2040-03
https://doi.org/10.3141/2040-03
http://dx.doi.org/10.3141/2040-03
https://doi.org/10.1061/(asce)0733-9364(2007)133:11(880)
http://dx.doi.org/10.1061/(asce)0733-9364(2007)133:11(880)
http://dx.doi.org/10.1061/(asce)0733-9364(2007)133:11(880)
https://www.itcon.org/2008/8
https://doi.org/10.22260/isarc2009/0044
https://doi.org/10.22260/isarc2009/0044
http://dx.doi.org/10.22260/isarc2009/0044
https://doi.org/10.1016/j.autcon.2010.06.003
https://doi.org/10.1016/j.autcon.2010.06.003
http://dx.doi.org/10.1016/j.autcon.2010.06.003
https://doi.org/10.1061/9780784412329.087
http://dx.doi.org/10.1061/9780784412329.087
http://dx.doi.org/10.1061/9780784412329.087
https://doi.org/10.2307/253191
http://dx.doi.org/10.2307/253191
https://lawreviewdrake.files.wordpress.com/2015/06/irvol59-2_boulton.pdf
https://lawreviewdrake.files.wordpress.com/2015/06/irvol59-2_boulton.pdf
https://doi.org/10.1061/(asce)la.1943-4170.0000116
https://doi.org/10.1061/(asce)la.1943-4170.0000116
http://dx.doi.org/10.1061/(asce)la.1943-4170.0000116


struction 11 (2019) 04518023. URL: https://doi.org/10.1061/(asce)la.
1943-4170.0000284. DOI:10.1061/(asce)la.1943-4170.0000284.

[34] K. K. Shrestha, P. P. Shrestha, Change orders on road maintenance con-
tracts: Causes and preventive measures, Journal of Legal Affairs and
Dispute Resolution in Engineering and Construction 11 (2019) 04519009.
URL: https://doi.org/10.1061/(asce)la.1943-4170.0000299. DOI:10.
1061/(asce)la.1943-4170.0000299.

[35] M. A. U. Abdul-Malak, M. M. H. El-Saadi, M. G. Abou-Zeid, Process model
for administrating construction claims, Journal of Management in Engineering
18 (2002) 84–94. URL: https://doi.org/10.1061/(asce)0742-597x(2002)
18:2(84). DOI:10.1061/(asce)0742-597x(2002)18:2(84).

[36] S.-O. Cheung, H. C. H. Suen, A multi-attribute utility model for dis-
pute resolution strategy selection, Construction Management and Economics
20 (2002) 557–568. URL: https://doi.org/10.1080/01446190210157568.
DOI:10.1080/01446190210157568.

[37] D. Parikh, G. J. Joshi, D. A. Patel, Development of prediction mod-
els for claim cause analyses in highway projects, Journal of Legal Af-
fairs and Dispute Resolution in Engineering and Construction 11 (2019)
04519018. URL: https://doi.org/10.1061/(asce)la.1943-4170.0000303.
DOI:10.1061/(asce)la.1943-4170.0000303.

[38] D. A. Keim, Visual exploration of large data sets, Communications of the
ACM 44 (2001) 38–44. URL: https://doi.org/10.1145/381641.381656.
DOI:10.1145/381641.381656.

[39] D. Keim, Information visualization and visual data mining, IEEE Transactions
on Visualization and Computer Graphics 8 (2002) 1–8. URL: https://doi.
org/10.1109/2945.981847. DOI:10.1109/2945.981847.

[40] P. Cronin, F. Ryan, M. Coughlan, Undertaking a literature review: a step-by-
step approach, British Journal of Nursing 17 (2008) 38–43. URL: https://
doi.org/10.12968/bjon.2008.17.1.28059. DOI:10.12968/bjon.2008.17.
1.28059.

[41] M. Tremmel, U.-G. Gerdtham, P. Nilsson, S. Saha, Economic burden of obe-
sity: A systematic literature review, International Journal of Environmental
Research and Public Health 14 (2017) 435. URL: https://doi.org/10.3390/
ijerph14040435. DOI:10.3390/ijerph14040435.

[42] M. Piccarozzi, B. Aquilani, C. Gatti, Industry 4.0 in management studies:
A systematic literature review, Sustainability 10 (2018) 3821. URL: https:
//doi.org/10.3390/su10103821. DOI:10.3390/su10103821.

[43] R. W. S. Ruhlandt, The governance of smart cities: A systematic literature
review, Cities 81 (2018) 1–23. URL: https://doi.org/10.1016/j.cities.
2018.02.014. DOI:10.1016/j.cities.2018.02.014.

[44] F. Casino, T. K. Dasaklis, C. Patsakis, A systematic literature review of
blockchain-based applications: Current status, classification and open issues,

66

https://doi.org/10.1061/(asce)la.1943-4170.0000284
https://doi.org/10.1061/(asce)la.1943-4170.0000284
http://dx.doi.org/10.1061/(asce)la.1943-4170.0000284
https://doi.org/10.1061/(asce)la.1943-4170.0000299
http://dx.doi.org/10.1061/(asce)la.1943-4170.0000299
http://dx.doi.org/10.1061/(asce)la.1943-4170.0000299
https://doi.org/10.1061/(asce)0742-597x(2002)18:2(84)
https://doi.org/10.1061/(asce)0742-597x(2002)18:2(84)
http://dx.doi.org/10.1061/(asce)0742-597x(2002)18:2(84)
https://doi.org/10.1080/01446190210157568
http://dx.doi.org/10.1080/01446190210157568
https://doi.org/10.1061/(asce)la.1943-4170.0000303
http://dx.doi.org/10.1061/(asce)la.1943-4170.0000303
https://doi.org/10.1145/381641.381656
http://dx.doi.org/10.1145/381641.381656
https://doi.org/10.1109/2945.981847
https://doi.org/10.1109/2945.981847
http://dx.doi.org/10.1109/2945.981847
https://doi.org/10.12968/bjon.2008.17.1.28059
https://doi.org/10.12968/bjon.2008.17.1.28059
http://dx.doi.org/10.12968/bjon.2008.17.1.28059
http://dx.doi.org/10.12968/bjon.2008.17.1.28059
https://doi.org/10.3390/ijerph14040435
https://doi.org/10.3390/ijerph14040435
http://dx.doi.org/10.3390/ijerph14040435
https://doi.org/10.3390/su10103821
https://doi.org/10.3390/su10103821
http://dx.doi.org/10.3390/su10103821
https://doi.org/10.1016/j.cities.2018.02.014
https://doi.org/10.1016/j.cities.2018.02.014
http://dx.doi.org/10.1016/j.cities.2018.02.014


Telematics and Informatics 36 (2019) 55–81. URL: https://doi.org/10.
1016/j.tele.2018.11.006. DOI:10.1016/j.tele.2018.11.006.

[45] B. Kitchenham, S. Charters, Guidelines for performing systematic litera-
ture reviews in software engineering, EBSE Technical Report EBSE-2007-01,
Keele University, Keele, Staff, UK, 2007). URL: https://eva.fing.edu.uy/
pluginfile.php/26109/mod_resource/content/0/kitchenham_2008.pdf.

[46] B. Kitchenham, O. P. Brereton, D. Budgen, M. Turner, J. Bailey, S. Linkman,
Systematic literature reviews in software engineering – a systematic lit-
erature review, Information and Software Technology 51 (2009) 7–15.
URL: https://doi.org/10.1016/j.infsof.2008.09.009. DOI:10.1016/j.
infsof.2008.09.009.

[47] Y. Xiao, M. Watson, Guidance on conducting a systematic literature review,
Journal of Planning Education and Research 39 (2017) 93–112. URL: https:
//doi.org/10.1177/0739456x17723971. DOI:10.1177/0739456x17723971.

[48] H. H. AlYahmady, S. S. A. Abri, Using nvivo for data analysis in qualitative
research, International Interdisciplinary Journal of Education 2 (2013) 181–
186. URL: https://doi.org/10.12816/0002914. DOI:10.12816/0002914.

[49] A. Edwards-Jones, Qualitative data analysis with NVIVO, Journal of Ed-
ucation for Teaching 40 (2014) 193–195. URL: https://doi.org/10.1080/
02607476.2013.866724. DOI:10.1080/02607476.2013.866724.

[50] V. J. Davies, K. Tomasin, Construction safety handbook, Thomas Telford,
1996.

[51] N. Sharma, T. Gedeon, Objective measures, sensors and computational tech-
niques for stress recognition and classification: A survey, Computer Methods
and Programs in Biomedicine 108 (2012) 1287–1301. URL: https://doi.org/
10.1016/j.cmpb.2012.07.003. DOI:10.1016/j.cmpb.2012.07.003.

[52] D. H. Lamb, On the distinction between physical and psychological stressors,
Motivation and Emotion 3 (1979) 51–61. URL: https://doi.org/10.1007/
bf00994160. DOI:10.1007/bf00994160.

[53] D. Langford, S. Rowlinson, E. Sawacha, Safety behaviour and safety manage-
ment: its influence on the attitudes of workers in the UK construction industry,
Engineering, Construction and Architectural Management 7 (2000) 133–140.
URL: https://doi.org/10.1108/eb021138. DOI:10.1108/eb021138.

[54] E. Danili, N. Reid, Cognitive factors that can potentially affect pupils’ test
performance, Chemistry Education Research and Practice 7 (2006) 64–83.
URL: https://doi.org/10.1039/b5rp90016f. DOI:10.1039/b5rp90016f.

[55] S. Subedi, N. Pradhananga, A. Carrasquillo, F. Lopez, Virtual reality-
based personalized learning environment for repetitive labor-intensive con-
struction tasks, in: 53rd ASC Annual International Conference Preceedings,
2017, pp. 787–794. URL: http://ascpro0.ascweb.org/archives/cd/2017/
paper/CPRT207002017.pdf.

67

https://doi.org/10.1016/j.tele.2018.11.006
https://doi.org/10.1016/j.tele.2018.11.006
http://dx.doi.org/10.1016/j.tele.2018.11.006
https://eva.fing.edu.uy/pluginfile.php/26109/mod_resource/content/0/kitchenham_2008.pdf
https://eva.fing.edu.uy/pluginfile.php/26109/mod_resource/content/0/kitchenham_2008.pdf
https://doi.org/10.1016/j.infsof.2008.09.009
http://dx.doi.org/10.1016/j.infsof.2008.09.009
http://dx.doi.org/10.1016/j.infsof.2008.09.009
https://doi.org/10.1177/0739456x17723971
https://doi.org/10.1177/0739456x17723971
http://dx.doi.org/10.1177/0739456x17723971
https://doi.org/10.12816/0002914
http://dx.doi.org/10.12816/0002914
https://doi.org/10.1080/02607476.2013.866724
https://doi.org/10.1080/02607476.2013.866724
http://dx.doi.org/10.1080/02607476.2013.866724
https://doi.org/10.1016/j.cmpb.2012.07.003
https://doi.org/10.1016/j.cmpb.2012.07.003
http://dx.doi.org/10.1016/j.cmpb.2012.07.003
https://doi.org/10.1007/bf00994160
https://doi.org/10.1007/bf00994160
http://dx.doi.org/10.1007/bf00994160
https://doi.org/10.1108/eb021138
http://dx.doi.org/10.1108/eb021138
https://doi.org/10.1039/b5rp90016f
http://dx.doi.org/10.1039/b5rp90016f
http://ascpro0.ascweb.org/archives/cd/2017/paper/CPRT207002017.pdf
http://ascpro0.ascweb.org/archives/cd/2017/paper/CPRT207002017.pdf


[56] Z. Riaz, M. Arslan, A. K. Kiani, S. Azhar, CoSMoS: A BIM and wireless sensor
based integrated solution for worker safety in confined spaces, Automation in
Construction 45 (2014) 96–106. URL: https://doi.org/10.1016/j.autcon.
2014.05.010. DOI:10.1016/j.autcon.2014.05.010.

[57] W. Umer, H. Li, G. P. Y. Szeto, A. Y. L. Wong, Low-cost ergonomic inter-
vention for mitigating physical and subjective discomfort during manual re-
bar tying, Journal of Construction Engineering and Management 143 (2017)
04017075. URL: https://doi.org/10.1061/(asce)co.1943-7862.0001383.
DOI:10.1061/(asce)co.1943-7862.0001383.

[58] A. P. Chan, M. C. Yam, J. W. Chung, W. Yi, Developing a heat stress model
for construction workers, Journal of Facilities Management 10 (2012) 59–
74. URL: https://doi.org/10.1108/14725961211200405. DOI:10.1108/
14725961211200405.

[59] W.-F. Cheung, T.-H. Lin, Y.-C. Lin, A real-time construction safety mon-
itoring system for hazardous gas integrating wireless sensor network and
building information modeling technologies, Sensors 18 (2018) 436. URL:
https://doi.org/10.3390/s18020436. DOI:10.3390/s18020436.

[60] W. Yi, A. P. Chan, X. Wang, J. Wang, Development of an early-warning
system for site work in hot and humid environments: A case study, Automa-
tion in Construction 62 (2016) 101–113. URL: https://doi.org/10.1016/
j.autcon.2015.11.003. DOI:10.1016/j.autcon.2015.11.003.

[61] G. E. Aguilar, K. N. Hewage, IT based system for construction safety
management and monitoring: C-RTICS2, Automation in Construction 35
(2013) 217–228. URL: https://doi.org/10.1016/j.autcon.2013.05.007.
DOI:10.1016/j.autcon.2013.05.007.

[62] M.-Y. Cheng, C.-H. Ko, C.-H. Chang, Computer-aided DSS for safety
monitoring of geotechnical construction, Automation in Construction 11
(2002) 375–390. URL: https://doi.org/10.1016/s0926-5805(01)00059-0.
DOI:10.1016/s0926-5805(01)00059-0.

[63] V. Bansal, Application of geographic information systems in construc-
tion safety planning, International Journal of Project Management 29
(2011) 66–77. URL: https://doi.org/10.1016/j.ijproman.2010.01.007.
DOI:10.1016/j.ijproman.2010.01.007.

[64] M. Zhang, D. Fang, A continuous behavior-based safety strategy for persistent
safety improvement in construction industry, Automation in Construction 34
(2013) 101–107. URL: https://doi.org/10.1016/j.autcon.2012.10.019.
DOI:10.1016/j.autcon.2012.10.019.

[65] M. Namian, A. Albert, C. M. Zuluaga, M. Behm, Role of safety training:
Impact on hazard recognition and safety risk perception, Journal of Con-
struction Engineering and Management 142 (2016) 04016073. URL: https://
doi.org/10.1061/(asce)co.1943-7862.0001198. DOI:10.1061/(asce)co.
1943-7862.0001198.

68

https://doi.org/10.1016/j.autcon.2014.05.010
https://doi.org/10.1016/j.autcon.2014.05.010
http://dx.doi.org/10.1016/j.autcon.2014.05.010
https://doi.org/10.1061/(asce)co.1943-7862.0001383
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001383
https://doi.org/10.1108/14725961211200405
http://dx.doi.org/10.1108/14725961211200405
http://dx.doi.org/10.1108/14725961211200405
https://doi.org/10.3390/s18020436
http://dx.doi.org/10.3390/s18020436
https://doi.org/10.1016/j.autcon.2015.11.003
https://doi.org/10.1016/j.autcon.2015.11.003
http://dx.doi.org/10.1016/j.autcon.2015.11.003
https://doi.org/10.1016/j.autcon.2013.05.007
http://dx.doi.org/10.1016/j.autcon.2013.05.007
https://doi.org/10.1016/s0926-5805(01)00059-0
http://dx.doi.org/10.1016/s0926-5805(01)00059-0
https://doi.org/10.1016/j.ijproman.2010.01.007
http://dx.doi.org/10.1016/j.ijproman.2010.01.007
https://doi.org/10.1016/j.autcon.2012.10.019
http://dx.doi.org/10.1016/j.autcon.2012.10.019
https://doi.org/10.1061/(asce)co.1943-7862.0001198
https://doi.org/10.1061/(asce)co.1943-7862.0001198
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001198
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001198


[66] I. Jeelani, A. Albert, R. Azevedo, E. J. Jaselskis, Development and testing
of a personalized hazard-recognition training intervention, Journal of Con-
struction Engineering and Management 143 (2017) 04016120. URL: https://
doi.org/10.1061/(asce)co.1943-7862.0001256. DOI:10.1061/(asce)co.
1943-7862.0001256.

[67] W.-C. Wang, J.-J. Liu, S.-C. Chou, Simulation-based safety evaluation
model integrated with network schedule, Automation in Construction 15
(2006) 341–354. URL: https://doi.org/10.1016/j.autcon.2005.06.015.
DOI:10.1016/j.autcon.2005.06.015.

[68] S. Mohamed, Safety climate in construction site environments, Journal
of Construction Engineering and Management 128 (2002) 375–384. URL:
https://doi.org/10.1061/(asce)0733-9364(2002)128:5(375). DOI:10.
1061/(asce)0733-9364(2002)128:5(375).

[69] D. Fang, Y. Chen, L. Wong, Safety climate in construction industry: A case
study in hong kong, Journal of Construction Engineering and Management 132
(2006) 573–584. URL: https://doi.org/10.1061/(asce)0733-9364(2006)
132:6(573). DOI:10.1061/(asce)0733-9364(2006)132:6(573).

[70] R. M. Choudhry, D. Fang, H. Lingard, Measuring safety climate of a
construction company, Journal of Construction Engineering and Man-
agement 135 (2009) 890–899. URL: https://doi.org/10.1061/(asce)co.
1943-7862.0000063. DOI:10.1061/(asce)co.1943-7862.0000063.

[71] Q. Chen, R. Jin, Multilevel safety culture and climate survey for assess-
ing new safety program, Journal of Construction Engineering and Man-
agement 139 (2013) 805–817. URL: https://doi.org/10.1061/(asce)co.
1943-7862.0000659. DOI:10.1061/(asce)co.1943-7862.0000659.

[72] S. Ahn, S. Lee, R. P. Steel, Construction workers’ perceptions and atti-
tudes toward social norms as predictors of their absence behavior, Jour-
nal of Construction Engineering and Management 140 (2014) 04013069.
URL: https://doi.org/10.1061/(asce)co.1943-7862.0000826. DOI:10.
1061/(asce)co.1943-7862.0000826.

[73] P. Bowen, P. Edwards, H. Lingard, K. Cattell, Workplace stress, stress ef-
fects, and coping mechanisms in the construction industry, Journal of Con-
struction Engineering and Management 140 (2014) 04013059. URL: https://
doi.org/10.1061/(asce)co.1943-7862.0000807. DOI:10.1061/(asce)co.
1943-7862.0000807.

[74] H. Li, M. Lu, G. Chan, M. Skitmore, Proactive training system for safe and
efficient precast installation, Automation in Construction 49 (2015) 163–174.
URL: https://doi.org/10.1016/j.autcon.2014.10.010. DOI:10.1016/j.
autcon.2014.10.010.

[75] D. A. Patel, K. N. Jha, Neural network model for the prediction of safe work
behavior in construction projects, Journal of Construction Engineering and
Management 141 (2015) 04014066. URL: https://doi.org/10.1061/(asce)
co.1943-7862.0000922. DOI:10.1061/(asce)co.1943-7862.0000922.

69

https://doi.org/10.1061/(asce)co.1943-7862.0001256
https://doi.org/10.1061/(asce)co.1943-7862.0001256
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001256
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001256
https://doi.org/10.1016/j.autcon.2005.06.015
http://dx.doi.org/10.1016/j.autcon.2005.06.015
https://doi.org/10.1061/(asce)0733-9364(2002)128:5(375)
http://dx.doi.org/10.1061/(asce)0733-9364(2002)128:5(375)
http://dx.doi.org/10.1061/(asce)0733-9364(2002)128:5(375)
https://doi.org/10.1061/(asce)0733-9364(2006)132:6(573)
https://doi.org/10.1061/(asce)0733-9364(2006)132:6(573)
http://dx.doi.org/10.1061/(asce)0733-9364(2006)132:6(573)
https://doi.org/10.1061/(asce)co.1943-7862.0000063
https://doi.org/10.1061/(asce)co.1943-7862.0000063
http://dx.doi.org/10.1061/(asce)co.1943-7862.0000063
https://doi.org/10.1061/(asce)co.1943-7862.0000659
https://doi.org/10.1061/(asce)co.1943-7862.0000659
http://dx.doi.org/10.1061/(asce)co.1943-7862.0000659
https://doi.org/10.1061/(asce)co.1943-7862.0000826
http://dx.doi.org/10.1061/(asce)co.1943-7862.0000826
http://dx.doi.org/10.1061/(asce)co.1943-7862.0000826
https://doi.org/10.1061/(asce)co.1943-7862.0000807
https://doi.org/10.1061/(asce)co.1943-7862.0000807
http://dx.doi.org/10.1061/(asce)co.1943-7862.0000807
http://dx.doi.org/10.1061/(asce)co.1943-7862.0000807
https://doi.org/10.1016/j.autcon.2014.10.010
http://dx.doi.org/10.1016/j.autcon.2014.10.010
http://dx.doi.org/10.1016/j.autcon.2014.10.010
https://doi.org/10.1061/(asce)co.1943-7862.0000922
https://doi.org/10.1061/(asce)co.1943-7862.0000922
http://dx.doi.org/10.1061/(asce)co.1943-7862.0000922


[76] B. H. Guo, Y. M. Goh, Ontology for design of active fall protection systems,
Automation in Construction 82 (2017) 138–153. URL: https://doi.org/10.
1016/j.autcon.2017.02.009. DOI:10.1016/j.autcon.2017.02.009.

[77] P. Zhang, N. Li, Z. Jiang, D. Fang, C. J. Anumba, An agent-based modeling
approach for understanding the effect of worker-management interactions on
construction workers' safety-related behaviors, Automation in Construction
97 (2019) 29–43. URL: https://doi.org/10.1016/j.autcon.2018.10.015.
DOI:10.1016/j.autcon.2018.10.015.

[78] C.-W. Liao, Optimal inspection strategies for labor inspection in the con-
struction industry, Journal of Construction Engineering and Management 141
(2015) 04014073. URL: https://doi.org/10.1061/(asce)co.1943-7862.
0000931. DOI:10.1061/(asce)co.1943-7862.0000931.

[79] J. Chen, X. Song, Z. Lin, Revealing the “invisible gorilla” in construction: Es-
timating construction safety through mental workload assessment, Automa-
tion in Construction 63 (2016) 173–183. URL: https://doi.org/10.1016/
j.autcon.2015.12.018. DOI:10.1016/j.autcon.2015.12.018.

[80] A. Aryal, A. Ghahramani, B. Becerik-Gerber, Monitoring fatigue in construc-
tion workers using physiological measurements, Automation in Construc-
tion 82 (2017) 154–165. URL: https://doi.org/10.1016/j.autcon.2017.
03.003. DOI:10.1016/j.autcon.2017.03.003.

[81] J. Chen, J. E. Taylor, S. Comu, Assessing task mental workload in con-
struction projects: A novel electroencephalography approach, Journal of Con-
struction Engineering and Management 143 (2017) 04017053. URL: https://
doi.org/10.1061/(asce)co.1943-7862.0001345. DOI:10.1061/(asce)co.
1943-7862.0001345.

[82] Y.-C. Fang, R.-J. Dzeng, Accelerometer-based fall-portent detection algo-
rithm for construction tiling operation, Automation in Construction 84
(2017) 214–230. URL: https://doi.org/10.1016/j.autcon.2017.09.015.
DOI:10.1016/j.autcon.2017.09.015.

[83] S. Hwang, H. Jebelli, B. Choi, M. Choi, S. Lee, Measuring workers’ emo-
tional state during construction tasks using wearable EEG, Journal of Con-
struction Engineering and Management 144 (2018) 04018050. URL: https://
doi.org/10.1061/(asce)co.1943-7862.0001506. DOI:10.1061/(asce)co.
1943-7862.0001506.

[84] H. Jebelli, S. Hwang, S. Lee, EEG signal-processing framework to obtain
high-quality brain waves from an off-the-shelf wearable EEG device, Jour-
nal of Computing in Civil Engineering 32 (2018) 04017070. URL: https://
doi.org/10.1061/(asce)cp.1943-5487.0000719. DOI:10.1061/(asce)cp.
1943-5487.0000719.

[85] H. Jebelli, S. Hwang, S. Lee, EEG-based workers' stress recognition
at construction sites, Automation in Construction 93 (2018) 315–324.
URL: https://doi.org/10.1016/j.autcon.2018.05.027. DOI:10.1016/j.
autcon.2018.05.027.

70

https://doi.org/10.1016/j.autcon.2017.02.009
https://doi.org/10.1016/j.autcon.2017.02.009
http://dx.doi.org/10.1016/j.autcon.2017.02.009
https://doi.org/10.1016/j.autcon.2018.10.015
http://dx.doi.org/10.1016/j.autcon.2018.10.015
https://doi.org/10.1061/(asce)co.1943-7862.0000931
https://doi.org/10.1061/(asce)co.1943-7862.0000931
http://dx.doi.org/10.1061/(asce)co.1943-7862.0000931
https://doi.org/10.1016/j.autcon.2015.12.018
https://doi.org/10.1016/j.autcon.2015.12.018
http://dx.doi.org/10.1016/j.autcon.2015.12.018
https://doi.org/10.1016/j.autcon.2017.03.003
https://doi.org/10.1016/j.autcon.2017.03.003
http://dx.doi.org/10.1016/j.autcon.2017.03.003
https://doi.org/10.1061/(asce)co.1943-7862.0001345
https://doi.org/10.1061/(asce)co.1943-7862.0001345
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001345
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001345
https://doi.org/10.1016/j.autcon.2017.09.015
http://dx.doi.org/10.1016/j.autcon.2017.09.015
https://doi.org/10.1061/(asce)co.1943-7862.0001506
https://doi.org/10.1061/(asce)co.1943-7862.0001506
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001506
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001506
https://doi.org/10.1061/(asce)cp.1943-5487.0000719
https://doi.org/10.1061/(asce)cp.1943-5487.0000719
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000719
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000719
https://doi.org/10.1016/j.autcon.2018.05.027
http://dx.doi.org/10.1016/j.autcon.2018.05.027
http://dx.doi.org/10.1016/j.autcon.2018.05.027


[86] J. Park, E. Marks, Y. K. Cho, W. Suryanto, Performance test of wireless
technologies for personnel and equipment proximity sensing in work zones,
Journal of Construction Engineering and Management 142 (2016) 04015049.
URL: https://doi.org/10.1061/(asce)co.1943-7862.0001031. DOI:10.
1061/(asce)co.1943-7862.0001031.

[87] J. Park, X. Yang, Y. K. Cho, J. Seo, Improving dynamic proximity sensing
and processing for smart work-zone safety, Automation in Construction 84
(2017) 111–120. URL: https://doi.org/10.1016/j.autcon.2017.08.025.
DOI:10.1016/j.autcon.2017.08.025.

[88] J. Park, K. Kim, Y. K. Cho, Framework of automated construction-
safety monitoring using cloud-enabled BIM and BLE mobile tracking sen-
sors, Journal of Construction Engineering and Management 143 (2017)
05016019. URL: https://doi.org/10.1061/(asce)co.1943-7862.0001223.
DOI:10.1061/(asce)co.1943-7862.0001223.

[89] J. Park, Y. K. Cho, A. Khodabandelu, Sensor-based safety performance as-
sessment of individual construction workers, Sensors 18 (2018) 3897. URL:
https://doi.org/10.3390/s18113897. DOI:10.3390/s18113897.

[90] J. Teizer, M. Wolf, O. Golovina, M. Perschewski, M. Propach, M. Neges,
M. König, Internet of things (IoT) for integrating environmental and local-
ization data in building information modeling (BIM), in: Proceedings of the
34th International Symposium on Automation and Robotics in Construction
(ISARC), Tribun EU, s.r.o., Brno, 2017. URL: https://doi.org/10.22260/
isarc2017/0084. DOI:10.22260/isarc2017/0084.

[91] H. Li, G. Chan, T. Huang, M. Skitmore, T. Y. Tao, E. Luo, J. Chung, X. Chan,
Y. Li, Chirp-spread-spectrum-based real time location system for construction
safety management: A case study, Automation in Construction 55 (2015)
58–65. URL: https://doi.org/10.1016/j.autcon.2015.03.024. DOI:10.
1016/j.autcon.2015.03.024.

[92] X. Luo, H. Li, T. Huang, M. Skitmore, Quantifying hazard exposure us-
ing real-time location data of construction workforce and equipment, Jour-
nal of Construction Engineering and Management 142 (2016) 04016031.
URL: https://doi.org/10.1061/(asce)co.1943-7862.0001139. DOI:10.
1061/(asce)co.1943-7862.0001139.

[93] X. Luo, H. Li, F. Dai, D. Cao, X. Yang, H. Guo, Hierarchical bayesian
model of worker response to proximity warnings of construction safety haz-
ards: Toward constant review of safety risk control measures, Journal of Con-
struction Engineering and Management 143 (2017) 04017006. URL: https://
doi.org/10.1061/(asce)co.1943-7862.0001277. DOI:10.1061/(asce)co.
1943-7862.0001277.

[94] F. Cordova, I. Brilakis, On-site 3d vision tracking of construction personnel,
in: Conference of the International Group for Lean Construction Management,
2008, pp. 809–820. URL: https://iglc.net/Papers/Details/558.

[95] I. Brilakis, M.-W. Park, G. Jog, Automated vision tracking of project
related entities, Advanced Engineering Informatics 25 (2011) 713–

71

https://doi.org/10.1061/(asce)co.1943-7862.0001031
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001031
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001031
https://doi.org/10.1016/j.autcon.2017.08.025
http://dx.doi.org/10.1016/j.autcon.2017.08.025
https://doi.org/10.1061/(asce)co.1943-7862.0001223
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001223
https://doi.org/10.3390/s18113897
http://dx.doi.org/10.3390/s18113897
https://doi.org/10.22260/isarc2017/0084
https://doi.org/10.22260/isarc2017/0084
http://dx.doi.org/10.22260/isarc2017/0084
https://doi.org/10.1016/j.autcon.2015.03.024
http://dx.doi.org/10.1016/j.autcon.2015.03.024
http://dx.doi.org/10.1016/j.autcon.2015.03.024
https://doi.org/10.1061/(asce)co.1943-7862.0001139
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001139
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001139
https://doi.org/10.1061/(asce)co.1943-7862.0001277
https://doi.org/10.1061/(asce)co.1943-7862.0001277
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001277
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001277
https://iglc.net/Papers/Details/558


724. URL: https://doi.org/10.1016/j.aei.2011.01.003. DOI:10.1016/
j.aei.2011.01.003.

[96] J. Yang, T. Cheng, J. Teizer, P. Vela, Z. Shi, A performance evaluation of
vision and radio frequency tracking methods for interacting workforce, Ad-
vanced Engineering Informatics 25 (2011) 736–747. URL: https://doi.org/
10.1016/j.aei.2011.04.001. DOI:10.1016/j.aei.2011.04.001.

[97] X. Guo, A. Golabchi, S. Han, J. Kanerva, 3d modeling of workplaces for time
and motion study of construction labor, in: in Proceedings of the 16th Interna-
tional Conference on Computing in Civil and Building Engineering (ICCCBE),
Osaka, Japan, July, 2016, pp. 6–8. URL: http://www.see.eng.osaka-u.ac.
jp/seeit/icccbe2016/Proceedings/Full_Papers/191-080.pdf.

[98] J. Teizer, T. Cheng, Proximity hazard indicator for workers-on-foot near miss
interactions with construction equipment and geo-referenced hazard areas,
Automation in Construction 60 (2015) 58–73. URL: https://doi.org/10.
1016/j.autcon.2015.09.003. DOI:10.1016/j.autcon.2015.09.003.

[99] Y.-J. Lee, M.-W. Park, I. Brilakis, Entity matching across stereo cam-
eras for tracking construction workers, in: Proceedings of the 33rd In-
ternational Symposium on Automation and Robotics in Construction (IS-
ARC), International Association for Automation and Robotics in Construc-
tion (IAARC), 2016. URL: https://doi.org/10.22260/isarc2016/0081.
DOI:10.22260/isarc2016/0081.

[100] Z. Zhu, X. Ren, Z. Chen, Visual tracking of construction jobsite workforce
and equipment with particle filtering, Journal of Computing in Civil En-
gineering 30 (2016) 04016023. URL: https://doi.org/10.1061/(asce)cp.
1943-5487.0000573. DOI:10.1061/(asce)cp.1943-5487.0000573.

[101] Y.-J. Lee, M.-W. Park, 3d tracking of multiple onsite workers based on
stereo vision, Automation in Construction 98 (2019) 146–159. URL: https://
doi.org/10.1016/j.autcon.2018.11.017. DOI:10.1016/j.autcon.2018.
11.017.

[102] M. Abderrahim, E. Garcia, R. Diez, C. Balaguer, A mechatronics se-
curity system for the construction site, Automation in Construction 14
(2005) 460–466. URL: https://doi.org/10.1016/j.autcon.2004.09.007.
DOI:10.1016/j.autcon.2004.09.007.

[103] H. M. Khoury, V. R. Kamat, Evaluation of position tracking technologies for
user localization in indoor construction environments, Automation in Con-
struction 18 (2009) 444–457. URL: https://doi.org/10.1016/j.autcon.
2008.10.011. DOI:10.1016/j.autcon.2008.10.011.

[104] L. Johannes, J. Degener, W. Niemeier, Set-up of a combined indoor and
outdoor positioning solution and experimental results, in: 2010 International
Conference on Indoor Positioning and Indoor Navigation, IEEE, 2010. URL:
https://doi.org/10.1109/ipin.2010.5647380. DOI:10.1109/ipin.2010.
5647380.

72

https://doi.org/10.1016/j.aei.2011.01.003
http://dx.doi.org/10.1016/j.aei.2011.01.003
http://dx.doi.org/10.1016/j.aei.2011.01.003
https://doi.org/10.1016/j.aei.2011.04.001
https://doi.org/10.1016/j.aei.2011.04.001
http://dx.doi.org/10.1016/j.aei.2011.04.001
http://www.see.eng.osaka-u.ac.jp/seeit/icccbe2016/Proceedings/Full_Papers/191-080.pdf
http://www.see.eng.osaka-u.ac.jp/seeit/icccbe2016/Proceedings/Full_Papers/191-080.pdf
https://doi.org/10.1016/j.autcon.2015.09.003
https://doi.org/10.1016/j.autcon.2015.09.003
http://dx.doi.org/10.1016/j.autcon.2015.09.003
https://doi.org/10.22260/isarc2016/0081
http://dx.doi.org/10.22260/isarc2016/0081
https://doi.org/10.1061/(asce)cp.1943-5487.0000573
https://doi.org/10.1061/(asce)cp.1943-5487.0000573
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000573
https://doi.org/10.1016/j.autcon.2018.11.017
https://doi.org/10.1016/j.autcon.2018.11.017
http://dx.doi.org/10.1016/j.autcon.2018.11.017
http://dx.doi.org/10.1016/j.autcon.2018.11.017
https://doi.org/10.1016/j.autcon.2004.09.007
http://dx.doi.org/10.1016/j.autcon.2004.09.007
https://doi.org/10.1016/j.autcon.2008.10.011
https://doi.org/10.1016/j.autcon.2008.10.011
http://dx.doi.org/10.1016/j.autcon.2008.10.011
https://doi.org/10.1109/ipin.2010.5647380
http://dx.doi.org/10.1109/ipin.2010.5647380
http://dx.doi.org/10.1109/ipin.2010.5647380


[105] S. Zhang, J. Teizer, N. Pradhananga, C. M. Eastman, Workforce location
tracking to model, visualize and analyze workspace requirements in building
information models for construction safety planning, Automation in Construc-
tion 60 (2015) 74–86. URL: https://doi.org/10.1016/j.autcon.2015.09.
009. DOI:10.1016/j.autcon.2015.09.009.

[106] O. Golovina, J. Teizer, N. Pradhananga, Heat map generation for predic-
tive safety planning: Preventing struck-by and near miss interactions between
workers-on-foot and construction equipment, Automation in Construction
71 (2016) 99–115. URL: https://doi.org/10.1016/j.autcon.2016.03.008.
DOI:10.1016/j.autcon.2016.03.008.

[107] J. Wang, S. N. Razavi, Low false alarm rate model for unsafe-proximity
detection in construction, Journal of Computing in Civil Engineering 30 (2016)
04015005. URL: https://doi.org/10.1061/(asce)cp.1943-5487.0000470.
DOI:10.1061/(asce)cp.1943-5487.0000470.

[108] H. Khoury, D. Chdid, R. Oueis, I. Elhajj, D. Asmar, Infrastructureless ap-
proach for ubiquitous user location tracking in construction environments,
Automation in Construction 56 (2015) 47–66. URL: https://doi.org/10.
1016/j.autcon.2015.04.009. DOI:10.1016/j.autcon.2015.04.009.

[109] Y. Fang, Y. K. Cho, J. Chen, A framework for real-time pro-active safety
assistance for mobile crane lifting operations, Automation in Construction 72
(2016) 367–379. URL: https://doi.org/10.1016/j.autcon.2016.08.025.
DOI:10.1016/j.autcon.2016.08.025.

[110] H. Kim, C. R. Ahn, K. Yang, Identifying safety hazards using collective
bodily responses of workers, Journal of Construction Engineering and Man-
agement 143 (2017) 04016090. URL: https://doi.org/10.1061/(asce)co.
1943-7862.0001220. DOI:10.1061/(asce)co.1943-7862.0001220.

[111] K. Yang, C. R. Ahn, M. C. Vuran, H. Kim, Collective sensing of workers' gait
patterns to identify fall hazards in construction, Automation in Construc-
tion 82 (2017) 166–178. URL: https://doi.org/10.1016/j.autcon.2017.
04.010. DOI:10.1016/j.autcon.2017.04.010.

[112] C. E. Fullerton, B. S. Allread, J. Teizer, Pro-active-real-time personnel
warning system, in: Construction Research Congress 2009, American Soci-
ety of Civil Engineers, 2009. URL: https://doi.org/10.1061/41020(339)4.
DOI:10.1061/41020(339)4.

[113] J. Teizer, B. S. Allread, C. E. Fullerton, J. Hinze, Autonomous pro-
active real-time construction worker and equipment operator proximity
safety alert system, Automation in Construction 19 (2010) 630–640.
URL: https://doi.org/10.1016/j.autcon.2010.02.009. DOI:10.1016/j.
autcon.2010.02.009.

[114] T. Cheng, J. Teizer, Modeling tower crane operator visibility to minimize
the risk of limited situational awareness, Journal of Computing in Civil En-
gineering 28 (2014) 04014004. URL: https://doi.org/10.1061/(asce)cp.
1943-5487.0000282. DOI:10.1061/(asce)cp.1943-5487.0000282.

73

https://doi.org/10.1016/j.autcon.2015.09.009
https://doi.org/10.1016/j.autcon.2015.09.009
http://dx.doi.org/10.1016/j.autcon.2015.09.009
https://doi.org/10.1016/j.autcon.2016.03.008
http://dx.doi.org/10.1016/j.autcon.2016.03.008
https://doi.org/10.1061/(asce)cp.1943-5487.0000470
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000470
https://doi.org/10.1016/j.autcon.2015.04.009
https://doi.org/10.1016/j.autcon.2015.04.009
http://dx.doi.org/10.1016/j.autcon.2015.04.009
https://doi.org/10.1016/j.autcon.2016.08.025
http://dx.doi.org/10.1016/j.autcon.2016.08.025
https://doi.org/10.1061/(asce)co.1943-7862.0001220
https://doi.org/10.1061/(asce)co.1943-7862.0001220
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001220
https://doi.org/10.1016/j.autcon.2017.04.010
https://doi.org/10.1016/j.autcon.2017.04.010
http://dx.doi.org/10.1016/j.autcon.2017.04.010
https://doi.org/10.1061/41020(339)4
http://dx.doi.org/10.1061/41020(339)4
https://doi.org/10.1016/j.autcon.2010.02.009
http://dx.doi.org/10.1016/j.autcon.2010.02.009
http://dx.doi.org/10.1016/j.autcon.2010.02.009
https://doi.org/10.1061/(asce)cp.1943-5487.0000282
https://doi.org/10.1061/(asce)cp.1943-5487.0000282
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000282


[115] J. Wang, S. Zhang, J. Teizer, Geotechnical and safety protective equip-
ment planning using range point cloud data and rule checking in build-
ing information modeling, Automation in Construction 49 (2015) 250–261.
URL: https://doi.org/10.1016/j.autcon.2014.09.002. DOI:10.1016/j.
autcon.2014.09.002.

[116] T. Maruyama, S. Kanai, H. Date, Tripping risk evaluation system based on
human behavior simulation in laser-scanned 3d as-is environments, Automa-
tion in Construction 85 (2018) 193–208. URL: https://doi.org/10.1016/
j.autcon.2017.10.011. DOI:10.1016/j.autcon.2017.10.011.

[117] C. Kim, C. T. Haas, K. A. Liapi, C. H. Caldas, Human-assisted obsta-
cle avoidance system using 3d workspace modeling for construction equip-
ment operation, Journal of Computing in Civil Engineering 20 (2006) 177–
186. URL: https://doi.org/10.1061/(asce)0887-3801(2006)20:3(177).
DOI:10.1061/(asce)0887-3801(2006)20:3(177).

[118] A. H. Behzadan, Z. Aziz, C. J. Anumba, V. R. Kamat, Ubiquitous loca-
tion tracking for context-specific information delivery on construction sites,
Automation in Construction 17 (2008) 737–748. URL: https://doi.org/10.
1016/j.autcon.2008.02.002. DOI:10.1016/j.autcon.2008.02.002.

[119] J. Song, C. T. Haas, C. H. Caldas, A proximity-based method for locat-
ing RFID tagged objects, Advanced Engineering Informatics 21 (2007) 367–
376. URL: https://doi.org/10.1016/j.aei.2006.09.002. DOI:10.1016/
j.aei.2006.09.002.

[120] A. Pradhan, E. Ergen, B. Akinci, Technological assessment of
radio frequency identification technology for indoor localization,
Journal of Computing in Civil Engineering 23 (2009) 230–238.
URL: https://doi.org/10.1061/(asce)0887-3801(2009)23:4(230).
DOI:10.1061/(asce)0887-3801(2009)23:4(230).

[121] S. Chae, T. Yoshida, Application of RFID technology to prevention of
collision accident with heavy equipment, Automation in Construction 19
(2010) 368–374. URL: https://doi.org/10.1016/j.autcon.2009.12.008.
DOI:10.1016/j.autcon.2009.12.008.

[122] C.-H. Ko, RFID 3d location sensing algorithms, Automation in Construc-
tion 19 (2010) 588–595. URL: https://doi.org/10.1016/j.autcon.2010.
02.003. DOI:10.1016/j.autcon.2010.02.003.

[123] S. Woo, S. Jeong, E. Mok, L. Xia, C. Choi, M. Pyeon, J. Heo, Application of
WiFi-based indoor positioning system for labor tracking at construction sites:
A case study in guangzhou MTR, Automation in Construction 20 (2011) 3–13.
URL: https://doi.org/10.1016/j.autcon.2010.07.009. DOI:10.1016/j.
autcon.2010.07.009.

[124] A. Costin, N. Pradhananga, J. Teizer, Leveraging passive RFID tech-
nology for construction resource field mobility and status monitoring in a
high-rise renovation project, Automation in Construction 24 (2012) 1–15.
URL: https://doi.org/10.1016/j.autcon.2012.02.015. DOI:10.1016/j.
autcon.2012.02.015.

74

https://doi.org/10.1016/j.autcon.2014.09.002
http://dx.doi.org/10.1016/j.autcon.2014.09.002
http://dx.doi.org/10.1016/j.autcon.2014.09.002
https://doi.org/10.1016/j.autcon.2017.10.011
https://doi.org/10.1016/j.autcon.2017.10.011
http://dx.doi.org/10.1016/j.autcon.2017.10.011
https://doi.org/10.1061/(asce)0887-3801(2006)20:3(177)
http://dx.doi.org/10.1061/(asce)0887-3801(2006)20:3(177)
https://doi.org/10.1016/j.autcon.2008.02.002
https://doi.org/10.1016/j.autcon.2008.02.002
http://dx.doi.org/10.1016/j.autcon.2008.02.002
https://doi.org/10.1016/j.aei.2006.09.002
http://dx.doi.org/10.1016/j.aei.2006.09.002
http://dx.doi.org/10.1016/j.aei.2006.09.002
https://doi.org/10.1061/(asce)0887-3801(2009)23:4(230)
http://dx.doi.org/10.1061/(asce)0887-3801(2009)23:4(230)
https://doi.org/10.1016/j.autcon.2009.12.008
http://dx.doi.org/10.1016/j.autcon.2009.12.008
https://doi.org/10.1016/j.autcon.2010.02.003
https://doi.org/10.1016/j.autcon.2010.02.003
http://dx.doi.org/10.1016/j.autcon.2010.02.003
https://doi.org/10.1016/j.autcon.2010.07.009
http://dx.doi.org/10.1016/j.autcon.2010.07.009
http://dx.doi.org/10.1016/j.autcon.2010.07.009
https://doi.org/10.1016/j.autcon.2012.02.015
http://dx.doi.org/10.1016/j.autcon.2012.02.015
http://dx.doi.org/10.1016/j.autcon.2012.02.015


[125] H.-S. Lee, K.-P. Lee, M. Park, Y. Baek, S. Lee, RFID-based real-time locating
system for construction safety management, Journal of Computing in Civil
Engineering 26 (2012) 366–377. URL: https://doi.org/10.1061/(asce)cp.
1943-5487.0000144. DOI:10.1061/(asce)cp.1943-5487.0000144.

[126] N. Li, S. Li, B. Becerik-Gerber, G. Calis, Deployment strategies and per-
formance evaluation of a virtual-tag-enabled indoor location sensing ap-
proach, Journal of Computing in Civil Engineering 26 (2012) 574–583.
URL: https://doi.org/10.1061/(asce)cp.1943-5487.0000161. DOI:10.
1061/(asce)cp.1943-5487.0000161.

[127] S. N. Razavi, O. Moselhi, GPS-less indoor construction location sensing,
Automation in Construction 28 (2012) 128–136. URL: https://doi.org/10.
1016/j.autcon.2012.05.015. DOI:10.1016/j.autcon.2012.05.015.

[128] L. Ding, C. Zhou, Q. Deng, H. Luo, X. Ye, Y. Ni, P. Guo, Real-time safety
early warning system for cross passage construction in yangtze riverbed metro
tunnel based on the internet of things, Automation in Construction 36 (2013)
25–37. URL: https://doi.org/10.1016/j.autcon.2013.08.017. DOI:10.
1016/j.autcon.2013.08.017.

[129] A. Kelm, L. Laußat, A. Meins-Becker, D. Platz, M. J. Khazaee, A. M.
Costin, M. Helmus, J. Teizer, Mobile passive radio frequency identifica-
tion (RFID) portal for automated and rapid control of personal protec-
tive equipment (PPE) on construction sites, Automation in Construction
36 (2013) 38–52. URL: https://doi.org/10.1016/j.autcon.2013.08.009.
DOI:10.1016/j.autcon.2013.08.009.

[130] B. Naticchia, M. Vaccarini, A. Carbonari, A monitoring system for real-time
interference control on large construction sites, Automation in Construction 29
(2013) 148–160. URL: https://doi.org/10.1016/j.autcon.2012.09.016.
DOI:10.1016/j.autcon.2012.09.016.

[131] W. Wu, H. Yang, Q. Li, D. Chew, An integrated information man-
agement model for proactive prevention of struck-by-falling-object acci-
dents on construction sites, Automation in Construction 34 (2013) 67–74.
URL: https://doi.org/10.1016/j.autcon.2012.10.010. DOI:10.1016/j.
autcon.2012.10.010.

[132] A. Montaser, O. Moselhi, RFID indoor location identification for construction
projects, Automation in Construction 39 (2014) 167–179. URL: https://
doi.org/10.1016/j.autcon.2013.06.012. DOI:10.1016/j.autcon.2013.
06.012.

[133] J. Teizer, Wearable, wireless identification sensing platform: self-monitoring
alert and reporting technology for hazard avoidance and training (smarthat),
Journal of Information Technology in Construction (ITcon) 20 (2015) 295–312.
URL: https://itcon.org/paper/2015/19.

[134] Y. Fang, Y. K. Cho, S. Zhang, E. Perez, Case study of BIM and cloud–enabled
real-time RFID indoor localization for construction management applications,
Journal of Construction Engineering and Management 142 (2016) 05016003.

75

https://doi.org/10.1061/(asce)cp.1943-5487.0000144
https://doi.org/10.1061/(asce)cp.1943-5487.0000144
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000144
https://doi.org/10.1061/(asce)cp.1943-5487.0000161
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000161
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000161
https://doi.org/10.1016/j.autcon.2012.05.015
https://doi.org/10.1016/j.autcon.2012.05.015
http://dx.doi.org/10.1016/j.autcon.2012.05.015
https://doi.org/10.1016/j.autcon.2013.08.017
http://dx.doi.org/10.1016/j.autcon.2013.08.017
http://dx.doi.org/10.1016/j.autcon.2013.08.017
https://doi.org/10.1016/j.autcon.2013.08.009
http://dx.doi.org/10.1016/j.autcon.2013.08.009
https://doi.org/10.1016/j.autcon.2012.09.016
http://dx.doi.org/10.1016/j.autcon.2012.09.016
https://doi.org/10.1016/j.autcon.2012.10.010
http://dx.doi.org/10.1016/j.autcon.2012.10.010
http://dx.doi.org/10.1016/j.autcon.2012.10.010
https://doi.org/10.1016/j.autcon.2013.06.012
https://doi.org/10.1016/j.autcon.2013.06.012
http://dx.doi.org/10.1016/j.autcon.2013.06.012
http://dx.doi.org/10.1016/j.autcon.2013.06.012
https://itcon.org/paper/2015/19


URL: https://doi.org/10.1061/(asce)co.1943-7862.0001125. DOI:10.
1061/(asce)co.1943-7862.0001125.

[135] H. Kim, H.-S. Lee, M. Park, B. Chung, S. Hwang, Automated hazardous
area identification using laborers' actual and optimal routes, Automation in
Construction 65 (2016) 21–32. URL: https://doi.org/10.1016/j.autcon.
2016.01.006. DOI:10.1016/j.autcon.2016.01.006.

[136] J. Teizer, D. Lao, M. Sofer, Rapid automated monitoring of construction site
activities using ultra-wideband, in: Proceedings of the 24th International Sym-
posium on Automation and Robotics in Construction, Kochi, Kerala, India,
2007, pp. 23–28. URL: https://www.irbnet.de/daten/iconda/CIB11072.
pdf.

[137] A. Giretti, A. Carbonari, B. Naticchia, M. D. Grassi, Advanced real-
time safety management system for construction sites, in: The 25th
International Symposium on Automation and Robotics in Construction.
ISARC-2008, Vilnius Gediminas Technical University Publishing House
Technika, 2008. URL: https://doi.org/10.3846/isarc.20080626.300.
DOI:10.3846/isarc.20080626.300.

[138] J. Teizer, M. Venugopal, A. Walia, Ultrawideband for automated real-time
three-dimensional location sensing for workforce, equipment, and material po-
sitioning and tracking, Transportation Research Record: Journal of the Trans-
portation Research Board 2081 (2008) 56–64. URL: https://doi.org/10.
3141/2081-06. DOI:10.3141/2081-06.

[139] J. Teizer, U. Mantripragada, M. Venugopal, Analyzing the travel patterns of
construction workers, in: The 25th International Symposium on Automation
and Robotics in Construction. ISARC-2008, Vilnius Gediminas Technical Uni-
versity Publishing House Technika, 2008. URL: https://doi.org/10.3846/
isarc.20080626.391. DOI:10.3846/isarc.20080626.391.

[140] A. Rodriguez, C. Zhang, A. Hammad, Feasibility of location tracking of con-
struction resources using uwb for better productivity and safety, in: Proceed-
ings of the International Conference on Computing in Civil and Building En-
gineering, 2010, pp. 1–6. URL: http://www.engineering.nottingham.ac.
uk/icccbe/proceedings/pdf/pf52.pdf.

[141] A. Aryan, Evaluation of ultra-wideband sensing technology for position loca-
tion in indoor construction environments, Master’s thesis, University of Wa-
terloo, Ontario, Canada, 2011. URL: http://hdl.handle.net/10012/5883.

[142] A. Carbonari, A. Giretti, B. Naticchia, A proactive system for real-time
safety management in construction sites, Automation in Construction 20
(2011) 686–698. URL: https://doi.org/10.1016/j.autcon.2011.04.019.
DOI:10.1016/j.autcon.2011.04.019.

[143] K. S. Saidi, J. Teizer, M. Franaszek, A. M. Lytle, Static and dynamic perfor-
mance evaluation of a commercially-available ultra wideband tracking system,
Automation in Construction 20 (2011) 519–530. URL: https://doi.org/10.
1016/j.autcon.2010.11.018. DOI:10.1016/j.autcon.2010.11.018.

76

https://doi.org/10.1061/(asce)co.1943-7862.0001125
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001125
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001125
https://doi.org/10.1016/j.autcon.2016.01.006
https://doi.org/10.1016/j.autcon.2016.01.006
http://dx.doi.org/10.1016/j.autcon.2016.01.006
https://www.irbnet.de/daten/iconda/CIB11072.pdf
https://www.irbnet.de/daten/iconda/CIB11072.pdf
https://doi.org/10.3846/isarc.20080626.300
http://dx.doi.org/10.3846/isarc.20080626.300
https://doi.org/10.3141/2081-06
https://doi.org/10.3141/2081-06
http://dx.doi.org/10.3141/2081-06
https://doi.org/10.3846/isarc.20080626.391
https://doi.org/10.3846/isarc.20080626.391
http://dx.doi.org/10.3846/isarc.20080626.391
http://www.engineering.nottingham.ac.uk/icccbe/proceedings/pdf/pf52.pdf
http://www.engineering.nottingham.ac.uk/icccbe/proceedings/pdf/pf52.pdf
http://hdl.handle.net/10012/5883
https://doi.org/10.1016/j.autcon.2011.04.019
http://dx.doi.org/10.1016/j.autcon.2011.04.019
https://doi.org/10.1016/j.autcon.2010.11.018
https://doi.org/10.1016/j.autcon.2010.11.018
http://dx.doi.org/10.1016/j.autcon.2010.11.018


[144] T. Cheng, U. Mantripragada, J. Teizer, P. A. Vela, Automated trajec-
tory and path planning analysis based on ultra wideband data, Jour-
nal of Computing in Civil Engineering 26 (2012) 151–160. URL: https://
doi.org/10.1061/(asce)cp.1943-5487.0000115. DOI:10.1061/(asce)cp.
1943-5487.0000115.

[145] A. Giretti, A. Carbonari, M. Vaccarini, Ultra wide band positioning systems
for advanced construction site management, in: New Approach of Indoor
and Outdoor Localization Systems, InTech, 2012. URL: https://doi.org/
10.5772/48260. DOI:10.5772/48260.

[146] G. C. Migliaccio, J. Teizer, T. Cheng, U. C. Gatti, Automatic identification of
unsafe bending behavior of construction workers using real-time location sens-
ing and physiological status monitoring, in: Construction Research Congress
2012, American Society of Civil Engineers, 2012. URL: https://doi.org/
10.1061/9780784412329.064. DOI:10.1061/9780784412329.064.

[147] C. Zhang, A. Hammad, Multiagent approach for real-time collision avoidance
and path replanning for cranes, Journal of Computing in Civil Engineering
26 (2012) 782–794. URL: https://doi.org/10.1061/(asce)cp.1943-5487.
0000181. DOI:10.1061/(asce)cp.1943-5487.0000181.

[148] C. Zhang, A. Hammad, S. Rodriguez, Crane pose estimation using UWB real-
time location system, Journal of Computing in Civil Engineering 26 (2012)
625–637. URL: https://doi.org/10.1061/(asce)cp.1943-5487.0000172.
DOI:10.1061/(asce)cp.1943-5487.0000172.

[149] T. Cheng, G. C. Migliaccio, J. Teizer, U. C. Gatti, Data fusion of real-time
location sensing and physiological status monitoring for ergonomics analysis
of construction workers, Journal of Computing in Civil Engineering 27 (2013)
320–335. URL: https://doi.org/10.1061/(asce)cp.1943-5487.0000222.
DOI:10.1061/(asce)cp.1943-5487.0000222.

[150] T. Cheng, J. Teizer, Real-time resource location data collection and visu-
alization technology for construction safety and activity monitoring applica-
tions, Automation in Construction 34 (2013) 3–15. URL: https://doi.org/
10.1016/j.autcon.2012.10.017. DOI:10.1016/j.autcon.2012.10.017.

[151] R. Maalek, F. Sadeghpour, Accuracy assessment of ultra-wide band technol-
ogy in tracking static resources in indoor construction scenarios, Automa-
tion in Construction 30 (2013) 170–183. URL: https://doi.org/10.1016/
j.autcon.2012.10.005. DOI:10.1016/j.autcon.2012.10.005.

[152] A. Shahi, J. S. West, C. T. Haas, Onsite 3d marking for construc-
tion activity tracking, Automation in Construction 30 (2013) 136–143.
URL: https://doi.org/10.1016/j.autcon.2012.11.027. DOI:10.1016/j.
autcon.2012.11.027.

[153] J. Teizer, T. Cheng, Y. Fang, Location tracking and data visualization
technology to advance construction ironworkers' education and training in
safety and productivity, Automation in Construction 35 (2013) 53–68.
URL: https://doi.org/10.1016/j.autcon.2013.03.004. DOI:10.1016/j.
autcon.2013.03.004.

77

https://doi.org/10.1061/(asce)cp.1943-5487.0000115
https://doi.org/10.1061/(asce)cp.1943-5487.0000115
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000115
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000115
https://doi.org/10.5772/48260
https://doi.org/10.5772/48260
http://dx.doi.org/10.5772/48260
https://doi.org/10.1061/9780784412329.064
https://doi.org/10.1061/9780784412329.064
http://dx.doi.org/10.1061/9780784412329.064
https://doi.org/10.1061/(asce)cp.1943-5487.0000181
https://doi.org/10.1061/(asce)cp.1943-5487.0000181
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000181
https://doi.org/10.1061/(asce)cp.1943-5487.0000172
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000172
https://doi.org/10.1061/(asce)cp.1943-5487.0000222
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000222
https://doi.org/10.1016/j.autcon.2012.10.017
https://doi.org/10.1016/j.autcon.2012.10.017
http://dx.doi.org/10.1016/j.autcon.2012.10.017
https://doi.org/10.1016/j.autcon.2012.10.005
https://doi.org/10.1016/j.autcon.2012.10.005
http://dx.doi.org/10.1016/j.autcon.2012.10.005
https://doi.org/10.1016/j.autcon.2012.11.027
http://dx.doi.org/10.1016/j.autcon.2012.11.027
http://dx.doi.org/10.1016/j.autcon.2012.11.027
https://doi.org/10.1016/j.autcon.2013.03.004
http://dx.doi.org/10.1016/j.autcon.2013.03.004
http://dx.doi.org/10.1016/j.autcon.2013.03.004


[154] H. Siddiqui, F. Vahdatikhaki, A. Hammad, Performance analysis and data
enhancement of wireless uwb real-time location system for tracking con-
struction equipment, in: Proceedings of the 21st EG-ICE International
Workshop on Intelligent Computing in Engineering 2014 (ICE14), 2014, pp.
314–325. URL: https://www.scopus.com/record/display.uri?eid=2-s2.
0-84912572146&origin=publicationMetricPage.

[155] R. Maalek, F. Sadeghpour, Accuracy assessment of ultra-wide band technology
in locating dynamic resources in indoor scenarios, Automation in Construction
63 (2016) 12–26. URL: https://doi.org/10.1016/j.autcon.2015.11.009.
DOI:10.1016/j.autcon.2015.11.009.

[156] J. Park, Y. K. Cho, D. Martinez, A bim and uwb integrated mobile robot
navigation system for indoor position tracking applications, Journal of Con-
struction Engineering and Project Management 6 (2016) 30–39. URL: https:
//doi.org/10.6106/JCEPM.2016.6.2.030. DOI:10.6106/JCEPM.2016.6.2.
030.

[157] T. Cheng, J. Teizer, G. C. Migliaccio, U. C. Gatti, Automated task-
level activity analysis through fusion of real time location sensors and
worker's thoracic posture data, Automation in Construction 29 (2013) 24–39.
URL: https://doi.org/10.1016/j.autcon.2012.08.003. DOI:10.1016/j.
autcon.2012.08.003.

[158] C.-S. Park, H.-J. Kim, A framework for construction safety management
and visualization system, Automation in Construction 33 (2013) 95–103.
URL: https://doi.org/10.1016/j.autcon.2012.09.012. DOI:10.1016/j.
autcon.2012.09.012.

[159] A. L. Cheng, C. Georgoulas, T. Bock, Fall detection and intervention based
on wireless sensor network technologies, Automation in Construction 71
(2016) 116–136. URL: https://doi.org/10.1016/j.autcon.2016.03.004.
DOI:10.1016/j.autcon.2016.03.004.

[160] U. C. Gatti, G. C. Migliaccio, S. Schneider, Wearable physiological status mon-
itors for measuring and evaluating workers' physical strain: Preliminary vali-
dation, in: Computing in Civil Engineering (2011), American Society of Civil
Engineers, 2011, pp. 194–201. URL: https://doi.org/10.1061/41182(416)
24. DOI:10.1061/41182(416)24.

[161] L. Joshua, K. Varghese, Video annotation framework for accelerometer place-
ment in worker activity recognition studies, in: 28th International Sympo-
sium on Automation and Robotics in Construction (ISARC 2011), Interna-
tional Association for Automation and Robotics in Construction (IAARC),
2011. URL: https://doi.org/10.22260/isarc2011/0056. DOI:10.22260/
isarc2011/0056.

[162] R.-J. Dzeng, Y.-C. Fang, I.-C. Chen, A feasibility study of using smartphone
built-in accelerometers to detect fall portents, Automation in Construction
38 (2014) 74–86. URL: https://doi.org/10.1016/j.autcon.2013.11.004.
DOI:10.1016/j.autcon.2013.11.004.

78

https://www.scopus.com/record/display.uri?eid=2-s2.0-84912572146&origin=publicationMetricPage
https://www.scopus.com/record/display.uri?eid=2-s2.0-84912572146&origin=publicationMetricPage
https://doi.org/10.1016/j.autcon.2015.11.009
http://dx.doi.org/10.1016/j.autcon.2015.11.009
https://doi.org/10.6106/JCEPM.2016.6.2.030
https://doi.org/10.6106/JCEPM.2016.6.2.030
http://dx.doi.org/10.6106/JCEPM.2016.6.2.030
http://dx.doi.org/10.6106/JCEPM.2016.6.2.030
https://doi.org/10.1016/j.autcon.2012.08.003
http://dx.doi.org/10.1016/j.autcon.2012.08.003
http://dx.doi.org/10.1016/j.autcon.2012.08.003
https://doi.org/10.1016/j.autcon.2012.09.012
http://dx.doi.org/10.1016/j.autcon.2012.09.012
http://dx.doi.org/10.1016/j.autcon.2012.09.012
https://doi.org/10.1016/j.autcon.2016.03.004
http://dx.doi.org/10.1016/j.autcon.2016.03.004
https://doi.org/10.1061/41182(416)24
https://doi.org/10.1061/41182(416)24
http://dx.doi.org/10.1061/41182(416)24
https://doi.org/10.22260/isarc2011/0056
http://dx.doi.org/10.22260/isarc2011/0056
http://dx.doi.org/10.22260/isarc2011/0056
https://doi.org/10.1016/j.autcon.2013.11.004
http://dx.doi.org/10.1016/j.autcon.2013.11.004


[163] R. Akhavian, A. H. Behzadan, Smartphone-based construction workers'
activity recognition and classification, Automation in Construction 71
(2016) 198–209. URL: https://doi.org/10.1016/j.autcon.2016.08.015.
DOI:10.1016/j.autcon.2016.08.015.

[164] H. Jebelli, C. R. Ahn, T. L. Stentz, Comprehensive fall-risk assessment
of construction workers using inertial measurement units: Validation of
the gait-stability metric to assess the fall risk of iron workers, Journal
of Computing in Civil Engineering 30 (2016) 04015034. URL: https://
doi.org/10.1061/(asce)cp.1943-5487.0000511. DOI:10.1061/(asce)cp.
1943-5487.0000511.

[165] T.-K. Lim, S.-M. Park, H.-C. Lee, D.-E. Lee, Artificial neural network–based
slip-trip classifier using smart sensor for construction workplace, Jour-
nal of Construction Engineering and Management 142 (2016) 04015065.
URL: https://doi.org/10.1061/(asce)co.1943-7862.0001049. DOI:10.
1061/(asce)co.1943-7862.0001049.

[166] K. Yang, C. R. Ahn, M. C. Vuran, S. S. Aria, Semi-supervised near-miss fall
detection for ironworkers with a wearable inertial measurement unit, Automa-
tion in Construction 68 (2016) 194–202. URL: https://doi.org/10.1016/j.
autcon.2016.04.007. DOI:10.1016/j.autcon.2016.04.007.

[167] A. Alwasel, E. M. Abdel-Rahman, C. T. Haas, S. Lee, Experience, produc-
tivity, and musculoskeletal injury among masonry workers, Journal of Con-
struction Engineering and Management 143 (2017) 05017003. URL: https://
doi.org/10.1061/(asce)co.1943-7862.0001308. DOI:10.1061/(asce)co.
1943-7862.0001308.

[168] K. Kim, H. Kim, H. Kim, Image-based construction hazard avoidance system
using augmented reality in wearable device, Automation in Construction 83
(2017) 390–403. URL: https://doi.org/10.1016/j.autcon.2017.06.014.
DOI:10.1016/j.autcon.2017.06.014.

[169] W. Lee, K.-Y. Lin, E. Seto, G. C. Migliaccio, Wearable sensors for monitoring
on-duty and off-duty worker physiological status and activities in construction,
Automation in Construction 83 (2017) 341–353. URL: https://doi.org/10.
1016/j.autcon.2017.06.012. DOI:10.1016/j.autcon.2017.06.012.

[170] N. D. Nath, T. Chaspari, A. H. Behzadan, Automated ergonomic risk mon-
itoring using body-mounted sensors and machine learning, Advanced Engi-
neering Informatics 38 (2018) 514–526. URL: https://doi.org/10.1016/j.
aei.2018.08.020. DOI:10.1016/j.aei.2018.08.020.

[171] J. Gong, C. H. Caldas, C. Gordon, Learning and classifying actions of
construction workers and equipment using bag-of-video-feature-words and
bayesian network models, Advanced Engineering Informatics 25 (2011) 771–
782. URL: https://doi.org/10.1016/j.aei.2011.06.002. DOI:10.1016/
j.aei.2011.06.002.

[172] M.-W. Park, I. Brilakis, Construction worker detection in video frames for
initializing vision trackers, Automation in Construction 28 (2012) 15–25.

79

https://doi.org/10.1016/j.autcon.2016.08.015
http://dx.doi.org/10.1016/j.autcon.2016.08.015
https://doi.org/10.1061/(asce)cp.1943-5487.0000511
https://doi.org/10.1061/(asce)cp.1943-5487.0000511
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000511
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000511
https://doi.org/10.1061/(asce)co.1943-7862.0001049
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001049
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001049
https://doi.org/10.1016/j.autcon.2016.04.007
https://doi.org/10.1016/j.autcon.2016.04.007
http://dx.doi.org/10.1016/j.autcon.2016.04.007
https://doi.org/10.1061/(asce)co.1943-7862.0001308
https://doi.org/10.1061/(asce)co.1943-7862.0001308
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001308
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001308
https://doi.org/10.1016/j.autcon.2017.06.014
http://dx.doi.org/10.1016/j.autcon.2017.06.014
https://doi.org/10.1016/j.autcon.2017.06.012
https://doi.org/10.1016/j.autcon.2017.06.012
http://dx.doi.org/10.1016/j.autcon.2017.06.012
https://doi.org/10.1016/j.aei.2018.08.020
https://doi.org/10.1016/j.aei.2018.08.020
http://dx.doi.org/10.1016/j.aei.2018.08.020
https://doi.org/10.1016/j.aei.2011.06.002
http://dx.doi.org/10.1016/j.aei.2011.06.002
http://dx.doi.org/10.1016/j.aei.2011.06.002


URL: https://doi.org/10.1016/j.autcon.2012.06.001. DOI:10.1016/j.
autcon.2012.06.001.

[173] S. Han, S. Lee, A vision-based motion capture and recognition frame-
work for behavior-based safety management, Automation in Construction 35
(2013) 131–141. URL: https://doi.org/10.1016/j.autcon.2013.05.001.
DOI:10.1016/j.autcon.2013.05.001.

[174] M. Memarzadeh, M. Golparvar-Fard, J. C. Niebles, Automated 2d detection of
construction equipment and workers from site video streams using histograms
of oriented gradients and colors, Automation in Construction 32 (2013) 24–37.
URL: https://doi.org/10.1016/j.autcon.2012.12.002. DOI:10.1016/j.
autcon.2012.12.002.

[175] J. Yang, Z. Shi, Z. Wu, Vision-based action recognition of construction workers
using dense trajectories, Advanced Engineering Informatics 30 (2016) 327–
336. URL: https://doi.org/10.1016/j.aei.2016.04.009. DOI:10.1016/
j.aei.2016.04.009.

[176] S. Choe, F. Leite, Construction safety planning: Site-specific tempo-
ral and spatial information integration, Automation in Construction 84
(2017) 335–344. URL: https://doi.org/10.1016/j.autcon.2017.09.007.
DOI:10.1016/j.autcon.2017.09.007.

[177] J. Seo, S. Lee, J. Seo, Simulation-based assessment of workers’ muscle
fatigue and its impact on construction operations, Journal of Construc-
tion Engineering and Management 142 (2016) 04016063. URL: https://
doi.org/10.1061/(asce)co.1943-7862.0001182. DOI:10.1061/(asce)co.
1943-7862.0001182.

[178] K. Yang, C. R. Ahn, H. Kim, Validating ambulatory gait assessment technique
for hazard sensing in construction environments, Automation in Construc-
tion 98 (2019) 302–309. URL: https://doi.org/10.1016/j.autcon.2018.
09.017. DOI:10.1016/j.autcon.2018.09.017.

[179] S. Han, S. Lee, F. Peña-Mora, Application of dimension reduction techniques
for motion recognition: Construction worker behavior monitoring, in: Com-
puting in Civil Engineering (2011), American Society of Civil Engineers, 2011.
URL: https://doi.org/10.1061/41182(416)13. DOI:10.1061/41182(416)
13.

[180] J. Seo, R. Starbuck, S. Han, S. Lee, T. J. Armstrong, Motion data-driven
biomechanical analysis during construction tasks on sites, Journal of Comput-
ing in Civil Engineering 29 (2015). URL: https://doi.org/10.1061/(asce)
cp.1943-5487.0000400. DOI:10.1061/(asce)cp.1943-5487.0000400.

[181] D. Wang, F. Dai, X. Ning, R. G. Dong, J. Z. Wu, Assessing work-related
risk factors on low back disorders among roofing workers, Journal of Con-
struction Engineering and Management 143 (2017) 04017026. URL: https://
doi.org/10.1061/(asce)co.1943-7862.0001320. DOI:10.1061/(asce)co.
1943-7862.0001320.

80

https://doi.org/10.1016/j.autcon.2012.06.001
http://dx.doi.org/10.1016/j.autcon.2012.06.001
http://dx.doi.org/10.1016/j.autcon.2012.06.001
https://doi.org/10.1016/j.autcon.2013.05.001
http://dx.doi.org/10.1016/j.autcon.2013.05.001
https://doi.org/10.1016/j.autcon.2012.12.002
http://dx.doi.org/10.1016/j.autcon.2012.12.002
http://dx.doi.org/10.1016/j.autcon.2012.12.002
https://doi.org/10.1016/j.aei.2016.04.009
http://dx.doi.org/10.1016/j.aei.2016.04.009
http://dx.doi.org/10.1016/j.aei.2016.04.009
https://doi.org/10.1016/j.autcon.2017.09.007
http://dx.doi.org/10.1016/j.autcon.2017.09.007
https://doi.org/10.1061/(asce)co.1943-7862.0001182
https://doi.org/10.1061/(asce)co.1943-7862.0001182
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001182
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001182
https://doi.org/10.1016/j.autcon.2018.09.017
https://doi.org/10.1016/j.autcon.2018.09.017
http://dx.doi.org/10.1016/j.autcon.2018.09.017
https://doi.org/10.1061/41182(416)13
http://dx.doi.org/10.1061/41182(416)13
http://dx.doi.org/10.1061/41182(416)13
https://doi.org/10.1061/(asce)cp.1943-5487.0000400
https://doi.org/10.1061/(asce)cp.1943-5487.0000400
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000400
https://doi.org/10.1061/(asce)co.1943-7862.0001320
https://doi.org/10.1061/(asce)co.1943-7862.0001320
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001320
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001320


[182] X. Li, S. Han, M. Gül, M. Al-Hussein, M. El-Rich, 3d visualization-based er-
gonomic risk assessment and work modification framework and its validation
for a lifting task, Journal of Construction Engineering and Management 144
(2018) 04017093. URL: https://doi.org/10.1061/(asce)co.1943-7862.
0001412. DOI:10.1061/(asce)co.1943-7862.0001412.

[183] S. Han, S. Lee, F. Peña-Mora, Vision-based detection of unsafe ac-
tions of a construction worker: Case study of ladder climbing, Jour-
nal of Computing in Civil Engineering 27 (2013) 635–644. URL: https://
doi.org/10.1061/(asce)cp.1943-5487.0000279. DOI:10.1061/(asce)cp.
1943-5487.0000279.

[184] S. Han, S. Lee, F. Peña-Mora, Comparative study of motion features for
similarity-based modeling and classification of unsafe actions in construc-
tion, Journal of Computing in Civil Engineering 28 (2014). URL: https://
doi.org/10.1061/(asce)cp.1943-5487.0000339. DOI:10.1061/(asce)cp.
1943-5487.0000339.

[185] J. O. Seo, R. Starbuck, S. Han, S. H. Lee, T. J. Armstrong, Dynamic biome-
chanical analysis for construction tasks using motion data from vision-based
motion capture approaches, in: Computing in Civil and Building Engineering
(2014), American Society of Civil Engineers, 2014. URL: https://doi.org/
10.1061/9780784413616.125. DOI:10.1061/9780784413616.125.

[186] R. Starbuck, J. Seo, S. Han, S. Lee, A stereo vision-based approach to
marker-less motion capture for on-site kinematic modeling of construction
worker tasks, in: Computing in Civil and Building Engineering (2014),
American Society of Civil Engineers, 2014. URL: https://doi.org/10.1061/
9780784413616.136. DOI:10.1061/9780784413616.136.

[187] A. Golabchi, S. Han, A. R. Fayek, S. AbouRizk, Stochastic modeling for
assessment of human perception and motion sensing errors in ergonomic
analysis, Journal of Computing in Civil Engineering 31 (2017) 04017010.
URL: https://doi.org/10.1061/(asce)cp.1943-5487.0000655. DOI:10.
1061/(asce)cp.1943-5487.0000655.

[188] A. Alwasel, K. Elrayes, E. M. Abdel-Rahman, C. Haas, Sensing construc-
tion work-related musculoskeletal disorders (WMSDs), in: 28th Interna-
tional Symposium on Automation and Robotics in Construction (ISARC
2011), International Association for Automation and Robotics in Construc-
tion (IAARC), 2011. URL: https://doi.org/10.22260/isarc2011/0027.
DOI:10.22260/isarc2011/0027.

[189] A. Alwasel, K. Elrayes, E. Abdel-Rahman, C. Haas, Reducing shoulder injuries
among construction workers, Gerontechnology 11 (2012). URL: https://doi.
org/10.4017/gt.2012.11.02.241.670. DOI:10.4017/gt.2012.11.02.241.
670.

[190] V. Escorcia, M. A. Dávila, M. Golparvar-Fard, J. C. Niebles, Automated
vision-based recognition of construction worker actions for building interior
construction operations using RGBD cameras, in: Construction Research
Congress 2012, American Society of Civil Engineers, 2012. URL: https://
doi.org/10.1061/9780784412329.089. DOI:10.1061/9780784412329.089.

81

https://doi.org/10.1061/(asce)co.1943-7862.0001412
https://doi.org/10.1061/(asce)co.1943-7862.0001412
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001412
https://doi.org/10.1061/(asce)cp.1943-5487.0000279
https://doi.org/10.1061/(asce)cp.1943-5487.0000279
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000279
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000279
https://doi.org/10.1061/(asce)cp.1943-5487.0000339
https://doi.org/10.1061/(asce)cp.1943-5487.0000339
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000339
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000339
https://doi.org/10.1061/9780784413616.125
https://doi.org/10.1061/9780784413616.125
http://dx.doi.org/10.1061/9780784413616.125
https://doi.org/10.1061/9780784413616.136
https://doi.org/10.1061/9780784413616.136
http://dx.doi.org/10.1061/9780784413616.136
https://doi.org/10.1061/(asce)cp.1943-5487.0000655
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000655
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000655
https://doi.org/10.22260/isarc2011/0027
http://dx.doi.org/10.22260/isarc2011/0027
https://doi.org/10.4017/gt.2012.11.02.241.670
https://doi.org/10.4017/gt.2012.11.02.241.670
http://dx.doi.org/10.4017/gt.2012.11.02.241.670
http://dx.doi.org/10.4017/gt.2012.11.02.241.670
https://doi.org/10.1061/9780784412329.089
https://doi.org/10.1061/9780784412329.089
http://dx.doi.org/10.1061/9780784412329.089


[191] C. C. Martin, D. C. Burkert, K. R. Choi, N. B. Wieczorek, P. M. McGregor,
R. A. Herrmann, P. A. Beling, A real-time ergonomic monitoring system using
the microsoft kinect, in: 2012 IEEE Systems and Information Engineering
Design Symposium, IEEE, 2012. URL: https://doi.org/10.1109/sieds.
2012.6215130. DOI:10.1109/sieds.2012.6215130.

[192] A. Khosrowpour, J. C. Niebles, M. Golparvar-Fard, Vision-based work-
face assessment using depth images for activity analysis of interior con-
struction operations, Automation in Construction 48 (2014) 74–87.
URL: https://doi.org/10.1016/j.autcon.2014.08.003. DOI:10.1016/j.
autcon.2014.08.003.

[193] S. C. Puthenveetil, C. P. Daphalapurkar, W. Zhu, M. C. Leu, X. F. Liu,
J. K. Gilpin-Mcminn, S. D. Snodgrass, Computer-automated ergonomic
analysis based on motion capture and assembly simulation, Virtual Reality
19 (2015) 119–128. URL: https://doi.org/10.1007/s10055-015-0261-9.
DOI:10.1007/s10055-015-0261-9.

[194] M. Liu, S. Han, S. Lee, Tracking-based 3d human skeleton extraction from
stereo video camera toward an on-site safety and ergonomic analysis, Con-
struction Innovation 16 (2016) 348–367. URL: https://doi.org/10.1108/
ci-10-2015-0054. DOI:10.1108/ci-10-2015-0054.

[195] Y. Yu, H. Guo, Q. Ding, H. Li, M. Skitmore, An experimental study of
real-time identification of construction workers' unsafe behaviors, Automa-
tion in Construction 82 (2017) 193–206. URL: https://doi.org/10.1016/
j.autcon.2017.05.002. DOI:10.1016/j.autcon.2017.05.002.

[196] R.-J. Dzeng, Y.-P. Chiang, K. Watanabe, H. H. Hsueh, Marker-less based
detection of repetitive awkward postures for construction workers, in: The
2018 International Academic Research Conference in Vienna, 2018, pp. 75–83.
URL: https://www.icbtsconference.com/16866308/proceeding-vienna.

[197] A. Golabchi, S. Han, S. AbouRizk, A simulation and visualization-based
framework of labor efficiency and safety analysis for prevention through
design and planning, Automation in Construction 96 (2018) 310–323.
URL: https://doi.org/10.1016/j.autcon.2018.10.001. DOI:10.1016/j.
autcon.2018.10.001.

[198] H. Guo, Y. Yu, Q. Ding, M. Skitmore, Image-and-skeleton-based parame-
terized approach to real-time identification of construction workers’ unsafe
behaviors, Journal of Construction Engineering and Management 144 (2018)
04018042. URL: https://doi.org/10.1061/(asce)co.1943-7862.0001497.
DOI:10.1061/(asce)co.1943-7862.0001497.

[199] L. Kong, H. Li, Y. Yu, H. Luo, M. Skitmore, M. F. Antwi-Afari, Quantifying
the physical intensity of construction workers, a mechanical energy approach,
Advanced Engineering Informatics 38 (2018) 404–419. URL: https://doi.
org/10.1016/j.aei.2018.08.005. DOI:10.1016/j.aei.2018.08.005.

[200] H. Zhang, X. Yan, H. Li, Ergonomic posture recognition using 3d view-
invariant features from single ordinary camera, Automation in Construction

82

https://doi.org/10.1109/sieds.2012.6215130
https://doi.org/10.1109/sieds.2012.6215130
http://dx.doi.org/10.1109/sieds.2012.6215130
https://doi.org/10.1016/j.autcon.2014.08.003
http://dx.doi.org/10.1016/j.autcon.2014.08.003
http://dx.doi.org/10.1016/j.autcon.2014.08.003
https://doi.org/10.1007/s10055-015-0261-9
http://dx.doi.org/10.1007/s10055-015-0261-9
https://doi.org/10.1108/ci-10-2015-0054
https://doi.org/10.1108/ci-10-2015-0054
http://dx.doi.org/10.1108/ci-10-2015-0054
https://doi.org/10.1016/j.autcon.2017.05.002
https://doi.org/10.1016/j.autcon.2017.05.002
http://dx.doi.org/10.1016/j.autcon.2017.05.002
https://www.icbtsconference.com/16866308/proceeding-vienna
https://doi.org/10.1016/j.autcon.2018.10.001
http://dx.doi.org/10.1016/j.autcon.2018.10.001
http://dx.doi.org/10.1016/j.autcon.2018.10.001
https://doi.org/10.1061/(asce)co.1943-7862.0001497
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001497
https://doi.org/10.1016/j.aei.2018.08.005
https://doi.org/10.1016/j.aei.2018.08.005
http://dx.doi.org/10.1016/j.aei.2018.08.005


94 (2018) 1–10. URL: https://doi.org/10.1016/j.autcon.2018.05.033.
DOI:10.1016/j.autcon.2018.05.033.

[201] H. Jebelli, C. R. Ahn, T. L. Stentz, Fall risk analysis of construction
workers using inertial measurement units: Validating the usefulness of the
postural stability metrics in construction, Safety Science 84 (2016) 161–
170. URL: https://doi.org/10.1016/j.ssci.2015.12.012. DOI:10.1016/
j.ssci.2015.12.012.

[202] J. Chen, J. Qiu, C. Ahn, Construction worker's awkward posture recognition
through supervised motion tensor decomposition, Automation in Construction
77 (2017) 67–81. URL: https://doi.org/10.1016/j.autcon.2017.01.020.
DOI:10.1016/j.autcon.2017.01.020.

[203] E. Valero, A. Sivanathan, F. Bosché, M. Abdel-Wahab, Analysis of
construction trade worker body motions using a wearable and wireless
motion sensor network, Automation in Construction 83 (2017) 48–55.
URL: https://doi.org/10.1016/j.autcon.2017.08.001. DOI:10.1016/j.
autcon.2017.08.001.

[204] X. Yan, H. Li, A. R. Li, H. Zhang, Wearable IMU-based real-time motion
warning system for construction workers' musculoskeletal disorders preven-
tion, Automation in Construction 74 (2017) 2–11. URL: https://doi.org/
10.1016/j.autcon.2016.11.007. DOI:10.1016/j.autcon.2016.11.007.

[205] W. Umer, H. Li, W. Lu, G. P. Y. Szeto, A. Y. Wong, Development
of a tool to monitor static balance of construction workers for proactive
fall safety management, Automation in Construction 94 (2018) 438–448.
URL: https://doi.org/10.1016/j.autcon.2018.07.024. DOI:10.1016/j.
autcon.2018.07.024.

[206] J. A. Hess, S. Hecker, M. Weinstein, M. Lunger, A participatory ergonomics
intervention to reduce risk factors for low-back disorders in concrete laborers,
Applied Ergonomics 35 (2004) 427–441. URL: https://doi.org/10.1016/j.
apergo.2004.04.003. DOI:10.1016/j.apergo.2004.04.003.

[207] M. F. Antwi-Afari, H. Li, Y. Yu, L. Kong, Wearable insole pressure sys-
tem for automated detection and classification of awkward working postures
in construction workers, Automation in Construction 96 (2018) 433–441.
URL: https://doi.org/10.1016/j.autcon.2018.10.004. DOI:10.1016/j.
autcon.2018.10.004.

[208] M. F. Antwi-Afari, H. Li, J. Seo, A. Y. L. Wong, Automated detection
and classification of construction workers' loss of balance events using wear-
able insole pressure sensors, Automation in Construction 96 (2018) 189–199.
URL: https://doi.org/10.1016/j.autcon.2018.09.010. DOI:10.1016/j.
autcon.2018.09.010.

[209] M. F. Antwi-Afari, H. Li, Fall risk assessment of construction workers based on
biomechanical gait stability parameters using wearable insole pressure system,
Advanced Engineering Informatics 38 (2018) 683–694. URL: https://doi.
org/10.1016/j.aei.2018.10.002. DOI:10.1016/j.aei.2018.10.002.

83

https://doi.org/10.1016/j.autcon.2018.05.033
http://dx.doi.org/10.1016/j.autcon.2018.05.033
https://doi.org/10.1016/j.ssci.2015.12.012
http://dx.doi.org/10.1016/j.ssci.2015.12.012
http://dx.doi.org/10.1016/j.ssci.2015.12.012
https://doi.org/10.1016/j.autcon.2017.01.020
http://dx.doi.org/10.1016/j.autcon.2017.01.020
https://doi.org/10.1016/j.autcon.2017.08.001
http://dx.doi.org/10.1016/j.autcon.2017.08.001
http://dx.doi.org/10.1016/j.autcon.2017.08.001
https://doi.org/10.1016/j.autcon.2016.11.007
https://doi.org/10.1016/j.autcon.2016.11.007
http://dx.doi.org/10.1016/j.autcon.2016.11.007
https://doi.org/10.1016/j.autcon.2018.07.024
http://dx.doi.org/10.1016/j.autcon.2018.07.024
http://dx.doi.org/10.1016/j.autcon.2018.07.024
https://doi.org/10.1016/j.apergo.2004.04.003
https://doi.org/10.1016/j.apergo.2004.04.003
http://dx.doi.org/10.1016/j.apergo.2004.04.003
https://doi.org/10.1016/j.autcon.2018.10.004
http://dx.doi.org/10.1016/j.autcon.2018.10.004
http://dx.doi.org/10.1016/j.autcon.2018.10.004
https://doi.org/10.1016/j.autcon.2018.09.010
http://dx.doi.org/10.1016/j.autcon.2018.09.010
http://dx.doi.org/10.1016/j.autcon.2018.09.010
https://doi.org/10.1016/j.aei.2018.10.002
https://doi.org/10.1016/j.aei.2018.10.002
http://dx.doi.org/10.1016/j.aei.2018.10.002


[210] M.-W. Park, N. Elsafty, Z. Zhu, Hardhat-wearing detection for enhancing on-
site safety of construction workers, Journal of Construction Engineering and
Management 141 (2015) 04015024. URL: https://doi.org/10.1061/(asce)
co.1943-7862.0000974. DOI:10.1061/(asce)co.1943-7862.0000974.

[211] K. Shrestha, P. P. Shrestha, D. Bajracharya, E. A. Yfantis, Hard-hat detection
for construction safety visualization, Journal of Construction Engineering 2015
(2015) 1–8. URL: https://doi.org/10.1155/2015/721380. DOI:10.1155/
2015/721380.

[212] M.-W. Park, I. Brilakis, Continuous localization of construction workers
via integration of detection and tracking, Automation in Construction 72
(2016) 129–142. URL: https://doi.org/10.1016/j.autcon.2016.08.039.
DOI:10.1016/j.autcon.2016.08.039.

[213] A. H. M. Rubaiyat, T. T. Toma, M. Kalantari-Khandani, S. A. Rahman,
L. Chen, Y. Ye, C. S. Pan, Automatic detection of helmet uses for con-
struction safety, in: 2016 IEEE/WIC/ACM International Conference on
Web Intelligence Workshops (WIW), IEEE, 2016, pp. 135–142. URL: https:
//doi.org/10.1109/wiw.2016.045. DOI:10.1109/wiw.2016.045.

[214] M. Siddula, F. Dai, Y. Ye, J. Fan, Unsupervised feature learning for objects
of interest detection in cluttered construction roof site images, Procedia En-
gineering 145 (2016) 428–435. URL: https://doi.org/10.1016/j.proeng.
2016.04.010. DOI:10.1016/j.proeng.2016.04.010.

[215] J. Kim, S. Chi, Adaptive detector and tracker on construction sites using
functional integration and online learning, Journal of Computing in Civil
Engineering 31 (2017) 04017026. URL: https://doi.org/10.1061/(asce)
cp.1943-5487.0000677. DOI:10.1061/(asce)cp.1943-5487.0000677.

[216] B. E. Mneymneh, M. Abbas, H. Khoury, Automated hardhat detection for
construction safety applications, Procedia Engineering 196 (2017) 895–902.
URL: https://doi.org/10.1016/j.proeng.2017.08.022. DOI:10.1016/j.
proeng.2017.08.022.

[217] H. Seong, H. Choi, H. Cho, S. Lee, H. Son, C. Kim, Vision-based safety vest
detection in a construction scene, in: Proceedings of the 34th International
Symposium on Automation and Robotics in Construction (ISARC), Tribun
EU, s.r.o., Brno, 2017. URL: https://doi.org/10.22260/isarc2017/0039.
DOI:10.22260/isarc2017/0039.

[218] Z. Zhu, X. Ren, Z. Chen, Integrated detection and tracking of workforce and
equipment from construction jobsite videos, Automation in Construction 81
(2017) 161–171. URL: https://doi.org/10.1016/j.autcon.2017.05.005.
DOI:10.1016/j.autcon.2017.05.005.

[219] B. E. Mneymneh, M. Abbas, H. Khoury, Evaluation of computer vision tech-
niques for automated hardhat detection in indoor construction safety applica-
tions, Frontiers of Engineering Management 5 (2018) 227–239. URL: https:
//doi.org/10.15302/j-fem-2018071. DOI:10.15302/j-fem-2018071.

84

https://doi.org/10.1061/(asce)co.1943-7862.0000974
https://doi.org/10.1061/(asce)co.1943-7862.0000974
http://dx.doi.org/10.1061/(asce)co.1943-7862.0000974
https://doi.org/10.1155/2015/721380
http://dx.doi.org/10.1155/2015/721380
http://dx.doi.org/10.1155/2015/721380
https://doi.org/10.1016/j.autcon.2016.08.039
http://dx.doi.org/10.1016/j.autcon.2016.08.039
https://doi.org/10.1109/wiw.2016.045
https://doi.org/10.1109/wiw.2016.045
http://dx.doi.org/10.1109/wiw.2016.045
https://doi.org/10.1016/j.proeng.2016.04.010
https://doi.org/10.1016/j.proeng.2016.04.010
http://dx.doi.org/10.1016/j.proeng.2016.04.010
https://doi.org/10.1061/(asce)cp.1943-5487.0000677
https://doi.org/10.1061/(asce)cp.1943-5487.0000677
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000677
https://doi.org/10.1016/j.proeng.2017.08.022
http://dx.doi.org/10.1016/j.proeng.2017.08.022
http://dx.doi.org/10.1016/j.proeng.2017.08.022
https://doi.org/10.22260/isarc2017/0039
http://dx.doi.org/10.22260/isarc2017/0039
https://doi.org/10.1016/j.autcon.2017.05.005
http://dx.doi.org/10.1016/j.autcon.2017.05.005
https://doi.org/10.15302/j-fem-2018071
https://doi.org/10.15302/j-fem-2018071
http://dx.doi.org/10.15302/j-fem-2018071


[220] L. Ding, W. Fang, H. Luo, P. E. Love, B. Zhong, X. Ouyang, A deep hy-
brid learning model to detect unsafe behavior: Integrating convolution neu-
ral networks and long short-term memory, Automation in Construction 86
(2018) 118–124. URL: https://doi.org/10.1016/j.autcon.2017.11.002.
DOI:10.1016/j.autcon.2017.11.002.

[221] I. Jeelani, K. Han, A. Albert, Scaling personalized safety training using
automated feedback generation, in: Construction Research Congress 2018,
American Society of Civil Engineers, 2018. URL: https://doi.org/10.1061/
9780784481288.020. DOI:10.1061/9780784481288.020.

[222] Z. Kolar, H. Chen, X. Luo, Transfer learning and deep convolutional neural
networks for safety guardrail detection in 2d images, Automation in Construc-
tion 89 (2018) 58–70. URL: https://doi.org/10.1016/j.autcon.2018.01.
003. DOI:10.1016/j.autcon.2018.01.003.

[223] H. Luo, C. Xiong, W. Fang, P. E. Love, B. Zhang, X. Ouyang, Con-
volutional neural networks: Computer vision-based workforce activity as-
sessment in construction, Automation in Construction 94 (2018) 282–289.
URL: https://doi.org/10.1016/j.autcon.2018.06.007. DOI:10.1016/j.
autcon.2018.06.007.

[224] B. E. Mneymneh, M. Abbas, H. Khoury, Vision-based framework for in-
telligent monitoring of hardhat wearing on construction sites, Journal
of Computing in Civil Engineering 33 (2019) 04018066. URL: https://
doi.org/10.1061/(asce)cp.1943-5487.0000813. DOI:10.1061/(asce)cp.
1943-5487.0000813.

[225] S. A. Bhoir, S. Hasanzadeh, B. Esmaeili, M. D. Dodd, M. S. Fardhosseini,
Measuring construction workers attention using eye-tracking technology, in:
Proceedings ICSC15: The Canadian Society for Civil Engineering 5th Inter-
national/ 11th Construction Specialty Conference, The University of British
Columbia, Vancouver, Canada, 2015. URL: https://doi.library.ubc.ca/
10.14288/1.0076423. DOI:10.14288/1.0076423.

[226] S. Hasanzadeh, B. Esmaeili, M. D. Dodd, Impact of construction work-
ers’ hazard identification skills on their visual attention, Journal of Con-
struction Engineering and Management 143 (2017) 04017070. URL: https://
doi.org/10.1061/(asce)co.1943-7862.0001373. DOI:10.1061/(asce)co.
1943-7862.0001373.

[227] S. Hasanzadeh, B. Esmaeili, M. D. Dodd, Examining the relationship be-
tween construction workers’ visual attention and situation awareness un-
der fall and tripping hazard conditions: Using mobile eye tracking, Jour-
nal of Construction Engineering and Management 144 (2018) 04018060.
URL: https://doi.org/10.1061/(asce)co.1943-7862.0001516. DOI:10.
1061/(asce)co.1943-7862.0001516.

[228] I. Jeelani, K. Han, A. Albert, Automating and scaling personalized safety
training using eye-tracking data, Automation in Construction 93 (2018) 63–77.
URL: https://doi.org/10.1016/j.autcon.2018.05.006. DOI:10.1016/j.
autcon.2018.05.006.

85

https://doi.org/10.1016/j.autcon.2017.11.002
http://dx.doi.org/10.1016/j.autcon.2017.11.002
https://doi.org/10.1061/9780784481288.020
https://doi.org/10.1061/9780784481288.020
http://dx.doi.org/10.1061/9780784481288.020
https://doi.org/10.1016/j.autcon.2018.01.003
https://doi.org/10.1016/j.autcon.2018.01.003
http://dx.doi.org/10.1016/j.autcon.2018.01.003
https://doi.org/10.1016/j.autcon.2018.06.007
http://dx.doi.org/10.1016/j.autcon.2018.06.007
http://dx.doi.org/10.1016/j.autcon.2018.06.007
https://doi.org/10.1061/(asce)cp.1943-5487.0000813
https://doi.org/10.1061/(asce)cp.1943-5487.0000813
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000813
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000813
https://doi.library.ubc.ca/10.14288/1.0076423
https://doi.library.ubc.ca/10.14288/1.0076423
http://dx.doi.org/10.14288/1.0076423
https://doi.org/10.1061/(asce)co.1943-7862.0001373
https://doi.org/10.1061/(asce)co.1943-7862.0001373
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001373
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001373
https://doi.org/10.1061/(asce)co.1943-7862.0001516
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001516
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001516
https://doi.org/10.1016/j.autcon.2018.05.006
http://dx.doi.org/10.1016/j.autcon.2018.05.006
http://dx.doi.org/10.1016/j.autcon.2018.05.006


[229] H. Son, C. Kim, Multiimaging sensor data fusion-based enhancement for
3d workspace representation for remote machine operation, Journal of Con-
struction Engineering and Management 139 (2013) 434–444. URL: https://
doi.org/10.1061/(asce)co.1943-7862.0000630. DOI:10.1061/(asce)co.
1943-7862.0000630.

[230] U. C. Gatti, S. Schneider, G. C. Migliaccio, Physiological condition monitor-
ing of construction workers, Automation in Construction 44 (2014) 227–233.
URL: https://doi.org/10.1016/j.autcon.2014.04.013. DOI:10.1016/j.
autcon.2014.04.013.

[231] H. Guo, Y. Yu, T. Xiang, H. Li, D. Zhang, The availability of wearable-device-
based physical data for the measurement of construction workers' psycholog-
ical status on site: From the perspective of safety management, Automa-
tion in Construction 82 (2017) 207–217. URL: https://doi.org/10.1016/
j.autcon.2017.06.001. DOI:10.1016/j.autcon.2017.06.001.

[232] T. S. Abdelhamid, J. G. Everett, Physiological demands during construc-
tion work, Journal of Construction Engineering and Management 128
(2002) 427–437. URL: https://doi.org/10.1061/(asce)0733-9364(2002)
128:5(427). DOI:10.1061/(asce)0733-9364(2002)128:5(427).

[233] S. Hwang, S. Lee, Wristband-type wearable health devices to measure
construction workers' physical demands, Automation in Construction 83
(2017) 330–340. URL: https://doi.org/10.1016/j.autcon.2017.06.003.
DOI:10.1016/j.autcon.2017.06.003.

[234] S. Hwang, J. Seo, H. Jebelli, S. Lee, Feasibility analysis of heart rate monitor-
ing of construction workers using a photoplethysmography (PPG) sensor em-
bedded in a wristband-type activity tracker, Automation in Construction 71
(2016) 372–381. URL: https://doi.org/10.1016/j.autcon.2016.08.029.
DOI:10.1016/j.autcon.2016.08.029.

[235] N. Dedobbeleer, F. Béland, A safety climate measure for construction sites,
Journal of Safety Research 22 (1991) 97–103. URL: https://doi.org/10.
1016/0022-4375(91)90017-p. DOI:10.1016/0022-4375(91)90017-p.

[236] A. Glendon, D. Litherland, Safety climate factors, group differences and
safety behaviour in road construction, Safety Science 39 (2001) 157–188.
URL: https://doi.org/10.1016/s0925-7535(01)00006-6. DOI:10.1016/
s0925-7535(01)00006-6.

[237] M. Gillen, D. Baltz, M. Gassel, L. Kirsch, D. Vaccaro, Perceived safety cli-
mate, job demands, and coworker support among union and nonunion in-
jured construction workers, Journal of Safety Research 33 (2002) 33–51.
URL: https://doi.org/10.1016/s0022-4375(02)00002-6. DOI:10.1016/
s0022-4375(02)00002-6.

[238] P. M. Arezes, A. S. Miguel, Hearing protection use in industry: The role of
risk perception, Safety Science 43 (2005) 253–267. URL: https://doi.org/
10.1016/j.ssci.2005.07.002. DOI:10.1016/j.ssci.2005.07.002.

86

https://doi.org/10.1061/(asce)co.1943-7862.0000630
https://doi.org/10.1061/(asce)co.1943-7862.0000630
http://dx.doi.org/10.1061/(asce)co.1943-7862.0000630
http://dx.doi.org/10.1061/(asce)co.1943-7862.0000630
https://doi.org/10.1016/j.autcon.2014.04.013
http://dx.doi.org/10.1016/j.autcon.2014.04.013
http://dx.doi.org/10.1016/j.autcon.2014.04.013
https://doi.org/10.1016/j.autcon.2017.06.001
https://doi.org/10.1016/j.autcon.2017.06.001
http://dx.doi.org/10.1016/j.autcon.2017.06.001
https://doi.org/10.1061/(asce)0733-9364(2002)128:5(427)
https://doi.org/10.1061/(asce)0733-9364(2002)128:5(427)
http://dx.doi.org/10.1061/(asce)0733-9364(2002)128:5(427)
https://doi.org/10.1016/j.autcon.2017.06.003
http://dx.doi.org/10.1016/j.autcon.2017.06.003
https://doi.org/10.1016/j.autcon.2016.08.029
http://dx.doi.org/10.1016/j.autcon.2016.08.029
https://doi.org/10.1016/0022-4375(91)90017-p
https://doi.org/10.1016/0022-4375(91)90017-p
http://dx.doi.org/10.1016/0022-4375(91)90017-p
https://doi.org/10.1016/s0925-7535(01)00006-6
http://dx.doi.org/10.1016/s0925-7535(01)00006-6
http://dx.doi.org/10.1016/s0925-7535(01)00006-6
https://doi.org/10.1016/s0022-4375(02)00002-6
http://dx.doi.org/10.1016/s0022-4375(02)00002-6
http://dx.doi.org/10.1016/s0022-4375(02)00002-6
https://doi.org/10.1016/j.ssci.2005.07.002
https://doi.org/10.1016/j.ssci.2005.07.002
http://dx.doi.org/10.1016/j.ssci.2005.07.002


[239] P. Arezes, A. Miguel, Risk perception and safety behaviour: A study in an
occupational environment, Safety Science 46 (2008) 900–907. URL: https:
//doi.org/10.1016/j.ssci.2007.11.008. DOI:10.1016/j.ssci.2007.11.
008.

[240] J. L. Meliá, K. Mearns, S. A. Silva, M. L. Lima, Safety climate responses and
the perceived risk of accidents in the construction industry, Safety Science
46 (2008) 949–958. URL: https://doi.org/10.1016/j.ssci.2007.11.004.
DOI:10.1016/j.ssci.2007.11.004.

[241] S. Mohamed, T. Ali, W. Tam, National culture and safe work behaviour of con-
struction workers in pakistan, Safety Science 47 (2009) 29–35. URL: https:
//doi.org/10.1016/j.ssci.2008.01.003. DOI:10.1016/j.ssci.2008.01.
003.

[242] A. J.-P. Tixier, M. R. Hallowell, A. Albert, L. van Boven, B. M. Kleiner,
Psychological antecedents of risk-taking behavior in construction, Jour-
nal of Construction Engineering and Management 140 (2014) 04014052.
URL: https://doi.org/10.1061/(asce)co.1943-7862.0000894. DOI:10.
1061/(asce)co.1943-7862.0000894.

[243] X. Lu, S. Davis, Priming effects on safety decisions in a virtual construc-
tion simulator, Engineering, Construction and Architectural Management
25 (2018) 273–294. URL: https://doi.org/10.1108/ecam-05-2016-0114.
DOI:10.1108/ecam-05-2016-0114.

[244] S. You, J.-H. Kim, S. Lee, V. Kamat, L. P. Robert, Enhancing per-
ceived safety in human–robot collaborative construction using immersive
virtual environments, Automation in Construction 96 (2018) 161–170.
URL: https://doi.org/10.1016/j.autcon.2018.09.008. DOI:10.1016/j.
autcon.2018.09.008.

[245] R. B. Blackmon, A. K. Gramopadhye, Improving construction safety
by providing positive feedback on backup alarms, Journal of Con-
struction Engineering and Management 121 (1995) 166–171. URL:
https://doi.org/10.1061/(asce)0733-9364(1995)121:2(166). DOI:10.
1061/(asce)0733-9364(1995)121:2(166).

[246] J. S. Bohn, J. Teizer, Benefits and barriers of construction project mon-
itoring using high-resolution automated cameras, Journal of Construc-
tion Engineering and Management 136 (2010) 632–640. URL: https://
doi.org/10.1061/(asce)co.1943-7862.0000164. DOI:10.1061/(asce)co.
1943-7862.0000164.

[247] C. Nnaji, H. W. Lee, A. Karakhan, J. Gambatese, Developing a decision-
making framework to select safety technologies for highway construction,
Journal of Construction Engineering and Management 144 (2018) 04018016.
URL: https://doi.org/10.1061/(asce)co.1943-7862.0001466. DOI:10.
1061/(asce)co.1943-7862.0001466.

[248] D. H. Shin, W.-S. Jang, Utilization of ubiquitous computing for construc-
tion AR technology, Automation in Construction 18 (2009) 1063–1069.

87

https://doi.org/10.1016/j.ssci.2007.11.008
https://doi.org/10.1016/j.ssci.2007.11.008
http://dx.doi.org/10.1016/j.ssci.2007.11.008
http://dx.doi.org/10.1016/j.ssci.2007.11.008
https://doi.org/10.1016/j.ssci.2007.11.004
http://dx.doi.org/10.1016/j.ssci.2007.11.004
https://doi.org/10.1016/j.ssci.2008.01.003
https://doi.org/10.1016/j.ssci.2008.01.003
http://dx.doi.org/10.1016/j.ssci.2008.01.003
http://dx.doi.org/10.1016/j.ssci.2008.01.003
https://doi.org/10.1061/(asce)co.1943-7862.0000894
http://dx.doi.org/10.1061/(asce)co.1943-7862.0000894
http://dx.doi.org/10.1061/(asce)co.1943-7862.0000894
https://doi.org/10.1108/ecam-05-2016-0114
http://dx.doi.org/10.1108/ecam-05-2016-0114
https://doi.org/10.1016/j.autcon.2018.09.008
http://dx.doi.org/10.1016/j.autcon.2018.09.008
http://dx.doi.org/10.1016/j.autcon.2018.09.008
https://doi.org/10.1061/(asce)0733-9364(1995)121:2(166)
http://dx.doi.org/10.1061/(asce)0733-9364(1995)121:2(166)
http://dx.doi.org/10.1061/(asce)0733-9364(1995)121:2(166)
https://doi.org/10.1061/(asce)co.1943-7862.0000164
https://doi.org/10.1061/(asce)co.1943-7862.0000164
http://dx.doi.org/10.1061/(asce)co.1943-7862.0000164
http://dx.doi.org/10.1061/(asce)co.1943-7862.0000164
https://doi.org/10.1061/(asce)co.1943-7862.0001466
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001466
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001466


URL: https://doi.org/10.1016/j.autcon.2009.06.001. DOI:10.1016/j.
autcon.2009.06.001.

[249] K.-C. Yeh, M.-H. Tsai, S.-C. Kang, On-site building information retrieval
by using projection-based augmented reality, Journal of Computing in Civil
Engineering 26 (2012) 342–355. URL: https://doi.org/10.1061/(asce)cp.
1943-5487.0000156. DOI:10.1061/(asce)cp.1943-5487.0000156.

[250] L. Hou, X. Wang, L. Bernold, P. E. D. Love, Using animated augmented reality
to cognitively guide assembly, Journal of Computing in Civil Engineering
27 (2013) 439–451. URL: https://doi.org/10.1061/(asce)cp.1943-5487.
0000184. DOI:10.1061/(asce)cp.1943-5487.0000184.

[251] A. Albert, M. R. Hallowell, B. Kleiner, A. Chen, M. Golparvar-Fard, En-
hancing construction hazard recognition with high-fidelity augmented vir-
tuality, Journal of Construction Engineering and Management 140 (2014)
04014024. URL: https://doi.org/10.1061/(asce)co.1943-7862.0000860.
DOI:10.1061/(asce)co.1943-7862.0000860.

[252] Q. T. Le, A. Pedro, C. R. Lim, H. T. Park, C. S. Park, H. K. Kim, A frame-
work for using mobile based virtual reality and augmented reality for expe-
riential construction safety education, International Journal of Engineering
Education 31 (2015) 713–725. URL: https://www.ijee.ie/latestissues/
Vol31-3/05_ijee3037ns.pdf.

[253] V. Higgins, Augmented & virtual reality: The future of work, not just play,
Professional Safety 62 (2017) 86. URL: https://search.proquest.com/
docview/1910288162/fulltextPDF/4751CB2A7DCF4F85PQ/1?accountid=
10901.

[254] R. Eiris, M. Gheisari, B. Esmaeili, PARS: Using augmented 360-degree
panoramas of reality for construction safety training, International Journal
of Environmental Research and Public Health 15 (2018) 2452. URL: https:
//doi.org/10.3390/ijerph15112452. DOI:10.3390/ijerph15112452.

[255] R. E. Pereira, H. F. Moore, M. Gheisari, B. Esmaeili, Development
and usability testing of a panoramic augmented reality environment for
fall hazard safety training, in: Advances in Informatics and Computing
in Civil and Construction Engineering, Springer International Publishing,
2018, pp. 271–279. URL: https://doi.org/10.1007/978-3-030-00220-6_
33. DOI:10.1007/978-3-030-00220-6_33.

[256] R. E. Pereira, M. Gheisari, B. Esmaeili, Using panoramic augmented reality
to develop a virtual safety training environment, in: Construction Research
Congress 2018, American Society of Civil Engineers, 2018. URL: https://
doi.org/10.1061/9780784481288.004. DOI:10.1061/9780784481288.004.

[257] R. Sacks, M. Treckmann, O. Rozenfeld, Visualization of work flow to support
lean construction, Journal of Construction Engineering and Management 135
(2009) 1307–1315. URL: https://doi.org/10.1061/(asce)co.1943-7862.
0000102. DOI:10.1061/(asce)co.1943-7862.0000102.

88

https://doi.org/10.1016/j.autcon.2009.06.001
http://dx.doi.org/10.1016/j.autcon.2009.06.001
http://dx.doi.org/10.1016/j.autcon.2009.06.001
https://doi.org/10.1061/(asce)cp.1943-5487.0000156
https://doi.org/10.1061/(asce)cp.1943-5487.0000156
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000156
https://doi.org/10.1061/(asce)cp.1943-5487.0000184
https://doi.org/10.1061/(asce)cp.1943-5487.0000184
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000184
https://doi.org/10.1061/(asce)co.1943-7862.0000860
http://dx.doi.org/10.1061/(asce)co.1943-7862.0000860
https://www.ijee.ie/latestissues/Vol31-3/05_ijee3037ns.pdf
https://www.ijee.ie/latestissues/Vol31-3/05_ijee3037ns.pdf
https://search.proquest.com/docview/1910288162/fulltextPDF/4751CB2A7DCF4F85PQ/1?accountid=10901
https://search.proquest.com/docview/1910288162/fulltextPDF/4751CB2A7DCF4F85PQ/1?accountid=10901
https://search.proquest.com/docview/1910288162/fulltextPDF/4751CB2A7DCF4F85PQ/1?accountid=10901
https://doi.org/10.3390/ijerph15112452
https://doi.org/10.3390/ijerph15112452
http://dx.doi.org/10.3390/ijerph15112452
https://doi.org/10.1007/978-3-030-00220-6_33
https://doi.org/10.1007/978-3-030-00220-6_33
http://dx.doi.org/10.1007/978-3-030-00220-6_33
https://doi.org/10.1061/9780784481288.004
https://doi.org/10.1061/9780784481288.004
http://dx.doi.org/10.1061/9780784481288.004
https://doi.org/10.1061/(asce)co.1943-7862.0000102
https://doi.org/10.1061/(asce)co.1943-7862.0000102
http://dx.doi.org/10.1061/(asce)co.1943-7862.0000102


[258] J. Zhang, Z. Hu, BIM- and 4d-based integrated solution of analysis and
management for conflicts and structural safety problems during construc-
tion: 1. principles and methodologies, Automation in Construction 20
(2011) 155–166. URL: https://doi.org/10.1016/j.autcon.2010.09.013.
DOI:10.1016/j.autcon.2010.09.013.

[259] S. Zhang, J.-K. Lee, M. Venugopal, J. Teizer, C. Eastman, Integrating BIM
and safety: An automated rule-based checking system for safety planning and
simulation, in: Proceedings of CIB W099 Conference: Prevention - Means
to the End of Construction Injuries, Illnesses and Fatalities, volume 99, In-
ternational Council for Research and Innovation in Building and Organiza-
tion, 2011, pp. 771–782. URL: http://www.irbnet.de/daten/iconda/CIB_
DC24275.pdf.

[260] J. Melzner, S. Zhang, J. Teizer, H.-J. Bargstädt, A case study on automated
safety compliance checking to assist fall protection design and planning in
building information models, Construction Management and Economics 31
(2013) 661–674. URL: https://doi.org/10.1080/01446193.2013.780662.
DOI:10.1080/01446193.2013.780662.

[261] S. Zhang, J. Teizer, J.-K. Lee, C. M. Eastman, M. Venugopal, Building infor-
mation modeling (BIM) and safety: Automatic safety checking of construc-
tion models and schedules, Automation in Construction 29 (2013) 183–195.
URL: https://doi.org/10.1016/j.autcon.2012.05.006. DOI:10.1016/j.
autcon.2012.05.006.

[262] B. Choi, H.-S. Lee, M. Park, Y. K. Cho, H. Kim, Framework for work-
space planning using four-dimensional BIM in construction projects, Jour-
nal of Construction Engineering and Management 140 (2014) 04014041.
URL: https://doi.org/10.1061/(asce)co.1943-7862.0000885. DOI:10.
1061/(asce)co.1943-7862.0000885.

[263] J. Qi, R. R. A. Issa, S. Olbina, J. Hinze, Use of building information mod-
eling in design to prevent construction worker falls, Journal of Computing
in Civil Engineering 28 (2014). URL: https://doi.org/10.1061/(asce)cp.
1943-5487.0000365. DOI:10.1061/(asce)cp.1943-5487.0000365.

[264] R. Sharqi, A. Kaka, Health and safety visualization in steel construction
projects through image processing, in: Computing in Civil and Building En-
gineering (2014), American Society of Civil Engineers, 2014. URL: https://
doi.org/10.1061/9780784413616.102. DOI:10.1061/9780784413616.102.

[265] K. Kim, Y. Cho, BIM-based planning of temporary structures for construc-
tion safety, in: Computing in Civil Engineering 2015, American Society
of Civil Engineers, 2015. URL: https://doi.org/10.1061/9780784479247.
054. DOI:10.1061/9780784479247.054.

[266] S. Park, I. Kim, BIM-based quality control for safety issues in the de-
sign and construction phases, International Journal of Architectural Re-
search: ArchNet-IJAR 9 (2015) 111. URL: https://doi.org/10.26687/
archnet-ijar.v9i3.881. DOI:10.26687/archnet-ijar.v9i3.881.

89

https://doi.org/10.1016/j.autcon.2010.09.013
http://dx.doi.org/10.1016/j.autcon.2010.09.013
http://www.irbnet.de/daten/iconda/CIB_DC24275.pdf
http://www.irbnet.de/daten/iconda/CIB_DC24275.pdf
https://doi.org/10.1080/01446193.2013.780662
http://dx.doi.org/10.1080/01446193.2013.780662
https://doi.org/10.1016/j.autcon.2012.05.006
http://dx.doi.org/10.1016/j.autcon.2012.05.006
http://dx.doi.org/10.1016/j.autcon.2012.05.006
https://doi.org/10.1061/(asce)co.1943-7862.0000885
http://dx.doi.org/10.1061/(asce)co.1943-7862.0000885
http://dx.doi.org/10.1061/(asce)co.1943-7862.0000885
https://doi.org/10.1061/(asce)cp.1943-5487.0000365
https://doi.org/10.1061/(asce)cp.1943-5487.0000365
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000365
https://doi.org/10.1061/9780784413616.102
https://doi.org/10.1061/9780784413616.102
http://dx.doi.org/10.1061/9780784413616.102
https://doi.org/10.1061/9780784479247.054
https://doi.org/10.1061/9780784479247.054
http://dx.doi.org/10.1061/9780784479247.054
https://doi.org/10.26687/archnet-ijar.v9i3.881
https://doi.org/10.26687/archnet-ijar.v9i3.881
http://dx.doi.org/10.26687/archnet-ijar.v9i3.881


[267] S. Zhang, K. Sulankivi, M. Kiviniemi, I. Romo, C. M. Eastman, J. Teizer,
BIM-based fall hazard identification and prevention in construction safety
planning, Safety Science 72 (2015) 31–45. URL: https://doi.org/10.1016/
j.ssci.2014.08.001. DOI:10.1016/j.ssci.2014.08.001.

[268] S. Zhang, F. Boukamp, J. Teizer, Ontology-based semantic modeling
of construction safety knowledge: Towards automated safety planning for
job hazard analysis (JHA), Automation in Construction 52 (2015) 29–41.
URL: https://doi.org/10.1016/j.autcon.2015.02.005. DOI:10.1016/j.
autcon.2015.02.005.

[269] O. Golovina, J. Teizer, N. Pradhananga, Heat map generation for predic-
tive safety planning: Preventing struck-by and near miss interactions between
workers-on-foot and construction equipment, Automation in Construction
71 (2016) 99–115. URL: https://doi.org/10.1016/j.autcon.2016.03.008.
DOI:10.1016/j.autcon.2016.03.008.

[270] G. Hongling, Y. Yantao, Z. Weisheng, L. Yan, BIM and safety rules based
automated identification of unsafe design factors in construction, Procedia En-
gineering 164 (2016) 467–472. URL: https://doi.org/10.1016/j.proeng.
2016.11.646. DOI:10.1016/j.proeng.2016.11.646.

[271] K. Kim, Y. Cho, S. Zhang, Integrating work sequences and temporary
structures into safety planning: Automated scaffolding-related safety haz-
ard identification and prevention in BIM, Automation in Construction 70
(2016) 128–142. URL: https://doi.org/10.1016/j.autcon.2016.06.012.
DOI:10.1016/j.autcon.2016.06.012.

[272] H. Malekitabar, A. Ardeshir, M. H. Sebt, R. Stouffs, Construction safety risk
drivers: A BIM approach, Safety Science 82 (2016) 445–455. URL: https:
//doi.org/10.1016/j.ssci.2015.11.002. DOI:10.1016/j.ssci.2015.11.
002.

[273] X. Shen, E. Marks, Near-miss information visualization tool in BIM for con-
struction safety, Journal of Construction Engineering and Management 142
(2016) 04015100. URL: https://doi.org/10.1061/(asce)co.1943-7862.
0001100. DOI:10.1061/(asce)co.1943-7862.0001100.

[274] A. L. E. Teo, G. Ofori, I. K. Tjandra, H. Kim, Design for safety: theoretical
framework of the safety aspect of BIM system to determine the safety index,
Construction Economics and Building 16 (2016) 1–18. URL: https://doi.
org/10.5130/ajceb.v16i4.4873. DOI:10.5130/ajceb.v16i4.4873.

[275] K. Alomari, J. Gambatese, J. Anderson, Opportunities for using build-
ing information modeling to improve worker safety performance, Safety 3
(2017) 7. URL: https://doi.org/10.3390/safety3010007. DOI:10.3390/
safety3010007.

[276] A. Fioravanti, F. L. Rossini, A. Trento, Project rule-checking for
enhancing workers safety in preserving heritage building, in: Com-
putational Morphologies, Springer International Publishing, 2017, pp.
71–83. URL: https://doi.org/10.1007/978-3-319-60919-5_7. DOI:10.
1007/978-3-319-60919-5_7.

90

https://doi.org/10.1016/j.ssci.2014.08.001
https://doi.org/10.1016/j.ssci.2014.08.001
http://dx.doi.org/10.1016/j.ssci.2014.08.001
https://doi.org/10.1016/j.autcon.2015.02.005
http://dx.doi.org/10.1016/j.autcon.2015.02.005
http://dx.doi.org/10.1016/j.autcon.2015.02.005
https://doi.org/10.1016/j.autcon.2016.03.008
http://dx.doi.org/10.1016/j.autcon.2016.03.008
https://doi.org/10.1016/j.proeng.2016.11.646
https://doi.org/10.1016/j.proeng.2016.11.646
http://dx.doi.org/10.1016/j.proeng.2016.11.646
https://doi.org/10.1016/j.autcon.2016.06.012
http://dx.doi.org/10.1016/j.autcon.2016.06.012
https://doi.org/10.1016/j.ssci.2015.11.002
https://doi.org/10.1016/j.ssci.2015.11.002
http://dx.doi.org/10.1016/j.ssci.2015.11.002
http://dx.doi.org/10.1016/j.ssci.2015.11.002
https://doi.org/10.1061/(asce)co.1943-7862.0001100
https://doi.org/10.1061/(asce)co.1943-7862.0001100
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001100
https://doi.org/10.5130/ajceb.v16i4.4873
https://doi.org/10.5130/ajceb.v16i4.4873
http://dx.doi.org/10.5130/ajceb.v16i4.4873
https://doi.org/10.3390/safety3010007
http://dx.doi.org/10.3390/safety3010007
http://dx.doi.org/10.3390/safety3010007
https://doi.org/10.1007/978-3-319-60919-5_7
http://dx.doi.org/10.1007/978-3-319-60919-5_7
http://dx.doi.org/10.1007/978-3-319-60919-5_7


[277] A. A. Ganah, G. A. John, BIM and project planning integration for
on-site safety induction, Journal of Engineering, Design and Technology
15 (2017) 341–354. URL: https://doi.org/10.1108/jedt-02-2016-0012.
DOI:10.1108/jedt-02-2016-0012.

[278] V. Getuli, S. M. Ventura, P. Capone, A. L. Ciribini, BIM-based code checking
for construction health and safety, Procedia Engineering 196 (2017) 454–461.
URL: https://doi.org/10.1016/j.proeng.2017.07.224. DOI:10.1016/j.
proeng.2017.07.224.

[279] Z. Riaz, E. A. Parn, D. J. Edwards, M. Arslan, C. Shen, F. Pena-Mora,
BIM and sensor-based data management system for construction safety mon-
itoring, Journal of Engineering, Design and Technology 15 (2017) 738–
753. URL: https://doi.org/10.1108/jedt-03-2017-0017. DOI:10.1108/
jedt-03-2017-0017.

[280] S. Alizadehsalehi, I. Yitmen, T. Celik, D. Arditi, The effectiveness of an
integrated BIM/UAV model in managing safety on construction sites, In-
ternational Journal of Occupational Safety and Ergonomics (2018) 1–16.
URL: https://doi.org/10.1080/10803548.2018.1504487. DOI:10.1080/
10803548.2018.1504487.

[281] M. A. Hossain, E. L. Abbott, D. K. Chua, T. Q. Nguyen, Y. M. Goh, Design-
for-safety knowledge library for BIM-integrated safety risk reviews, Automa-
tion in Construction 94 (2018) 290–302. URL: https://doi.org/10.1016/
j.autcon.2018.07.010. DOI:10.1016/j.autcon.2018.07.010.

[282] M. Li, H. Yu, H. Jin, P. Liu, Methodologies of safety risk control for
china’s metro construction based on BIM, Safety Science 110 (2018) 418–
426. URL: https://doi.org/10.1016/j.ssci.2018.03.026. DOI:10.1016/
j.ssci.2018.03.026.

[283] R. Navon, O. Kolton, Algorithms for automated monitoring and con-
trol of fall hazards, Journal of Computing in Civil Engineering 21
(2007) 21–28. URL: https://doi.org/10.1061/(asce)0887-3801(2007)
21:1(21). DOI:10.1061/(asce)0887-3801(2007)21:1(21).

[284] H. Kim, K. Kim, H. Kim, Vision-based object-centric safety assessment using
fuzzy inference: Monitoring struck-by accidents with moving objects, Jour-
nal of Computing in Civil Engineering 30 (2016) 04015075. URL: https://
doi.org/10.1061/(asce)cp.1943-5487.0000562. DOI:10.1061/(asce)cp.
1943-5487.0000562.

[285] J. Abeid, D. Arditi, Time-lapse digital photography applied to project
management, Journal of Construction Engineering and Management 128
(2002) 530–535. URL: https://doi.org/10.1061/(asce)0733-9364(2002)
128:6(530). DOI:10.1061/(asce)0733-9364(2002)128:6(530).

[286] Y. Wu, H. Kim, C. Kim, S. H. Han, Object recognition in construction-site im-
ages using 3d CAD-based filtering, Journal of Computing in Civil Engineering
24 (2010) 56–64. URL: https://doi.org/10.1061/(asce)0887-3801(2010)
24:1(56). DOI:10.1061/(asce)0887-3801(2010)24:1(56).

91

https://doi.org/10.1108/jedt-02-2016-0012
http://dx.doi.org/10.1108/jedt-02-2016-0012
https://doi.org/10.1016/j.proeng.2017.07.224
http://dx.doi.org/10.1016/j.proeng.2017.07.224
http://dx.doi.org/10.1016/j.proeng.2017.07.224
https://doi.org/10.1108/jedt-03-2017-0017
http://dx.doi.org/10.1108/jedt-03-2017-0017
http://dx.doi.org/10.1108/jedt-03-2017-0017
https://doi.org/10.1080/10803548.2018.1504487
http://dx.doi.org/10.1080/10803548.2018.1504487
http://dx.doi.org/10.1080/10803548.2018.1504487
https://doi.org/10.1016/j.autcon.2018.07.010
https://doi.org/10.1016/j.autcon.2018.07.010
http://dx.doi.org/10.1016/j.autcon.2018.07.010
https://doi.org/10.1016/j.ssci.2018.03.026
http://dx.doi.org/10.1016/j.ssci.2018.03.026
http://dx.doi.org/10.1016/j.ssci.2018.03.026
https://doi.org/10.1061/(asce)0887-3801(2007)21:1(21)
https://doi.org/10.1061/(asce)0887-3801(2007)21:1(21)
http://dx.doi.org/10.1061/(asce)0887-3801(2007)21:1(21)
https://doi.org/10.1061/(asce)cp.1943-5487.0000562
https://doi.org/10.1061/(asce)cp.1943-5487.0000562
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000562
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000562
https://doi.org/10.1061/(asce)0733-9364(2002)128:6(530)
https://doi.org/10.1061/(asce)0733-9364(2002)128:6(530)
http://dx.doi.org/10.1061/(asce)0733-9364(2002)128:6(530)
https://doi.org/10.1061/(asce)0887-3801(2010)24:1(56)
https://doi.org/10.1061/(asce)0887-3801(2010)24:1(56)
http://dx.doi.org/10.1061/(asce)0887-3801(2010)24:1(56)


[287] J. Seo, S. Han, S. Lee, H. Kim, Computer vision techniques for con-
struction safety and health monitoring, Advanced Engineering Informatics
29 (2015) 239–251. URL: https://doi.org/10.1016/j.aei.2015.02.001.
DOI:10.1016/j.aei.2015.02.001.

[288] Q. Fang, H. Li, X. Luo, L. Ding, H. Luo, C. Li, Computer vision aided inspec-
tion on falling prevention measures for steeplejacks in an aerial environment,
Automation in Construction 93 (2018) 148–164. URL: https://doi.org/10.
1016/j.autcon.2018.05.022. DOI:10.1016/j.autcon.2018.05.022.

[289] W. Fang, L. Ding, H. Luo, P. E. Love, Falls from heights: A computer vision-
based approach for safety harness detection, Automation in Construction
91 (2018) 53–61. URL: https://doi.org/10.1016/j.autcon.2018.02.018.
DOI:10.1016/j.autcon.2018.02.018.

[290] Q. Fang, H. Li, X. Luo, L. Ding, H. Luo, T. M. Rose, W. An, Detecting non-
hardhat-use by a deep learning method from far-field surveillance videos, Au-
tomation in Construction 85 (2018) 1–9. URL: https://doi.org/10.1016/
j.autcon.2017.09.018. DOI:10.1016/j.autcon.2017.09.018.

[291] E. Konstantinou, I. Brilakis, Matching construction workers across views for
automated 3d vision tracking on-site, Journal of Construction Engineering and
Management 144 (2018) 04018061. URL: https://doi.org/10.1061/(asce)
co.1943-7862.0001508. DOI:10.1061/(asce)co.1943-7862.0001508.

[292] H. Li, G. Chan, M. Skitmore, Visualizing safety assessment by integrating
the use of game technology, Automation in Construction 22 (2012) 498–505.
URL: https://doi.org/10.1016/j.autcon.2011.11.009. DOI:10.1016/j.
autcon.2011.11.009.

[293] H. Li, G. Chan, M. Skitmore, Multiuser virtual safety training system for tower
crane dismantlement, Journal of Computing in Civil Engineering 26 (2012)
638–647. URL: https://doi.org/10.1061/(asce)cp.1943-5487.0000170.
DOI:10.1061/(asce)cp.1943-5487.0000170.

[294] S. J. Ray, J. Teizer, Coarse head pose estimation of construction equipment op-
erators to formulate dynamic blind spots, Advanced Engineering Informatics
26 (2012) 117–130. URL: https://doi.org/10.1016/j.aei.2011.09.005.
DOI:10.1016/j.aei.2011.09.005.

[295] O. Arif, S. J. Ray, P. A. Vela, J. Teizer, Potential of time-of-flight range
imaging for object identification and manipulation in construction, Jour-
nal of Computing in Civil Engineering 28 (2014) 06014005. URL: https://
doi.org/10.1061/(asce)cp.1943-5487.0000304. DOI:10.1061/(asce)cp.
1943-5487.0000304.

[296] B. Hadikusumo, S. Rowlinson, Integration of virtually real construction
model and design-for-safety-process database, Automation in Construction 11
(2002) 501–509. URL: https://doi.org/10.1016/s0926-5805(01)00061-9.
DOI:10.1016/s0926-5805(01)00061-9.

[297] A. F. Waly, W. Y. Thabet, A virtual construction environment for pre-
construction planning, Automation in Construction 12 (2003) 139–154.

92

https://doi.org/10.1016/j.aei.2015.02.001
http://dx.doi.org/10.1016/j.aei.2015.02.001
https://doi.org/10.1016/j.autcon.2018.05.022
https://doi.org/10.1016/j.autcon.2018.05.022
http://dx.doi.org/10.1016/j.autcon.2018.05.022
https://doi.org/10.1016/j.autcon.2018.02.018
http://dx.doi.org/10.1016/j.autcon.2018.02.018
https://doi.org/10.1016/j.autcon.2017.09.018
https://doi.org/10.1016/j.autcon.2017.09.018
http://dx.doi.org/10.1016/j.autcon.2017.09.018
https://doi.org/10.1061/(asce)co.1943-7862.0001508
https://doi.org/10.1061/(asce)co.1943-7862.0001508
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001508
https://doi.org/10.1016/j.autcon.2011.11.009
http://dx.doi.org/10.1016/j.autcon.2011.11.009
http://dx.doi.org/10.1016/j.autcon.2011.11.009
https://doi.org/10.1061/(asce)cp.1943-5487.0000170
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000170
https://doi.org/10.1016/j.aei.2011.09.005
http://dx.doi.org/10.1016/j.aei.2011.09.005
https://doi.org/10.1061/(asce)cp.1943-5487.0000304
https://doi.org/10.1061/(asce)cp.1943-5487.0000304
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000304
http://dx.doi.org/10.1061/(asce)cp.1943-5487.0000304
https://doi.org/10.1016/s0926-5805(01)00061-9
http://dx.doi.org/10.1016/s0926-5805(01)00061-9


URL: https://doi.org/10.1016/s0926-5805(02)00047-x. DOI:10.1016/
s0926-5805(02)00047-x.

[298] H. Xie, E. Tudoreanu, W. Shi, Development of a virtual reality safety-training
system for construction workers, Digital library of construction informatics
and information technology in civil engineering and construction (2006) 1–9.
URL: https://itc.scix.net/pdfs/ff9b.content.00092.pdf.

[299] T. Huang, C. Kong, H. Guo, A. Baldwin, H. Li, A virtual prototyping sys-
tem for simulating construction processes, Automation in Construction 16
(2007) 576–585. URL: https://doi.org/10.1016/j.autcon.2006.09.007.
DOI:10.1016/j.autcon.2006.09.007.

[300] K.-C. Lai, S.-C. Kang, Collision detection strategies for virtual con-
struction simulation, Automation in Construction 18 (2009) 724–736.
URL: https://doi.org/10.1016/j.autcon.2009.02.006. DOI:10.1016/j.
autcon.2009.02.006.

[301] J. Goulding, W. Nadim, P. Petridis, M. Alshawi, Construction industry offsite
production: A virtual reality interactive training environment prototype, Ad-
vanced Engineering Informatics 26 (2012) 103–116. URL: https://doi.org/
10.1016/j.aei.2011.09.004. DOI:10.1016/j.aei.2011.09.004.

[302] A. Perlman, R. Sacks, R. Barak, Hazard recognition and risk perception in
construction, Safety Science 64 (2014) 22–31. URL: https://doi.org/10.
1016/j.ssci.2013.11.019. DOI:10.1016/j.ssci.2013.11.019.

[303] D. Zhao, J. Lucas, Virtual reality simulation for construction safety pro-
motion, International Journal of Injury Control and Safety Promotion
22 (2014) 57–67. URL: https://doi.org/10.1080/17457300.2013.861853.
DOI:10.1080/17457300.2013.861853.

[304] A. Golabchi, S. Han, J. Seo, S. Han, S. Lee, M. Al-Hussein, An automated
biomechanical simulation approach to ergonomic job analysis for workplace
design, Journal of Construction Engineering and Management 141 (2015)
04015020. URL: https://doi.org/10.1061/(asce)co.1943-7862.0000998.
DOI:10.1061/(asce)co.1943-7862.0000998.

[305] R. Sacks, J. Whyte, D. Swissa, G. Raviv, W. Zhou, A. Shapira, Safety by de-
sign: dialogues between designers and builders using virtual reality, Construc-
tion Management and Economics 33 (2015) 55–72. URL: https://doi.org/
10.1080/01446193.2015.1029504. DOI:10.1080/01446193.2015.1029504.

[306] M. A. Froehlich, S. Azhar, Investigating virtual reality headset applications in
construction, in: Proceedings of the 52nd Associated Schools of Construction
Annual International Conference, volume 52, 2016, pp. 13–16. URL: http:
//ascpro0.ascweb.org/archives/cd/2016/paper/CPRT195002016.pdf.

[307] T. Hilfert, J. Teizer, M. König, First person virtual reality for evaluation
and learning of construction site safety, in: Proceedings of the 33rd In-
ternational Symposium on Automation and Robotics in Construction (IS-
ARC), International Association for Automation and Robotics in Construc-

93

https://doi.org/10.1016/s0926-5805(02)00047-x
http://dx.doi.org/10.1016/s0926-5805(02)00047-x
http://dx.doi.org/10.1016/s0926-5805(02)00047-x
https://itc.scix.net/pdfs/ff9b.content.00092.pdf
https://doi.org/10.1016/j.autcon.2006.09.007
http://dx.doi.org/10.1016/j.autcon.2006.09.007
https://doi.org/10.1016/j.autcon.2009.02.006
http://dx.doi.org/10.1016/j.autcon.2009.02.006
http://dx.doi.org/10.1016/j.autcon.2009.02.006
https://doi.org/10.1016/j.aei.2011.09.004
https://doi.org/10.1016/j.aei.2011.09.004
http://dx.doi.org/10.1016/j.aei.2011.09.004
https://doi.org/10.1016/j.ssci.2013.11.019
https://doi.org/10.1016/j.ssci.2013.11.019
http://dx.doi.org/10.1016/j.ssci.2013.11.019
https://doi.org/10.1080/17457300.2013.861853
http://dx.doi.org/10.1080/17457300.2013.861853
https://doi.org/10.1061/(asce)co.1943-7862.0000998
http://dx.doi.org/10.1061/(asce)co.1943-7862.0000998
https://doi.org/10.1080/01446193.2015.1029504
https://doi.org/10.1080/01446193.2015.1029504
http://dx.doi.org/10.1080/01446193.2015.1029504
http://ascpro0.ascweb.org/archives/cd/2016/paper/CPRT195002016.pdf
http://ascpro0.ascweb.org/archives/cd/2016/paper/CPRT195002016.pdf


tion (IAARC), 2016. URL: https://doi.org/10.22260/isarc2016/0025.
DOI:10.22260/isarc2016/0025.

[308] V. Kasireddy, Z. Zou, B. Akinci, J. Rosenberry, Evaluation and compari-
son of different virtual reality environments towards supporting tasks done
on a virtual construction site, in: Construction Research Congress 2016,
American Society of Civil Engineers, 2016. URL: https://doi.org/10.1061/
9780784479827.236. DOI:10.1061/9780784479827.236.

[309] A. Pedro, Q. T. Le, C. S. Park, Framework for integrating safety into
construction methods education through interactive virtual reality, Jour-
nal of Professional Issues in Engineering Education and Practice 142 (2016)
04015011. URL: https://doi.org/10.1061/(asce)ei.1943-5541.0000261.
DOI:10.1061/(asce)ei.1943-5541.0000261.

[310] R. Klempous, K. Kluwak, R. Idzikowski, T. Nowobilski, T. Zamojski,
Possibility analysis of danger factors visualization in the construction en-
vironment based on virtual reality model, in: 2017 8th IEEE In-
ternational Conference on Cognitive Infocommunications (CogInfoCom),
IEEE, 2017. URL: https://doi.org/10.1109/coginfocom.2017.8268271.
DOI:10.1109/coginfocom.2017.8268271.

[311] M. Hafsia, E. Monacelli, H. Martin, Virtual reality simulator for construction
workers, in: Proceedings of the Virtual Reality International Conference -
Laval Virtual on - VRIC '18, ACM Press, 2018. URL: https://doi.org/10.
1145/3234253.3234298. DOI:10.1145/3234253.3234298.

[312] N. M. Shamsudin, N. H. N. Mahmood, A. R. A. Rahim, S. F. Mohamad,
M. Masrom, Utilization of virtual reality technology smartphone applica-
tion for the enhancement of construction safety and health hazard recog-
nition training in piling work: Pilot study, Advanced Science Letters
24 (2018) 8660–8662. URL: https://doi.org/10.1166/asl.2018.12319.
DOI:10.1166/asl.2018.12319.

[313] N. M. Shamsudin, N. H. N. Mahmood, A. R. A. Rahim, S. F. Mohamad,
M. Masrom, Virtual reality training approach for occupational safety
and health: A pilot study, Advanced Science Letters 24 (2018) 2447–
2450. URL: https://doi.org/10.1166/asl.2018.10977. DOI:10.1166/
asl.2018.10977.

[314] H. C. Pham, N. Dao, A. Pedro, Q. T. Le, R. Hussain, S. Cho, C. Park,
Virtual field trip for mobile construction safety education using 360-degree
panoramic virtual reality, Int. J. Eng. Educ 34 (2018) 1174–1191. URL: https:
//www.ijee.ie/latestissues/Vol34-4/05_ijee3626.pdf.

[315] J. A. Gambatese, Liability in designing for construction worker safety,
Journal of Architectural Engineering 4 (1998) 107–112. URL: https://
doi.org/10.1061/(asce)1076-0431(1998)4:3(107). DOI:10.1061/(asce)
1076-0431(1998)4:3(107).

[316] A. A. Karakhan, et al., Designer’s liability: Why applying ptd prin-
ciples is necessary, Professional safety 61 (2016) 53–58. URL: https:

94

https://doi.org/10.22260/isarc2016/0025
http://dx.doi.org/10.22260/isarc2016/0025
https://doi.org/10.1061/9780784479827.236
https://doi.org/10.1061/9780784479827.236
http://dx.doi.org/10.1061/9780784479827.236
https://doi.org/10.1061/(asce)ei.1943-5541.0000261
http://dx.doi.org/10.1061/(asce)ei.1943-5541.0000261
https://doi.org/10.1109/coginfocom.2017.8268271
http://dx.doi.org/10.1109/coginfocom.2017.8268271
https://doi.org/10.1145/3234253.3234298
https://doi.org/10.1145/3234253.3234298
http://dx.doi.org/10.1145/3234253.3234298
https://doi.org/10.1166/asl.2018.12319
http://dx.doi.org/10.1166/asl.2018.12319
https://doi.org/10.1166/asl.2018.10977
http://dx.doi.org/10.1166/asl.2018.10977
http://dx.doi.org/10.1166/asl.2018.10977
https://www.ijee.ie/latestissues/Vol34-4/05_ijee3626.pdf
https://www.ijee.ie/latestissues/Vol34-4/05_ijee3626.pdf
https://doi.org/10.1061/(asce)1076-0431(1998)4:3(107)
https://doi.org/10.1061/(asce)1076-0431(1998)4:3(107)
http://dx.doi.org/10.1061/(asce)1076-0431(1998)4:3(107)
http://dx.doi.org/10.1061/(asce)1076-0431(1998)4:3(107)
https://search.proquest.com/docview/1781203899/2B407B2ECA894031PQ/35?accountid=10901
https://search.proquest.com/docview/1781203899/2B407B2ECA894031PQ/35?accountid=10901
https://search.proquest.com/docview/1781203899/2B407B2ECA894031PQ/35?accountid=10901


//search.proquest.com/docview/1781203899/2B407B2ECA894031PQ/35?
accountid=10901.

[317] C. Chern, The law of construction disputes, CRC Press, 2016.

[318] J. P. Aiken, H. Nassereddine, A. S. Hanna, Implications of an indem-
nification clause in construction contracts, Journal of Legal Affairs and
Dispute Resolution in Engineering and Construction 10 (2018) 04518016.
URL: https://doi.org/10.1061/(asce)la.1943-4170.0000270. DOI:10.
1061/(asce)la.1943-4170.0000270.

[319] P. Wang, The Aetiology and Progression of Construction Disputes between
Client and Contractor in the UK, Ph.D. thesis, The University of Manch-
ester, United Kingdom, 2019. URL: https://www.proquest.com/docview/
2410481596?accountid=10901.

[320] F. Zhang, H. Fleyeh, X. Wang, M. Lu, Construction site accident analy-
sis using text mining and natural language processing techniques, Automa-
tion in Construction 99 (2019) 238–248. URL: https://doi.org/10.1016/
j.autcon.2018.12.016. DOI:10.1016/j.autcon.2018.12.016.

[321] K. Roberts, W. Young, Procedural fairness, return to work, and the decision to
dispute in workers’ compensation, Employee Responsibilities and Rights Jour-
nal 10 (1997) 193–212. URL: https://doi.org/10.1023/a:1025602417477.
DOI:10.1023/a:1025602417477.

[322] D. R. Hensler, Glass half full, a glass half empty: The use of alternative
dispute resolution in mass personal injury litigation, Tex. L. Rev. 73 (1994)
1587. URL: https://www.rand.org/pubs/reprints/RP446.html.

[323] C. Q. Poh, C. U. Ubeynarayana, Y. M. Goh, Safety leading indicators for con-
struction sites: A machine learning approach, Automation in Construction 93
(2018) 375–386. URL: https://doi.org/10.1016/j.autcon.2018.03.022.
DOI:10.1016/j.autcon.2018.03.022.

[324] E. Koehn, G. Brown, Climatic effects on construction, Journal of
Construction Engineering and Management 111 (1985) 129–137. URL:
https://doi.org/10.1061/(asce)0733-9364(1985)111:2(129). DOI:10.
1061/(asce)0733-9364(1985)111:2(129).

[325] P. Love, P. Davis, J. Ellis, S. O. Cheung, Dispute causation: identification of
pathogenic influences in construction, Engineering, Construction and Archi-
tectural Management 17 (2010) 404–423. URL: https://doi.org/10.1108/
09699981011056592. DOI:10.1108/09699981011056592.

[326] G. M. Bell, Professional negligence of architects and engineers, Vand. L. Rev.
12 (1958) 711. URL: https://heinonline.org/hol-cgi-bin/get_pdf.cgi?
handle=hein.journals/vanlr12&section=43.

[327] M. A. Nabi, I. H. El-adaway, S. Fayek, C. Howell, J. Gambatese, Con-
tractual guidelines for construction safety–related issues under design–build
standard forms of contract, Journal of Construction Engineering and Man-

95

https://search.proquest.com/docview/1781203899/2B407B2ECA894031PQ/35?accountid=10901
https://search.proquest.com/docview/1781203899/2B407B2ECA894031PQ/35?accountid=10901
https://search.proquest.com/docview/1781203899/2B407B2ECA894031PQ/35?accountid=10901
https://search.proquest.com/docview/1781203899/2B407B2ECA894031PQ/35?accountid=10901
https://doi.org/10.1061/(asce)la.1943-4170.0000270
http://dx.doi.org/10.1061/(asce)la.1943-4170.0000270
http://dx.doi.org/10.1061/(asce)la.1943-4170.0000270
https://www.proquest.com/docview/2410481596?accountid=10901
https://www.proquest.com/docview/2410481596?accountid=10901
https://doi.org/10.1016/j.autcon.2018.12.016
https://doi.org/10.1016/j.autcon.2018.12.016
http://dx.doi.org/10.1016/j.autcon.2018.12.016
https://doi.org/10.1023/a:1025602417477
http://dx.doi.org/10.1023/a:1025602417477
https://www.rand.org/pubs/reprints/RP446.html
https://doi.org/10.1016/j.autcon.2018.03.022
http://dx.doi.org/10.1016/j.autcon.2018.03.022
https://doi.org/10.1061/(asce)0733-9364(1985)111:2(129)
http://dx.doi.org/10.1061/(asce)0733-9364(1985)111:2(129)
http://dx.doi.org/10.1061/(asce)0733-9364(1985)111:2(129)
https://doi.org/10.1108/09699981011056592
https://doi.org/10.1108/09699981011056592
http://dx.doi.org/10.1108/09699981011056592
https://heinonline.org/hol-cgi-bin/get_pdf.cgi?handle=hein.journals/vanlr12&section=43
https://heinonline.org/hol-cgi-bin/get_pdf.cgi?handle=hein.journals/vanlr12&section=43


agement 146 (2020) 04020074. URL: https://doi.org/10.1061/(asce)co.
1943-7862.0001855. DOI:10.1061/(asce)co.1943-7862.0001855.

[328] J. D. Taylor, Ultrawideband radar: applications and design, CRC press, 2012.

[329] M. Golparvar-Fard, A. Heydarian, J. C. Niebles, Vision-based action recog-
nition of earthmoving equipment using spatio-temporal features and support
vector machine classifiers, Advanced Engineering Informatics 27 (2013) 652–
663. URL: https://doi.org/10.1016/j.aei.2013.09.001. DOI:10.1016/
j.aei.2013.09.001.

[330] M. Nixon, A. Aguado, Feature extraction and image processing for computer
vision, Academic press, 2019.

[331] R. Siegwart, I. R. Nourbakhsh, D. Scaramuzza, Introduction to autonomous
mobile robots, 2nd ed., MIT press, 2011.

[332] M. Bolic, D. Simplot-Ryl, I. Stojmenovic, RFID systems: research trends and
challenges, John Wiley & Sons, 2010.

96

https://doi.org/10.1061/(asce)co.1943-7862.0001855
https://doi.org/10.1061/(asce)co.1943-7862.0001855
http://dx.doi.org/10.1061/(asce)co.1943-7862.0001855
https://doi.org/10.1016/j.aei.2013.09.001
http://dx.doi.org/10.1016/j.aei.2013.09.001
http://dx.doi.org/10.1016/j.aei.2013.09.001


CHAPTER 3

OBJECTIVE AND SCOPE

The literature review described in Chapter 2 highlights the importance of er-

gonomic safety of construction workers. Several researchers identified MSDs such

as neck disorder, shoulder disorder, wrist/hand disorder, lower back disorder, and

knee disorder, among others, as a major problem in construction workers. This

necessitates the development of a control system to maximize the safety level and

thrive for higher safety benchmark in construction projects. This study aims to

investigate the existence of the safety frontier, on a construction site. From liter-

ature review, we also identified several factors affecting the construction workers’

behavior causing safety inefficiencies. The framework includes the identification of

the system inefficiencies and operational inefficiencies from real construction site to

define sustainable safety and observed safety. The framework focuses on repetitive

labor-intensive operations and considers both kinetic and kinematic aspect of labor

safety. The following hypothesis will be tested to fulfill this aim:

1. There exists a theoretical maximum level of safety, safety frontier for a given

construction task.

2. The theoretical maximum level of safety, safety frontier can be determined

using the proposed methodology.

3. A safety control system can be developed by identification and removal of

system inefficiencies and operational inefficiencies to obtain sustainable safety.

The scope of this study is limited to lower back safety as we identified lower

back related MSDs to be the most common issue among construction workers. Fur-

thermore, among numerous repetitive labor-intensive activities occurring in a con-

struction site, we only selected manual material handling and metal plate folding
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activities due to the availability of real construction site data. From the literature

review, we identified several technologies that could be implemented to track hu-

man skeletal. We chose depth sensing camera, Kinect to track postural data for

this study because of its several features such as economic, availability, ability to

track multiple workers at a time, robustness, and accuracy, among others. Also,

several researchers already validated the applicability of Kinect for skeletal tracking

in construction site.
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CHAPTER 4

COMPUTATION OF SAFETY FRONTIER

Sensor-based computational approach to prevent back injuries in

construction workersa

Sudip SUBEDI1, Nipesh PRADHANANGA2

Abstract

Repetitive labor-intensive tasks are common in civil construction projects. Con-

struction workers are prone to getting into musculoskeletal disorders-related injuries

while performing such activities. The research proposes a novel approach to iden-

tify the theoretical maximum attainable level of safety, safety frontier, for a given

construction task that can be achieved in perfect conditions under good manage-

ment. The chapter outlines the method and the framework components and provides

demonstration through a real construction-lab-based case study. The case study in-

cludes computation of safety frontier for lifting and setting down tasks. For this,

we propose to use a depth sensor camera (Kinect) for workers’ postural data col-

lection while performing the task. With the postural data as an input feature, all

the unique actions are identified for each movement frame using a random forest

classifier model. Also, we propose to develop a moment prediction model to predict
aPublished in Automation in Construction.
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the lower back moment exerted in each movement frame. The lower back moment is

computed using inverse kinematics and inverse dynamic in OpenSim for the training

data set. Then, we implement a random forest regression algorithm to create a mo-

ment prediction model with postural data and velocity as input features. Finally,

the safe work posture, safety frontier is computed, combining the unique actions ex-

erting minimum lower back moment. The computed safety frontier can potentially

help the safety managers to improve their safety strategies by providing a higher

safety benchmark for monitoring their construction site.

Keywords: Safety frontier, Musculoskeletal disorder, Construction workers’ safety,

Random forest classifier, Random forest regression, OpenSim

4.1 Introduction

Construction researchers and industrialists are working hand-in-hand to enhance

the overall safety of the construction site [1, 2]. In the past few decades, there has

been a significant improvement in construction safety [3–8]. Researchers have done

several studies and implemented them to improve the construction methodology [9],

equipment safety [4, 10–12], and workers' safety [6, 13–15]. Also, researchers have

identified numerous technologies, such as inertial measurement unit (IMU) [16, 17],

computer vision [18–20], and depth sensor camera [21–24] among others, to ensure

the safety of materials, equipment, and workers in the construction field. Besides,

safety regulation agencies, such as the Occupational Safety and Health Adminis-

tration (OSHA), continuously monitor workplace safety. These improvements have

significantly reduced the injury rate occurring on a construction site [25].

Despite this, the construction industry is still considered a high-risk industry

for work-related musculoskeletal disorders (MSDs) [26]. CDC [27] defined MSDs
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as, “soft tissue injuries caused by sudden or sustained exposure to repetitive mo-

tion, force, vibration, or awkward positions”. MSDs are common among construc-

tion workers performing repetitive labor-intensive activities such as masonry work,

reinforcement bar fabrication & installation, concrete work, tile work, drywall in-

stallation, among others [17]. These activities are physically demanding in nature,

exposing construction workers to high force exertion, awkward & unsafe body pos-

ture (such as bending, twisting, and kneeling), heavy lifting, repetitive motions, and

vibration [28, 29]. MSDs affect the muscles, tendons, ligaments, joints, peripheral

nerves, and supporting blood vessels in the body [30] and include back injuries,

tendinitis, degenerative disc disease, and white finger disease. Furthermore, the

dynamic nature of the construction site makes it difficult to monitor the work-

ers' ergonomic safety manually [31]. It underlines the necessity for developing an

automated control system to monitor, identify, and reduce the postural hazards con-

tributing to MSDs among construction workers performing repetitive labor-intensive

activities.

Researchers have already labeled MSDs as crucial health issues among construc-

tion workers performing repetitive labor-intensive activities [32–34]. They have

identified several MSDs related risk factors among construction workers such as

overexertion, awkward body postures, pressure pinch points, excessive vibration,

bending and twisting, and working in static positions, among others [26, 34, 35].

Umer et al. [36] found that more than 50% of the construction workers suffer from

lower back MSDs symptoms worldwide from the literature review. Inyang et al.

[37] identified bodily reaction and exertion injuries as the second-highest cause of

lost-time claims (LTC) surpassed only by falls within 2006-2010. Labor-intensive

activities require workers to stay in the same or an awkward posture for an extended

time, increasing the risk of MSDs [38]. The major MSDs for construction workers
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include neck disorder, wrist/hand disorder, lower back disorder, shoulder disorder,

and knee disorder [32].

Similarly, a survey among the construction workers revealed the back, knee, and

shoulder as the body regions with the highest prevalence of MSDs [33]. Ray and

Teizer [39] identified overexertion and unsafe posture as the leading cause of MSDs

among construction workers performing repetitive labor-intensive activities such as

lifting, pushing, pulling, and carrying. Moreover, researchers proposed several MSDs

exposure assessment techniques such as self-assessment [40–44], observational tech-

niques [31, 43, 45–47], and instrument-based techniques [36, 41, 48–51]. Previous

studies have also recommended some preventive solutions to reduce MSDs exposure

such as providing safety training [39, 52], monitoring workers' postural behavior

[53–55], implementing wearable-sensor-based real-time motion warning system [17],

among others.

Past studies are focused on assessing and monitoring workers' postural behav-

ior to assess MSDs-related injuries. However, few or no studies have identified the

possible safest way to perform a given activity. Moreover, the current safety moni-

toring system depends upon the guidelines provided by regulating agencies such as

OSHA. The OSHA standard interpretation 1926.760(a) states that “OSHA stan-

dards set minimum safety and health requirements; they do not prohibit employers

from adopting more stringent requirements” [56], further highlighting the need for

the identification of a higher safety benchmark.

Despite the existing safety standards, the cost of MSDs in the US is about $45-54

billion a year [57, 58]. Although the exact cost of MSDs has not been estimated

for the construction industry, researchers found that more than 50% of construction

workers suffer from symptoms of low back pain and MSDs annually around the

globe [59]. Moreover, the average cost of MSDs is estimated at around $15K per
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injury [60]. Not all MSDs are caused by failure to abide by the safety standards.

Repetitive labor-intensive activities have a significant risk of MSDs-related injuries

even while following the safety standards [61]. Some of the reasons include the

need for doing the same motion repeatedly, performing motions constantly without

breaks, maintaining an awkward posture while performing the activity, and staying

in the same posture for a long time [61]. Repetitive activities require performing

multiple tasks involving the same muscles and tissues, leading to fatigue and exertion

[62]. It further strengthens the need to improve the safety behavior above and

beyond the safety standards to reduce the risk of MSDs-related injuries.

4.2 Research Background

MSDs are a crucial health problem among construction workers [63]. It substantially

impacts the workers' quality of life and has a substantial economic burden related to

compensation, medical expenses, lost wages, and reduced productivity, among others

[63, 64]. The physically demanding nature of construction activities often results

workers' exhaustion at the end of the day [63]. Yan et al. [17] found lower back

injuries a severe issue among the rebar fabricating and installing workers in in-situ

concrete work. Similarly, Goldsheyder et al. [35] found that about 77% of workers

suffered from at least one MSDs, and lower back pain was the most frequently

experienced MSDs among concrete workers. Crane operators and painters have a

higher risk of neck disorders, while roofers and floorers are prone to MSDs in the

lower back and lower extremities [26]. Likewise, rebar workers are vulnerable to

lower back MSDs as they need to bend forward in a stooping or squatting posture

frequently to tie reinforcement bars [36].
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Moreover, drywall installers reported a high rate of the lower back, hand, waist,

and shoulder-related MSDs due to overexertion from heavy manual materials han-

dling tasks during drywall installation [65]. It warrants MSDs as a significant issue

among construction workers performing repetitive labor-intensive activities. For all

construction trades, the lower back injury was the most common type of MSDs;

thus, the chapter's central focus.

4.2.1 Assessment of MSDs among Construction Workers

Researchers have carried out several studies exploring manual methods and the

applicability of technology to assess the risk of MSDs mentioned in Section 4.1

among construction workers. The postural behavior of workers plays a governing

role in the occurrence of MSDs. Kee and Karwowski [47] classified the postural

classification methods into two categories depending upon the methods used for

quantifying the postural stresses, instrument-based and observational techniques.

As the latter does not require any equipment and does not interfere with the workers

during observation, it is widely employed [47]. Also, possible implementation of

technology such as computer vision [66], inertial measurement unit (IMU) [17], and

electromyogram (EMG) [36], among others have already been explored.

Observational Methods for Assessing MSDs

The observational methods include Ovako working posture analysis system (OWAS)

[45], rapid upper limb assessment (RULA) [67], rapid entire body assessment (REBA)

[46], loading on the upper body assessment (LUBA) [47], task recording and anal-

ysis on computer (TRAC) [68], posture, activity, tools & handling (PATH) method
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[31, 69], postural workload evaluation system (PLES) [70] as well as subjective ques-

tionnaires [34].

Ovako Working Posture Analysis System (OWAS) OWAS [45] is used to

identify poor working postures. It is widely used in several industries for postural

analysis, including the construction industry [71]. The system includes the obser-

vational technique for evaluating the work postures and a set of criteria for the

redesign of working methods and places [45]. Despite being inexpensive and practi-

cal, OWAS still lacks precision and is time-consuming as it relies solely on manual

observation. We can overcome this by implementing the recent computer vision

techniques showing great potential for automated and real-time ergonomic analysis

in construction.

Rapid Upper Limb Assessment (RULA) RULA [67] is a surveying method

for investigating the exposure of workers to risk factors associated with work-related

upper limb disorders. It provides a rapid assessment of the loads on the muscu-

loskeletal system of workers to assess the possible exposure to upper limb disorders.

It uses the information of different body postures and scoring tables to evaluate

exposure to the risk factors such as the number of movements, static muscle work,

force, work postures, and time worked without a break. Also, this system is manual,

making it time-consuming and lacks precision. Manghisi et al. [72] has validated

the use of a depth sensor camera (Kinect V2 ) for automated and real-time RULA

assessment overcoming the shortcomings of the manual method. Haggag et al. [73]

coupled the depth sensor camera (Kinect V2 ) with the RULA method for ergonomic

assessment and identified joint occlusion as a significant challenge for using Kinect

V2.
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Rapid Entire Body Assessment (REBA) REBA [46] is a system aimed to

develop a postural analysis system sensitive to musculoskeletal risks in a variety

of task, divide the body into segments to be coded individually with reference to

movement planes, provide a scoring system for muscle activity, give an action level

with an indication of urgency, and require minimal equipment - pen and paper

method. REBA is a subjective method for ergonomic assessment lacking detail and

precision [74]. Also, REBA provides equal weight to factors such as twisting, lateral

bending, and abduction regardless to what degree they exists (5° vs 25° twisting)

[74, 75]. The inconsistency in reliability of ergonomic assessment among inter-rater

and intra-rater over longer period is another limitation of REBA [76].

Loading on the Upper Body Assessment (LUBA) The LUBA [47] method

computes the composite index of perceived discomfort, expressed as numerical ratio

scores for a set of joint motions (including the hand, arm, neck, and back) and the

corresponding data for maximum holding time in static postures. Each postural class

is assigned a relative discomfort score. The ratio discomfort score makes it easy to

quantitatively evaluate varying postural stresses and compare them across different

postures. Thus a postural classification scheme, based on consideration of perceived

discomfort and static holding times, can be used to assess postural stresses and

prevent posture-related musculoskeletal disorders [47, 77]. The advantages of the

method includes simple procedure, physiological data based scoring, and numerical

output easing the decision-making compared to qualitative output [77]. However,

as the LUBA method does not consider the factor of movement frequency, high-risk

tasks are not well-identified [78].

Occupational Repetitive Action (OCRA)Method The OCRA [79, 80] method

analyzes the workers' exposure to tasks featuring various upper limb risk factors. It
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evaluates the main collective factors such as excessive use of force, action frequency,

inadequate recovery period, and awkward postures, among others, based on their

respective duration. The OCRA index is the ratio between the number of technical

actions carried out to complete the work and the number of recommended technical

actions. The method involves manual observation by experienced technical special-

ists. The main disadvantages of OCRA includes the time required to compute all

considered factors, especially the counting of the technical actions to estimate the

frequency factor, and intra- and inter-subject assessment variability [81].

Instrument-based Methods for Assessing MSDs

Most of the previously mentioned methods are manual and time-consuming with

less precision. Nevertheless, researchers have also done several studies to assess

the risk of MSDs among construction workers by implementing technologies such as

computer vision [66], inertial measurement unit (IMU) [17], electromyogram (EMG)

[36], and depth sensor camera [51, 82], among others.

Computer Vision The construction industry has widely implemented computer

vision in construction safety improvement studies, including the MSDs. Yu et al.

[83] used it for recording RGB video to calculate joint capacity based on a joint

capacity prediction equation using a computer vision algorithm. Similarly, Ohya

et al. [84] used it for worker tracking, posture estimation, and behavior recognition

using multiple video cameras. Additionally, Seo et al. [50] used it for kinematic mea-

surement and evaluation while performing tasks to identify the fundamental causes

of excessive physical demands. Some of the limitations of computer vision includes

inability to accurately track 3D motion estimate due to severe vision obstructions,
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and need to measure the mass of materials and tools being used prior to working

limiting the applicability in real construction projects [85].

Inertial Measurement Unit (IMU) The inertial measurement unit (IMU) sen-

sors can measure real-time acceleration, angular velocity, and heading in 3D. It

provides non-invasive, long-term, and ubiquitous tracking of body postures and

movements [49]. Several researchers have validated the use of IMU for body posture

and motion tracking to assess MSDs in workers [17, 49, 86]. Researchers have also

identified some limitations for implementing IMU, such as the requirement of acces-

sories (belts, straps), the possibility of detachment of sensors, workers' discomfort,

and inconveniences, among others [87].

Depth Sensor Camera Researchers have validated the effectiveness of the depth

sensor camera, such as the Microsoft Kinect, in tracking 3D human posture in real-

time [50, 88]. Diego-Mas and Alcaide-Marzal [89] validated the use of a depth sensor

camera for assessing the postures at work. Low precision, when the tracked subject

is not facing the sensor or when a body part is occluded, is its main challenge

[89]. We can overcome these challenges by using multiple depth sensors [90, 91] and

stochastic filters [92–94].

Despite all the aforestated efforts, many workers are still suffering from MSDs

[34]. The reason is that construction workers are dispersed randomly in a con-

struction site with only a handful of safety personnel to monitor the overall site

safety. Furthermore, it is difficult for a handful of safety personnel to monitor the

construction workers individually and perceive the potential postural risks, necessi-

tating an automated control system to monitor the construction workers' activity.

Besides, safety-related risk perception is subjective [6], and safety personnel uses
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the minimum guidelines provided by safety regulatory agencies such as OSHA to

monitor the workers [56]. Despite several quantitative MSDs exposure assessment

techniques, few or no studies focused on quantitative measurement of the maximum

level of safety that can be achieved (hereafter called “maximum achievable level of

safety”) in a construction site. So, there is a need for identifying a higher safety

benchmark that can act as a guideline for monitoring workers' safety behavior rather

than just fulfilling the safety standards. For this, we proposed to use the frontier

approach to define the maximum attainable level of safety. The presented method

analyzes different instances of the repetitive labor-intensive activity separately, iden-

tifies the involved unique actions, breaks it down to several movements, identifies

the safest movements for each unique actions, and then combines them together to

get the safe work procedure.

The frontier approach principally differs from existing studies. First, the pro-

posed model collects data from the same worker for multiple instances of the same

task and identifies the safest procedure based on the worker's performance to get the

individualized safe work procedure. Second, several workers' individual safe work

procedures are analyzed together to compute the general safe work procedure. It

provides construction workers a unique opportunity to learn from themselves and

their co-workers' performance. Moreover, the computed general safe work proce-

dure allows the safety personnel and workers to identify and aim for the maximum

possible level of safety instead of assessing compliance with the regulatory safety

requirements. Furthermore, this approach provides a peer learning platform for the

workers to learn about the safe work procedure.
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4.3 Frontier Approach

4.3.1 Motivation

In 1991, Joyner [95] worked on optimizing human performance to predict the min-

imum marathon running time and proposed it to be 1:57:58. The world record

then was 2:06:50 (Ethiopia's Belayneh Dinsamo at the 1988 Rotterdam Marathon,

Netherland) [96], which was nearly 9 minutes more than Joyner predicted. After

28 years, the athlete Eliud Kipchoge set a new record by finishing the marathon in

a record time of 1:59:40 [97]. Instead of trying to beat the existing world record,

athletes got a higher benchmark to attain and improve running skills, encouraging

them to break the two-hour mark for completing the marathon.

We can implement a similar concept to improve the construction workers' safety.

Similar to Joyner [95] approach, if we identify the safe work procedure providing

the theoretical maximum achievable level of safety for any given activity, then we

can implement it as a higher index for construction workers' safety monitoring.

Moreover, we can educate, train, and encourage workers to aim for the higher index

instead of maintaining minimum safety standards.

4.3.2 Frontier in Construction Industry

The frontier approach has been widely used in the production field [98–102]. The

production frontier is defined as the maximum output obtained from a given set

of inputs [103, 104] in which the cost function acts as an input parameter, and

the profit function acts as an output parameter. The lower cost function and the

higher profit function mean the higher production frontier [104]. Son and Rojas

[105] introduced the terminology productivity frontier in the construction domain
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and defined it as “the theoretical maximum productivity that could be achieved

under perfect conditions.” Time and motion study was a basis for the estimation of

productivity frontier [106]. Time and motion studies [107] are generally conducted

to collect and analyze the site data [108]. Time and motion studies determine the

actual time required to accomplish a specific task [107] by observing the performance

of well-trained workers [109].

Mani [110] adopted a concept of inverse mean-variance optimization, hierarchical

analysis, and probability distribution theory to yield a robust calculation of the pro-

ductivity frontier. According to inverse mean-variance optimization, the lower one

moves in a structured hierarchy, the more variability one sees within the contribut-

ing components [110]. Higher variability is beneficial because it helps to identify the

shortest theoretical duration, which means the highest productivity when time is a

measurable metric.

4.3.3 Proposed Safety Frontier Approach

Based on the frontier concept, the study proposes four different levels of safety

dynamics: (i) Safety Standard, (ii) Observed Safety, (iii) Safety Frontier, and (iv)

Sustainable Safety. We defined the safety dynamics as “the process of assessing

different levels of workers' safety existing in a changing construction environment.”

The following sub-sections describe each component to provide a general idea of the

proposed safety dynamics. However, the scope of the chapter is only limited to the

computation of the safety frontier.
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Safety Standard

Safety standard is the minimum level of safety required by regulatory agencies such

as OSHA, EU-OSHA, or the construction company itself, for a given task and field

conditions. The OSHA monitors the safety practice in the US. It has the right to

inspect or investigate the matter of compliance with safety and health standards.

The OSHA may choose to issue citations and financial penalties to the employer for

violating specific OSHA standards or regulations.

Observed Safety

The observed safety is the actual level of safety observed in the construction site,

which can be above or below the safety standard. The injury risk increases when the

observed safety is below the safety standard. The regulatory agencies and the site

safety manager continuously monitor the construction site to ensure the observed

safety is above the safety standard. Manual or real-time sensor data might be

required to measure and record observed safety, depending upon the factor to be

examined. Researchers have identified technologies such as ultra-wideband (UWB)

[111], IMU [17], computer vision [83], depth sensor camera [51, 82], and manual

observation techniques such as OCRA [79], RULA [67], REBA [46], among others,

for real-time monitoring of observed safety.

Safety Frontier

Safety frontier is a novel concept and we defined it as “the theoretical maximum

attainable level of safety while performing any construction task under perfect con-

dition” [112]. Perfect condition is an ideal state where all factors affecting con-

struction workers' safety are at their most favorable levels, such as good weather,

highly motivated and trained workers with flawless artisanship, an ergonomically
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safe working posture or poses of workers, optimal safe utilization of materials and

equipment, no interference from other trades, no design errors, no equipment fail-

ures, no fatigue, no injury, no loss of life, and precise understanding of the design

intent, among others.

Because of several inefficiencies inherent to the construction process, perfect

conditions are virtually unachievable in the construction site. The inefficiencies

in a construction site can be summarized into two categories, system inefficien-

cies and operational inefficiencies [110, 112]. Mani [110] has provided the detailed

methodology to identify and compute the system and operational inefficiencies for

construction productivity frontier. We will implement a similar approach to identify

the inefficiencies, which is beyond the scope of the chapter.

System Inefficiencies System inefficiencies imply the loss in the level of safety

due to factors that are not under the control of a project manager, such as envi-

ronmental conditions (high humidity, cold or hot temperatures), workers' health,

absenteeism driven by health or family issues, interference from other trades, design

errors, behavior and intention of workers, and unsafe or uncertain conditions due to

mechanical failures of equipment among others [112]. Based upon the characteristics

of activity or task, the number and type of factors causing the system inefficiencies

vary. For instance, the influencing factors for a manual lifting task can be working

behavior and health conditions of that worker, disturbances by other people on the

way during hauling, hot or cold temperature, and high humidity.

Operational Inefficiencies Operational inefficiencies refer to the loss in the level

of safety due to factors that are under the control of a project manager, such as poor

sequencing of activities, inadequate and improper or unsafe utilization of equipment

or tools, excessive overtime, untrained or unskilled workers, poor lighting conditions,
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the mismatch between skills and task complexity, and carelessness of workers, among

others [112]. For a manual lifting task, if the worker does not know how to properly

(ergonomically safely) lift and haul the object and if that worker does not care about

the working procedure, then these factors can play a significant role in operational

inefficiencies. These inefficiencies can be minimized by providing training on time.

Sustainable Safety

Sustainable safety is defined as the highest level of safety that can be achieved

and sustained under good management and typical site conditions [112]. Good

management is considered as the best acceptable level of proficiency in the project

team. Typical field conditions are project site circumstances as per the construction

industry standard, excluding adverse events such as natural disasters and labor-

union conflicts.

Upper Limit of Sustainable Safety The safety frontier is the theoretical max-

imum level of safety which is virtually impossible to achieve due to underlying

inefficiencies in the construction process. If we add the system inefficiencies to the

safety frontier, we get the upper limit of safety that can actually be achieved and

sustained in a real construction site (hereinafter referred to as the upper limit of

sustainable safety).

Lower Limit of Sustainable Safety The observed safety has higher probability

of underlying inefficiencies, both system and operational. If we remove the opera-

tional inefficiencies, we get the lower limit of safety that can actually be achieved

and sustained in a real construction site (hereinafter referred to as the lower limit

of sustainable safety).
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The safety dynamics components can be better represented by a conceptual

radar chart shown in Figure 4.1. The radial lines represent the factors that affect

the workers' safety on a construction site. These factors can be categorized into

personal, organizational, regulatory, and environmental factors.

Personal Factors Personal factors are related to an individual that can influence

how they act and behave, such as attitude, motivation, and ability to perform a

task. Subedi and Pradhananga [113, 114] categorized personal factors into different

sub-factors; physical (location, motion, posture, vision), psychological (risk percep-

tion, vigilance), physiological (breathing rate, electrical activity, heart rate, skin

temperature, maximum voluntary contraction, among others), and visualization.

Environmental Factors These factors relate to site conditions such as tidiness,

relative humidity, oxygen level, and temperature, among others [114].

Organizational Factors These factor relate to safety management, group inter-

actions, safety policy, and trade union involvement, among others [114, 115].

Regulatory Factors These relate to safety regulations such as fall protection

requirements, proper scaffolding, safety net, regular safety training, and provision

of personnel protective equipment, among others.
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Safety Frontier

Observed Safety

Safety Standard

Sustainable Safety

System Inefficiency

Operational Inefficiency

Sustainable Safety: Upper Limit

Sustainable Safety: Lower Limit

Fig. 4.1. Conceptual radar chart with safety dynamics components for various factors
[112]

We can determine the current safety level by manually observing the site or by

real-time data collection for each factor. The outermost solid line represents the

safety frontier in Figure 4.1. If we add the system inefficiencies, represented by the

red shaded region, we will get the upper limit of sustainable safety, represented by

the dashed-dot-dot line in the figure. Similarly, the blue shaded region represents

the observed safety, above or below the safety standard represented by the brown

shaded region in the figure. The brown region crossing the blue region represents

the possible hazardous situation or an injury. The observed safety has operational

inefficiencies which can be removed under good management. If we remove the

operational inefficiencies, represented by the orange shaded region in the figure, from

the observed safety, then we will get the lower limit of sustainable safety represented

by the dashed line in the figure. Any safety behavior between the upper and lower

limit of sustainable safety, represented by the green shaded region in the figure, is
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sustainable safety. For the chosen set of factors, Figure 4.1 will give the safety status

and will also provide insight into the areas needing improvement at a glance. Figure

4.2 shows the proposed framework for computation of aforestated safety frontier and

sustainable safety. As mentioned earlier, the chapter focuses only on identifying the

safety frontier.

Safety	Frontier

System
Inefficienciesidentify

Sustainable	Safety:
Upper	Limit

Observed	Safety

Operational
Inefficiencies

Sustainable	Safety:
Lower	Limit

Sustainable
Safety

identify

add

remove

averageConstruction
Safety

Fig. 4.2. Framework to develop the safety control system

4.4 Objective and Scope

The overall objective of the research is to develop a control system (refer to Figure

4.2) that can identify the theoretical maximum achievable level of safety, safety

frontier, incorporate existing inefficiencies, and compute the sustainable safety that

can be achieved and sustained in a construction site. However, the chapter’s scope

is limited to developing and demonstrating the prototype system to compute the

safety frontier.
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4.5 Methodology

This chapter proposed the frontier approach for developing a prototype system for

achieving safety frontier for repetitive labor-intensive tasks. First, we extracted

the postural data while performing a repetitive labor-intensive task using a depth

sensor camera. Then, we implemented an inverse dynamics principle to compute the

moment exerted on the joints. We used the computed moment and corresponding

postural data to develop prediction models to classify the movements into different

unique actions involved in the tasks, and predict the moment exerted on joints.

The scope of the chapter incorporates proposing the concept of safety frontier

approach and validating it via a case study, not validating the accuracy of the

implemented machine learning algorithm, efficiency and accuracy of implemented

technology, or the system’s applicability to monitor the onsite workers’ safety. Figure

4.3 shows the details of the proposed methodology.

Identification of labor-intensive
repetitive activity

Hierarchical Breakdown

Skeletal Positional Data Acquisition

Data processing and filtration

Identification of unique actions
involved in the task

Kinematic and kinetic analysis of
human body

Prediction of lower back moment using
random forest regression modeling

from postural & temporal data

Combination of such Minimum Stress
Postures for each Movement to obtain

the Safety Frontier

 Activities

Tasks

Actions

Movements

Manual Material Handling,
Concreting, Re-bar Fabrication
& laying, tile work, Formwork,

among others

Lifting, Pushing, Pulling,
Holding, Carrying, Setting

down, among others

Approaching to Lift, Squatting
to Lift Object, Sitting in Squat

Position to Lift Object,
Standing up with Lifted Object,

and Hauling Object

Bending forward, lowering hip,
bending knee, among others

Random Forest
Classifier (RFC)

Tobit Kalman Filter
(TKF)

Depth Sensor
Camera (Kinect)

Inverse Kinematic
and Inverse

Dynamics (Opensim)

Random Forest
Regressor (RFR)

[X, Y, Z] data for
25 joints (m)

Filtered [X, Y, Z]
data for 25 joints

Unique actions for
each movement

frame

Moment (Nm)
exerted on each

joints

Predicted lower
back moments

(Nm)

Safety Frontier Approach

Fig. 4.3. Methodology to define safety frontier
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4.5.1 Identification of Labor-Intensive Repetitive Activity

Despite the availability of advanced equipment, methodology, and tools & plants,

most of the construction activities are still labor-intensive and repetitive. Reinforce-

ment bar fabrication & placement, concreting work, masonry work, and tile work are

some of the labor-intensive repetitive activities occurring at the construction site.

Among these, we chose the manual material handling activity (lifting and setting

down tasks) for the scope of this chapter.

• An Activity: An activity is the collection of tasks representing the specific

unit of work with spatial limits and/or dimensions [116]. Masonry work, rein-

forcement bar fabrication & installation, tile work, formwork, manual material

handling, and concreting work, among others, are some of the activities on the

construction site.

• A Task: A task is the lowest recognizable work-related characteristic. A

combination of integrated tasks makes up an activity [117]. For a manual

material handling activity, lifting, pushing, pulling, holding, carrying, and

setting down, among others, are some of the tasks involved.

• An Action: An action is a motion that performs a single element of a task.

A combination of integrated actions makes up a task. For a lifting task,

approaching the object to be lifted, standing erect close to the object, squatting

to lift, staying in a squat position to lift, and squatting up with the lifted

object, among others, are some of the actions involved.

• A Movement: A movement is the lowest level of the construction operational

taxonomy that corresponds to the divisible gestures of the body performing

an action. For squatting to lift action, bending forward, lowering hip, and

bending knee, among others, are some of the movements involved.
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4.5.2 Skeletal Positional Data Acquisition

For the complete hierarchical breakdown of activity, we need to identify involved

movements. In general, these movements can be identified by existing methods, such

as direct manual observation [118], recorded video observation [119], and physiolog-

ical measurements (accelerometers [120], motion sensors [121], lumbar motion mon-

itor [122], depth sensor camera [82], computer vision [123]), among others. Among

these methods, the physiological measurement methods provide higher accuracy and

quantitative data. However, each method has its limitations, such as associated cost,

comfort, invasiveness, robustness, and adaptability in the site environment, among

others..

We chose a depth sensor camera (Xbox One Kinect v2.0 Sensor for Windows

SDK ) for the skeletal position data acquisition due to its features such as non-

invasive, low cost, robustness, ability to track multiple workers, and adaptability

in the site environment, among others. It can track the skeletal positional data of

construction workers while performing the task in the real field. Figure 4.4 shows

the major joints in the human body, joints detected by the depth sensor camera,

and good & bad lifting postures [82].

Fig. 4.4. (Left to right) Joints in the human body, joints detected by Kinect camera,
good lifting posture, bad lifting posture in red
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The skeletal data collected from the depth sensor camera generates noise be-

cause of self-occlusion, limited range, and lack of accuracy in fast movements [124].

The lifted object and the workers' body parts themselves can also create further

occlusion. These occlusions distort the skeletal positional data by shifting the joints

unreasonably. So, before further analysis, the collected data needs to be smoothed

using stochastic filters such as moving average filter [125], Kalman filter (KF) [92],

Savitzky-Golay filter (SGF) [93], Tobit-Kalman filter (TKF) [94], among others.

We used TKF by taking joints' speed restrictions into account, as proposed by

Loumponias et al. [124].

4.5.3 Data Processing and Filtration using TKF Model

Using the TKF model, the unknown state vector xk ∈ <n of a discrete time-varying

system with censored measurement is governed by the equation 4.1 [94, 124]:

xk = Axk−1 + wk−1,

y∗k = Hxk + vk,

yk =


y∗k, Tl < y∗k < Tu

Tl, y∗k < Tl

Tu, y∗k > Tu

(4.1)

where xk ∈ <nx1 is the unknown state vector, y∗k ∈ <
n is the uncensored mea-

surement, A ∈ <nxn is the state transition matrix, and H ∈ <nxn is the mea-

surement transition matrix. wk ∼ N(0, Qk) and vk ∼ N(0, Rk) are the state

and measurement Gaussian noise with zero mean and co-variance Qk ∈ <nxn and

Rk = σ2 ∈ <nxn. Equation 4.1 represents the standard Kalman filter with added

Tobit censored measurements, where yk ∈ <n is the censored measurement vector,

Tu ∈ <n and Tl ∈ <n are upper and lower threshold vector.

121



The TKF model includes the predict stage and the update stage as defined by

Bethany [94]:

The Predict Stage:

x̂−k = Ax̂k−1, (4.2)

P−k = APk−1A
T +Q (4.3)

where, x̂−k is the a priori state estimate at step k by assuming knowledge of the

process history prior to step k, x̂k is the a posteriori state estimate at step k

by assuming that the measurement yk is given, P−k and Pk−1 are the covariance

matrices of the errors of the a priori and a posteriori state estimates, respectively.

The Update Stage:

R1 = P−k H
TPun,k, (4.4)

R2 = Pun,kHP
−
k H

TPun,k +R∗k, (4.5)

Kk = R1R
−1
2 , (4.6)

x̂k = x̂−k +Kk(yk − E(yk|x̂−k )), (4.7)

Pk = (I −KkPun,kH)P−k (4.8)

where, R1 is the cross covariance, H is the observation matrix, E(yk|x̂−k ) is the

expected value of the measurement when censored and uncensored measurements

are included, Pun,k is the probability of a measurement to be uncensored, R2 is the

a priori measurement error covariance, R∗k is the covariance matrix of the measure-

ment, Kk is the Kalman gain.

E(yk|x̂−
k

) = Pun,k

(
Hx̂−

k
+R

1
2 lk

)
+ Pmin,kTl + Pmax,kTu (4.9)
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Pun,k = diag


Φ
(
Tu,1 − h1x̂

−
k,1

σ1

)
− Φ

(
Tl,1 − h1x̂

−
k,1

σ1

)
. . .

Φ
(
Tu,m − hmx̂

−
k,m

σm

)
− Φ

(
Tl,m − hmx̂

−
k,m

σm

)
 (4.10)

R∗
k = R

(
I + P−1

un,k
diag(ck)− diag(lk)2

)
(4.11)

where, the parameter ck and lk are given by

ck = diag


Tl,1 − h1x̂

−
k,1

σ1
φ

(
Tl,1 − h1x̂

−
k,1

σ1

)
−
Tu,1 − h1x̂

−
k,1

σ1
φ

(
Tu,1 − h1x̂

−
k,1

σ1

)
. . .

Tl,m − hmx̂
−
k,m

σm
φ

(
Tl,m − hmx̂

−
k,m

σm

)
−
Tu,m − hmx̂

−
k,m

σm
φ

(
Tu,m − hmx̂

−
k,m

σm

)


lk = P−1
un,k


φ

(
Tu,1 − h1x̂

−
k,1

σ1

)
− φ
(
Tl,1 − h1x̂

−
k,1

σ1

)
. . .

φ

(
Tu,m − hmx̂

−
k,m

σm

)
− φ
(
Tl,m − hmx̂

−
k,m

σm

)


4.5.4 Action Identification Using Machine Learning

For the determination of the safety frontier, the identification of the unique actions

involved is the most. Furthermore, several movements define unique actions. For

instance, we can categorize the lifting and setting down tasks into five different

unique actions based on the involved movement listed in Table 4.1.

123



Table 4.1. List of unique actions involved in lifting (L1-L5) and setting down (S1-S5)
tasks

Actions involved in lifting and setting down tasks ID
Approaching the object to be lifted L1
Squatting down to lift the object L2
Staying in squat position to lift the object L3
Squatting up with lifted object L4
Standing in an erect position with the lifted object L5
Approaching the place to set down the lifted object S1
Squatting down with the lifted object S2
Staying in squat position to set down the lifted object S3
Squatting up after setting down the lifted object S4
Standing in an erect position S5

The actions can be identified manually by observing each movement frame, which

is time-consuming and virtually impossible to carry out in real-time. So we adopted

a classification algorithm to make the process fast, reliable, and automated. Several

researchers have already validated the use of classification models such as deep

neural networks [126], decision trees [127], K-nearest neighbor [128], naive-Bayes

[129], support vector machine [130], random forest [131], among others, for gait

classification. Ray and Teizer [39] applied the classification algorithm to predict

human posture using the Kinect feature extraction method. We chose the random

forest model for action identification based on each movement frame. A random

forest comprises unpruned decision trees and is often used with extensive training

data having many input features [132]. For this study, the input features included

positional data of 25 joints from the Kinect and their computed velocity resulting

in 150 total features.
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4.5.5 Kinematic and Kinetic Analysis of Human Motion

We can use the inverse kinematic principle to compute the motion data (joint angles

and/or translations) from the skeletal positional data collected from the Kinect.

Rotation of the joints can be computed using an equation 4.12.

R(α, β, γ) =


cosαcosβ cosαsinβsinγ − sinαcosγ cosαsinβcosγ − sinαsinγ

sinαsinβ sinαsinβsinγ − cosαcosγ sinαsinβcosγ − cosαsinγ

−sinβ cosβsinγ sinβcosγ

 (4.12)

where R is the resultant rotation, α, β, γ are the rotations about x, y, and z

axis respectively

Similarly, we can compute relative forces at intersegmental joints on a human

body using an inverse dynamic procedure [133]. The human skeleton forms a rigid

body system in which Newton’s equation of motion can be applied to distribute

forces through the body and analyze the stress at all joints due to a load, shown in

equations 4.13 and 4.14 proposed by Zhang and Hsiang [133].

Fp = Ṗ − FD −W (4.13)

Tp = Ḣ − TD − LDxFD −Wxdi (4.14)

where, P is the momentum of the segment, H is an angular momentum of the

segment, FD and TD are the force and torque from the distal joint, FP and TP are

the force and torque from the proximal joint, LD is the segment length, di is the

length from CG to the proximal joint, W is the gravity.

For realistic kinematic and kinetic motion analysis, we proposed to use a freely

available open-source software system, OpenSim [134], that estimates the force and

the moment exerted on human body joints due to changes in the velocity and di-

rection of the motion [121].
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Kinematic and Kinetic Analysis in OpenSim

OpenSim lets users develop musculoskeletal models and create dynamic simulations

of movement. OpenSim is supported by the National Institutes of Health (NIH). For

this research, we used the full-body lumbar spine (FBLS) model proposed by Raabe

and Chaudhari [135]. The model consists of 21 segments, 30 degrees of freedom, and

the five lumbar vertebrae that are modeled as individual bodies, each connected by

a 6 degree of freedom joint [135].

Using the Kinect positional and temporal data, we scaled the model and per-

formed the inverse kinematics (IK) analysis to obtain the generalized coordinate

trajectories (joint angles and/or translations) in OpenSim. The IK analyzes each

time frame of the Kinect data and identifies the best pose of the model that mini-

mizes the sum of weighted squared errors of markers and/or coordinates, which is

solved by using equation 4.15.

min
q

 ∑
i∈markers

wi ‖ xexpi − xi(q) ‖2 +
∑

j∈unprscbcrds
ωj(qexpj − qj)2

 (4.15)

where q is the vector of generalized coordinates of model, xexpi is the experimental

position of marker i, xi(q) is the position of corresponding marker on the model,

qexpj is the experimental value for coordinate j, and w is the weight associated with

the marker.

Using the result from the IK, we performed the inverse dynamics (ID) analysis

for each movement frame to compute the force and moment exerted on human body

joints. Equation 4.16 represents the equation of motion for a multibody system.

M(q)q̈ + C(q, q̇) + G(q))︸ ︷︷ ︸
knowns

= τ︸︷︷︸
unknowns

(4.16)
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where q, q̇, q̈ ∈ <N are the vectors of generalized positions, velocities, and accel-

erations, respectively; N is the number of degrees of freedom;M(q) ∈ <NxN is the

system mass matrix; C(q, q̇) ∈ <N is the vector of Coriolis and centrifugal forces;

G(q) ∈ <N is the vector of gravitational forces; and G(q) ∈ <N is the vector of

unknown generalized forces.

Researchers have identified lower back pain as a major MSDs among construc-

tion workers [17, 136]. Thus, we prioritized the lower back-related MSDs in the

dissertation. From the OpenSim, we computed the moment developed in different

lower back muscles: erector spinae (ES), internal obliques (IO), external obliques

(EO), psoas major (PS), quadratus lumborum (QL), multifidus (MF), iliocostalis

lumborum (IL), and the latissimus dorsi (LD). We identified the PS and LD as the

major muscles with higher moment exerted when performing the lifting and set-

ting down tasks. Furthermore, we found that the moment exerted on PS_L1_VB

muscle (referred to as "lower back moment" onward) represented the lifting behav-

ior significantly and was used for further analysis. Researchers have identified the

involvement of psoas major muscle during upright standing, forward bending, and

lifting [137]. Also, these are major actions involved in manual material handling

activity. In addition, to accelerate and automate the whole process, we used the

random forest regression algorithm for developing a prediction model to predict the

moment exerted on the lower back with positional data from Kinect, joint velocity,

and predicted movements as the input features.
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4.5.6 Identification of Movements involved in a Safe Work

Procedure

The safe work procedure involves the identification of unique actions exerting a

minimum lower back moment. After isolating an individual task, we can perform

a micromotion analysis to segregate groups of movements involved in each unique

action. Then we can add the lower back moment induced in each movement frame

for the segregated groups to get the cumulative moment for each unique action.

Furthermore, we can identify all the unique actions exerting minimum cumulative

lower back moment from the pool of all tasks. Finally, we can define the safe work

procedure as the combination of segregated movements causing these unique actions,

which serves as the safety frontier for the lifting and setting down tasks.

4.6 Case Study: Lifting and Setting Down Tasks

We conducted several experiments in a laboratory setup (both indoor and outdoor)

using the proposed methodology. To demonstrate the applicability of the proposed

methodology, we selected an outdoor environment as it represented the actual con-

struction site conditions such as environmental noise, varying lighting conditions,

among others. We collected data outside the university's construction laboratory.

Additionally, we collected more data in an indoor controlled environment to train a

prediction model using supervised machine learning algorithm.

4.6.1 Subject Selection

We recruited three healthy graduate students (mean age 28.5 ± 1.5 years and mean

weight 159.5 ± 8.1 lbs) as subjects for this research. Participation in the research

128



was voluntary, with no provision of compensation. We asked each subject to perform

32 "lifting object" and 32 "setting down object" tasks sequentially. The subjects had

to perform all lifts continuously with no significant break in between. The weight

of the object to be lifted was minimal (less than 10 lbs).

4.6.2 Equipment Setup

To get accurate positional data, the positioning of the Kinect was paramount. We

placed the Kinect at an approximate distance of 2m in front of the subject. The

optimal tracking range of Kinect is 1m - 3m [138]. We positioned the video camera

perpendicular to the Kinect to record the task performance for manual verification

of collected data. Figure 4.5 shows the typical setup for the data collection.

Fig. 4.5. Typical equipment setup for data collection

This study included two tasks, lifting an object and setting down the lifted

object. We asked subjects to perform 32 lifting and 32 setting down the object tasks
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continuously with minimal breaks in between. The subjects were free to leave the

experiment at any time without providing any reason whatsoever. The frequency

of the data collection was 30Hz. Each subject took approximately 5 minutes to

complete the tasks.

4.6.3 Data Analysis

Data Filtration using TKF Model

To denoise the joints' coordinates (X, Y, Z) obtained from the Kinect, we imple-

mented the TKF model. We defined the transition matrix (A) and observation

matrix (H) as I3, an identity matrix.

We assumed the noise covariance (Q) in the order of 0.002 m2 and measurement

covariance (R) in the order of 0.01 m2 as proposed by Loumponias et al. [124]. Then

we defined the covariance matrix of the noise and measurement process as:

Q = 0.002I3 R = 0.01I3

We constructed the TKF model with threshold vectors Tl and Tu for the spatial

coordinates [x, y, z ] as proposed by Loumponias et al. [124].

Tu,k = (x̂k−1 + 0.31, ŷk−1 + 0.18, ẑk−1 + 0.31)

Tl,k = (x̂k−1 − 0.31, ŷk−1 − 0.18, ẑk−1 − 0.31)

Figure 4.6 shows the spatial coordinates for the spine base obtained from the

Kinect and filtered coordinates after using TKF. We can observe that the applied

filter doesn't over-smooth the Kinect data and corrects the noise significantly.
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Fig. 4.6. Spatial coordinates of spine base obtained from Kinect before and after applying
TKF

Action Identification using Machine Learning

We collected additional lifting and setting down task data in a similar setup for

prediction model training purposes. The training data had seven lifting tasks and

six setting down tasks with 6966 movement frames. We manually labeled each

movement frame into different actions provided in Table 4.1 by running the motion
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in OpenSim. From the temporal and spatial data collected from the Kinect, we

computed the velocity [Vx, Vy, Vz] for all 25 joints. We used the spatial coordinates

(75 variables) and velocity (75 variables) as an input variable to train and predict

the action involved in each movement frame. Out of the 6966 movement frames,

we separated the last chunk of 966 frames (13.9%) for independent model testing.

Out of the remaining 6000 frames, we randomly chose 3600 frames (60%) for model

training, 1200 frames (20%) for model validation, and 1200 frames (20%) for model

testing.

We implemented random forest classifier (RFC) algorithm with 5-fold cross-

validation for model fitting. For hyperparameter tuning, we varied n_estimators,

max_features, and max_depth parameters as shown in the Table 4.2. n_estimators

(n_e) represents the number of trees in the forest, max_features (m_f) represents

number of features to consider when looking for the best split, and max_depth

(m_d) represents the maximum depth of the tree. Forty-eight different models were

created with 5-fold cross-validation totaling 240 fits in total.

Table 4.2. Varied parameters for hyperparameter tuning of RFC model

Parameter Variations
n_e [50, 100, 150, 200]
m_f ['sqrt', 0.1, 0.5]
m_d [20, 50, 100, None]

Out of 48 models, we selected three best model with higher accuracy and further

checked the model with validation and test data. Table 4.3 shows the details of the

selected models. Based on the performance, we used the model with n_e = 200,

m_f = 'sqrt', and m_d = 100 as the prediction model for further analysis.
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Table 4.3. Accuracy (A), Precision (P), Recall (R) and F1-score of selected models

n_e m_f m_d A P R F1
Train data (3600 frames)
50 'sqrt' 20 0.984 0.984 0.984 0.984
100 0.1 None 0.983 0.983 0.983 0.983
200 'sqrt' 100 0.985 0.985 0.985 0.985
Validation data (1200 frames)
50 'sqrt' 20 0.984 0.984 0.984 0.984
100 0.1 None 0.983 0.983 0.983 0.983
200 'sqrt' 100 0.985 0.985 0.985 0.985
Test data (1200 frames)
50 'sqrt' 20 0.985 0.985 0.985 0.985
100 0.1 None 0.984 0.984 0.984 0.984
200 'sqrt' 100 0.985 0.985 0.985 0.985
Unused Test data (996 frames)
50 'sqrt' 20 0.919 0.928 0.919 0.92
100 0.1 None 0.941 0.946 0.941 0.941
200 'sqrt' 100 0.943 0.947 0.943 0.943

Using the prediction model, we predicted the unique actions for all three subjects

using their movement data collected from the Kinect. We manually classified all

the movement frames (8784 frames) of subject_1 and crosschecked with the model

prediction for further authentication of the model. The prediction score of the

model was [0.926 (A), 0.927 (P), 0.926 (R), 0.925 (F1)]. It further validated the

applicability of the prediction model for action classification.

Kinematic and Kinetic Analysis of Lifting and Setting Down Action

With the temporal and spatial data from the Kinect, we placed the 25 joint markers

in the FBLS model representing the joints tracked. Then we scaled the model

and performed kinematic and kinetic analysis. Then we performed the muscle

and joint reaction analysis to compute the moment and force exerted on each

joint. Figure 4.7 shows the moment exerted in two lower back psoas major muscles

(PS_L1_VB_right and PS_L1_VB_left). Researchers have shown that the psoas
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major was active during standing, forward bending, and lifting [137, 139, 140]. These

are the major movements involved in the lifting and setting down action. For further

analysis, we chose the moment exerted on PS_L1_VB_r muscle as the “lower back

moment.”
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Fig. 4.7. Moment exerted on major lower back muscles (PS_L1_VB_right and
PS_L1_VB_left)

With the moment computed from the OpenSim on the additional data as a

target, we used the random forest regression (RFR) algorithm with 5-fold cross-

validation to fit the model to predict the moment with 151 input features, including

identified action as an additional input variable to that of RFC algorithm. We split

the total 6966 movement frames as discussed earlier in Section 4.6.3. For hyperpa-

rameter tuning, we varied n_estimators, max_features, and max_depth parameters

as shown in the Table 4.4. Forty-eight different models were created with 5-fold

cross-validation totaling 240 fits in total.
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Table 4.4. Varied parameters for hyperparameter tuning of RFR model

Parameter Variations
n_e [50, 100, 150, 200]
m_f ['sqrt', 0.1, 0.5]
m_d [50, 100, 150, None]

Out of 48 models, we selected three best model with higher accuracy and further

checked the model with validation and test data. Table 4.5 shows the details of the

selected models. Based on the performance, we used the model with n_e = 100,

m_f = 0.5, and m_d = 200 as the prediction model for further analysis. Figure 4.8

shows the lower back moment computed from OpenSim and predicted by the RFR

model for the independent 966 frames.

Table 4.5. Accuracy (A) and root mean square error (RMSE) (Nm) of selected models

n_e m_f m_d A RMSE
Validation data (1200 frames)
200 0.1 200 0.999 9.618
Test data (1200 frames)
200 0.1 200 0.999 10.644
Unused Test data (996 frames)
200 0.1 200 0.999 9.053
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Fig. 4.8. RFR predicted lower back moment for lifting and setting down actions

Using the prediction model, we predicted the lower back moment for all three

subjects using their movement data collected from the Kinect, computed velocity

[V_x, V_y, V_z], and the predicted actions for each frame as input variables. Figure

4.9 shows the predicted lower back moment for all three subjects for consecutive

lifting and setting down actions. We can notice the variation of actions in lifting

and setting down techniques among the subjects. Subject_1 performed three lifting

& three setting down tasks, while Subject_2 performed four lifting & four setting

down tasks, and Subject_3 performed six lifting & six setting down tasks within

the same number of movement frames.
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Fig. 4.9. RFR predicted lower back moment for lifting and setting down tasks for all 3
subjects

Identification of Movements involved in a Safe Work Procedure

After predicting the lower back moment, we computed the cumulative moment of

all the movements involved in each unique action. For the scope of this chapter, we

combined the unique actions with the minimum cumulative lower back moment to

get the safe work procedure, which serves as the individual safety frontier for lifting

and setting down tasks. Figure 4.10 shows the cumulative lower back moment for

all the lifting and setting down tasks and the computed individual safety frontier for

each subject based on their performance. Each line represents the single instance

of the task performed and the highlighted thicker line represented the computed
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individual safety frontier. We can observe the variation in the lower back moment

among the subjects while repetitively performing the lifting and setting down tasks.
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Fig. 4.10. Cumulative lower back moment for all the performed tasks and the identified
frontier for all subjects
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Furthermore, we utilized the individual safety frontiers for subjects of similar

physique and stature to compute the overall safety frontier for the lifting and setting

down tasks. Table 4.6 shows the cumulative lower back moment for actions involved

in individual safety frontiers for all the subjects and the overall safety frontier for

the lifting and setting down tasks. We used the absolute minimum value of the

lower back moment to determine the individual and overall safety frontier. The

highlighted values for each action in Table 4.6 represents the minimum cumulative

lower back moment to compute the overall safety frontier for lifting and setting

down tasks.

Table 4.6. Cumulative lower back moment (Nm) for actions involved in individual fron-
tiers for all the subjects and the overall safety frontier

Action Subject_01 Subject_02 Subject_03
Lifting Task
L1 581.10 564.24 788.74
L2 -126.44 -2494.56 435.15
L3 -1423.15 -892.94 -1280.55
L4 49.35 48.88 62.20
L5 924.94 3342.47 765.19
Setting Down Task
S1 773.61 576.74 600.06
S2 344.61 45.45 -1401.09
S3 -1484.80 -878.74 -1273.36
S4 39.82 -355.62 10.27
S5 909.96 372.07 421.00

Figure 4.11 shows the cumulative lower back moment for all three individual

safety frontiers and the overall safety frontier for the lifting and setting down tasks.

Then, we identified all the movement frames involved in these actions to obtain the

postural data for the identified overall safety frontier and the lower back moment

exerted in each movement frame. The identified safety frontier can serve as a higher

index for safety monitoring of activities involving lifting and setting down tasks.
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Fig. 4.11. Cumulative lower back moment representing unique actions involved in lifting
and setting down task for individual and overall safety frontier

Moreover, Figure 4.12 shows the strip plot for the absolute value of cumulative

lower back moment for all three subjects for the lifting task. If we join the points

representing minimum cumulative moment for all unique actions of each subject

then we get the individual safety frontiers. Furthermore, if we identify the unique

actions with minimum cumulative moments from individual safety frontiers then we

get the overall safety frontier.
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lifting task

4.7 Discussion and Limitations

4.7.1 Discussion

Chapter 4 proposed the safety frontier approach to identify the maximum achievable

level of safety for repetitive labor-intensive construction activities. We conducted a

case study in a construction lab environment to validate the proposed safety frontier

approach for lifting and setting down tasks. The case study demonstrated the appli-

cability of the proposed system to identify the maximum achievable level of safety

for various repetitive labor-intensive activities such as concreting, re-bar fabrication

& installation, housekeeping, drywall installation, masonry work, tile laying, manual

material handling, among others. Compared to the past studies related to MSDs

exposure assessment, the following subsections describe the chapter’s contribution.
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Computation of Safety Frontier

The past studies focus on assessing the workers’ MSDs exposure and implementing

different observational and instrumental techniques to reduce the risk of MSDs.

However, there is little or no research targeted towards identifying “how safely can

a worker perform an activity?”. The chapter provides the method to individually

identify the worker’s maximum achievable level of safety, safety frontier using recent

posture tracking technology. We implemented depth-sensing technology (Kinect) for

postural data extraction, but any other posture tracking technology such as motion

sensors, inertial measurement units, accelerometers, among others, can be used.

The kinematic and kinetic analysis of human body ergonomic was the key to

computation of safety frontier. We implemented random forest classification ML

model to identify the unique actions involved in the lifting and setting down tasks.

The implemented algorithm predicted the unique actions with high accuracy of 95%

(Table 4.3). The computation of stress, induced in critical joints, with real-time

data is computationally demanding [141–143]. We demonstrated the applicability

of the random forest regression ML model to predict the stress developed in the

lower back while performing the lifting and setting down tasks. The implemented

algorithm predicted the lower back moment with high accuracy (Accuracy: 0.999

and RMSE: 9.053 Nm, Table 4.5).

Availability of Higher Index for Safety Monitoring

Recently, the construction industry relies upon the safety guidelines provided by

safety regulating agencies such as OSHA to monitor the workers' safety. However,

the safety guidelines only provide the minimum safety requirement [56]. We can

implement the safety frontier computed from the study as the higher safety bench-
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mark for the onsite monitoring of construction activities, reducing the risk of getting

into MSDs.

Self-learning Opportunity for Construction Workers

Mok et al. [144] defined self-learning as “a process whereby the learner participates

actively in the learning process, including planning, goal setting, progress moni-

toring, selecting learning strategies, and controlling the environment for learning.”

Widaningsih et al. [145] emphasized the importance of self-learning among con-

struction workers. The identified individual safety frontier (Figure 4.8) provides

a self-learning opportunity to construction workers from multiple instances of the

repetitive labor-intensive activity performed in the construction site. Referring to

Figure 4.8, we can observe that the construction worker might be separately per-

forming involved unique actions safely in different instances. The individual safety

frontier is based on the individual worker's performance and should be achievable

in every repetition in similar working conditions.

Peer Learning Opportunity among Construction Workers

Peer learning is the key to training new workers and improving the performance of

the existing workers in construction work [146]. The method presented in the chap-

ter can play a vital role in improving peer learning among construction workers. As

explained in Section 4.6.3, we can compare the individual safety frontiers to com-

pute the overall safety frontier for the activity (refer to Table 4.6 and Figure 4.11).

Moreover, training the workers using a virtual reality (VR) environment has gained

some attention in the construction domain [147–150]. Using the postural data, we

can animate the safety frontier and workers' performance, assist workers to visual-

ize “how they performed the activity versus how they should have performed” in a
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virtual environment, and provide personalized training based on their requirements

[82]. Furthermore, one worker might be performing one unique action safely while

another worker might be performing another unique action safely (Figure 4.10 and

Figure 4.11). By combining the individual safety frontiers to compute the over-

all safety frontier, the workers get a platform to learn from each other visualizing

the safe work procedure using a VR environment, which researchers validate as an

effective way to train workers [151].

4.7.2 Implications and Potential Applications

The presented research framework provides practical applications to both researchers

and industrialists in the construction domain. First, the computed safety frontier

provides a higher index to industrialists for monitoring the safety performance of

construction workers. It also provides a platform for training the workers in vir-

tual environment. Second, apart from construction industry, the proposed method

can be beneficial to other industries such as warehouses, supermarkets, mechanic

workshops, movers, housecleaning, among others; where repetitive labor-intensive

activities are common. Third, the researchers can implement the presented method

to explore the safety of other major joints such as knees and shoulders. Although the

framework was demonstrated for lifting and setting down tasks, the methodology

can be implemented to compute the safety frontier for any repetitive labor-intensive

activities. Moreover, with the availability of more robust technologies to track pos-

tural data in future, the Kinect implemented in the research can be easily replaced

with minimal change in methodology. Thus, there is a great potential for the im-

plementation of safety frontier approach to identify maximum achievable level of

safety for any repetitive labor-intensive activities.
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4.7.3 Limitations

Despite the contributions mentioned above, the study still has several limitations.

• Although we chose Kinect due to its low cost and acceptable accuracy & reli-

ability, it has certain limitations such as self-occlusion, limited range, among

others. Despite using TKF to reduce the noise, the data had some errors af-

fecting the machine learning algorithm to predict the unique actions and lower

back moment for each movement frame. We collected additional postural data

in a controlled indoor environment and used it to train and validate the pre-

diction model to resolve this issue. We can introduce robust technologies, such

as motion sensor system [121], computer vision [152, 153], and IMU [17], to

get accurate data that will boost the prediction model score and the reliability

of the proposed system.

• For the demonstration of the proposed model, we chose manual material han-

dling activity (lifting and setting down task) for a case study. As we identified

the lower back injury as one of the major MSDs from the literature review, we

further limited the scope of this chapter to the computation of the lower back

safety frontier. To compute the safety frontier, we identified the movements

involved in the unique actions exerting minimum stress to the lower back.

We can implement a similar approach to get a more robust safety frontier

by considering multiple joints, such as knees and shoulders. To validate the

robustness of the system, we need to include different construction activities

in the experiment.

• For the case study, we collected the skeletal data outside the construction

laboratory in a controlled environment. More data needs to be collected from

real construction sites to robustify the proposed model. And the number of
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participants in the study needs to be increased as well to ensure the robustness

of the system.

4.8 Conclusion and Future Work

MSDs have been a genuine concern for repetitive labor-intensive construction activ-

ities. Although the safety guidelines provided by regulating agency, such as OSHA,

has reduced the fatal and non-fatal injuries in construction sites, the workers are

still suffering from MSDs. Similarly, the real-time monitoring of individual work-

ers performing such activities has been a massive challenge to construction safety

personnel. It necessitated developing a better system that can identify the safest

possible way of doing any task and monitor the workers' performance individually

in real-time.

To address it, we proposed the frontier approach to develop a prototype model to

identify the safety frontier for any construction activity with the implementation of

recent depth-sensing technology (Kinect) for postural data extraction and machine

learning for automation and real-time monitoring. The safety frontier is a novel

concept and represents the maximum attainable level of safety that is virtually

impossible to sustain in a real construction site. Nevertheless, it can play a pivotal

role in improving construction workers' safety by providing a better safety index to

monitor the workers’ performance in real-time automatically.

Future research should incorporate a broader range of construction workers with

different skill levels, experience, and demographic factors to robustify the proposed

model. Moreover, future studies should focus on computing the safety frontier for

various repetitive labor-intensive construction activities. Furthermore, identifying

safety factors causing system and operational inefficiencies plays a vital role in com-
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pleting the safety control system proposed in section 4.3 (Figure 4.2). For this,

the questionnaire survey can be conducted with construction experts. In addition,

comprehensive studies need to be performed to incorporate the existing inefficien-

cies to the safety frontier and compute the sustainable safety that can be achieved

and sustained in a construction site. However, just identifying the safety frontier

and sustainable safety does not serve the purpose. The workers need to be edu-

cated about how they are performing versus how they should perform the task.

For this, future work should explore the applicability of a need-based personalized

learning environment for construction workers performing repetitive labor-intensive

construction activities in a VR environment. The authors have already started the

initial work in this respect [82].

Furthermore, the applicability of the proposed framework needs to be tested and

validated in a real construction site. We acknowledge the limitations of depth sensor

camera (Kinect) such as self-occlusion, tracking range, and occlusion by co-workers

for its applicability in a real construction site. However, the scope of the chapter is

to introduce and demonstrate a novel safety frontier approach. More robust tech-

nologies such as computer vision, optical fiber sensors, goniometer, strain sensors,

and inertial measurement unit can be implemented in the future to improve the

computed safety frontier. Moreover, researchers have validated the applicability of

computer vision in tracking workers’ postural behaviors & estimating bio-mechanical

workload and its suitability to the complex and diversified nature of construction

activities [154]. Future work should explore the applicability of the safety frontier

approach in a construction site using more robust technologies.

Safety frontier is a safety optimization problem similar to productivity frontier

[106] and time-cost optimization [155] approach in construction. The cost of moni-

toring and training workers increases with the increase in the safety level. However,
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the expenses related to workers’ compensation claims, decreased productivity, and

cost of training new workers decreases with increased safety level. So, the future

work should consider all interrelated construction dimensions and find a solution to

ensure optimum cost, time, quality, and safety.
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CHAPTER 5

COMPUTATION OF SYSTEM & OPERATIONAL INEFFICIENCIES

AND SUSTAINABLE SAFETY

Identification of System and Operational Inefficiencies affecting

Construction Worker’s Safety

Sudip SUBEDI1, Nipesh PRADHANANGA2

Abstract

The construction industrialists and researchers have given uttermost priority to la-

borers’ safety. Yet laborers are suffering from fatal and non-fatal injuries. There

are several factors causing the inefficiencies in the safety behavior of construction

laborers. These inefficiencies can be categorized as system inefficiencies and oper-

ational inefficiencies. System inefficiencies imply the loss in level of safety due to

factors that are not under the control of a project manager. And, operational inef-

ficiencies imply the loss in level of safety due to factors that are under the control

of a project manager. To identify the safe work procedure that can be achieved and

sustained in a construction site (defined as sustainable safety), the identification of

these inefficiencies is the most. The chapter proposes a methodology to identify and

incorporate the inefficiencies to the actual safety behavior to improve overall safety

performance. For this, the research implements questionnaire survey approach to

categorize the safety factors into system and operational inefficiencies. As well, the
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significance of each factor to overall safety performance is identified from the sur-

vey. Then the inefficiency risk indices are computed and incorporated to the actual

performance to identify the sustainable safety.

5.1 Introduction

The dynamic nature of construction makes it vulnerable to accidents. The risk of fa-

tal and nonfatal injuries are relatively higher in the construction industry compared

to other sectors [1]. As per the 2019 report from the Bureau of Labor Statistics

US, the rate of injury and illness per 100 full-time laborers in construction is 2.8

[2]. Moreover, the construction industry accounts for nearly 10% of the workforce

but 20-40% of occupational fatal injuries [3, 4]. [5] identified different factors such

as lack of knowledge or training, lack of supervision, lack of tools and skills to carry

out the task safely, judgmental error, carelessness, lack of controlled working envi-

ronment, and laborers’ unsafe behavior, among others, as a reason for construction

workplace injuries. [6] identified several factors influencing the safety performance in

the construction industry, including laborers’ attitude, company size, safety policy,

project coordination, economic pressure, management training, and safety culture,

among others. [7] identified construction activities with high physical demands as

another factor for causing fatigue and exhaustion, resulting in decreased produc-

tivity and motivation, inattentiveness, poor judgment and quality work, low job

satisfaction, and more injuries. [8] conducted extensive literature to identify several

factors affecting laborers’ safety: laborers' attitude, posture, work location, laborers'

physiological health, and environmental condition, among others.

Construction researchers and industrialists are working hand-in-hand to enhance

the overall safety of the construction site [9]. The access to the advanced technol-
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ogy and improved methodology has significantly reduced laborers' based physical

works as well as the hazards associated [10, 11]. Despite all the efforts, the con-

struction industry is still suffering from accidents and occupational injuries. The

laborers are still subjected to the repetitive labor-intensive construction activities

requiring heavy lifting and unsafe work postures for a longer duration [12, 13]. Past

studies have associated repetitive exposure to heavy lifting and unsafe work pos-

tures to musculoskeletal disorders (MSDs) related injuries [14]. [15] defined MSDs

as soft-tissue injuries caused by sudden or sustained exposure to repetitive motion,

force, vibration, and awkward positions. MSDs occur due to the slow exposure

of laborers to unsafe or awkward positions over a long period and are difficult to

monitor manually in a construction site [11]. Also, regulating agencies such as oc-

cupational health and safety administration (OSHA) provides laborers minimum

safety guidelines, which might not be sufficient to prevent construction injuries [16].

It necessitates developing a monitoring system that can automatically identify the

maximum achievable level of safety and provide a higher safety index to monitor

laborers' safety behavior. For this we proposed a frontier approach to identify safety

frontier in Chapter 4. And to achieve the safety frontier, the existing system and

operational inefficiencies need to be identified and removed from the observed safety

[16–18].

For identification and removal of existing inefficiencies, first we need to obtain

different safety factors that causes inefficiencies. Second, we need to segregate safety

factors that are under the management' control from the ones that are not. For this

we proposed a questionnaire survey approach to capture responses from construction

experts. Third, we need to be able to quantify the safety risk associated with each

factor. For this we implemented the qualitative factor modeling (QFM) approach
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developed by [19] to compute system risk index (Rsi) and operational risk index

(Roi).

5.2 Safety Dynamics: Theoretical Background

Prior diving into methodology, it is crucial to understand the overall safety dy-

namics. The fundamental concept of this research framework is developed based

upon productivity dynamics described by [17–20]. Based on the safety frontier con-

cept proposed in Chapter 4, the study implements four different levels of safety

dynamics: (i) Safety Standard, (ii) Observed Safety, (iii) Safety Frontier, and (iv)

Sustainable Safety. Safety standard is the minimum level of safety required by reg-

ulatory agencies such as occupational health and safety administration (OSHA),

European-OSHA, or the construction company itself, for a given task and field con-

ditions. The observed safety is the actual level of safety observed in the construction

site, which can be above or below the safety standard. Safety frontier is the theo-

retical maximum attainable level of safety while performing any construction task

under perfect condition. Chapter 4 provides the methodology to compute the safety

frontier for any repetitive labor-intensive activity. Perfect condition is an ideal state

where all factors affecting construction laborers' safety are at their most favorable

levels, such as good weather, highly motivated and trained laborers with flawless

artisanship, an ergonomically safe working posture or poses of laborers, optimal safe

utilization of materials and equipment, no interference from other trades, no design

errors, no equipment failures, no fatigue, no injury, no loss of life, and precise un-

derstanding of the design intent, among others. Sustainable safety is defined as the

highest level of safety that can be achieved and sustained under good management

and typical site conditions. Good management is considered as the best acceptable
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level of proficiency in the project team. Typical field conditions are project site

circumstances as per the construction industry standard, excluding adverse events

such as natural disaster and labor-union conflicts. Because of several inefficiencies

inherent to the construction process, perfect conditions are virtually unachievable

in the construction site. The inefficiencies in a construction site can be summarized

into two categories, system inefficiencies and operational inefficiencies [16, 18, 21].

5.2.1 Inefficiencies in Construction Safety

The study of inefficiencies is not new in construction. The construction domain

research is focused more towards identifying and reducing production inefficiencies

by improving quality, costs, and schedule [17, 22–24]. The fundamental concept of

this research framework is developed based upon productivity dynamics described

by [17], [20], and [25]. They introduced a method of computing optimal productivity

of an activity using productivity frontier and actual productivity. They showed that

the optimal productivity that can be achieved for a construction activity is less

than the theoretical maximum productivity (productivity frontier) due to the system

inefficiencies and more than the observed productivity (actual productivity) due to

the existence of operational inefficiencies. We used a similar concept to define

system inefficiencies and operational inefficiencies [16] existing in the construction

laborers' safety. Equation 5.1 shows the total safety-related inefficiencies inherent

in a construction activity similar to productivity inefficiencies proposed by [19].

And, Equation 5.2 shows the theoretical relationship between the aforementioned

inefficiencies and different levels of safety dynamics.

∆i = ∆si + ∆oi (5.1)

SS = SF + ∆si = OS −∆oi (5.2)

168



where, ∆i, ∆si, and ∆oi are total, system, and operational inefficiencies, SS is

sustainable safety, SF is safety frontier, and OS is observed safety.

[8] has identified several safety factors that causes safety inefficiencies. And

it is virtually impossible to incorporate all these safety factors while computing

inefficiency indices due to computational limitation. So, we used a top-down ap-

proach to estimate the upper limit of sustainable safety and a bottom-up approach

to estimate the lower limit of sustainable safety proposed by [19] for productivity

domain. Figure 5.1 shows the relationship between the aforementioned inefficiencies

and different levels of safety dynamics. δsi and δoi represent estimated system and

operational inefficiencies in the figure 5.1 respectively.

Δoi

Δsi

δoi

δsi

Fig. 5.1. Safety dynamics with different safety levels for any given activity

We implemented a qualitative analysis approach to estimate operational and

system inefficiencies. Researchers have proposed several methods and models to
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qualitatively measure the construction productivity [26–31]. We implemented the

qualitative factor model (QFM) to evaluate estimated operational (δsi) and system

(δsi) inefficiencies. The QFM is a probabilistic approach that uses severity scoring

technique [32]. We implemented the QFM approach proposed by [32] to compute

estimated inefficiencies.

System Inefficiencies

We defined system inefficiencies as the loss in the level of safety due to factors that

are not under the control of a project manager, such as environmental conditions

(high humidity, cold or hot temperatures), laborers’ health & attitude, absenteeism

driven by health or family issues, interference from other trades, design errors, be-

havior and intention of laborers, and unsafe or uncertain conditions due to mechan-

ical failures of equipment among others. Based upon the characteristics of activity

or task, the number and type of factors causing the system inefficiencies vary. For

instance, the influencing factors for a manual lifting task can be working behav-

ior and health conditions of that laborer, disturbances by other people on the way

during hauling, hot or cold temperature, and high humidity.

The safety frontier is the theoretical maximum level of safety which is virtually

impossible to achieve due to underlying inefficiencies in the construction process.

If we add the estimated system inefficiencies (δsi) to the safety frontier, we get

the upper limit of safety that can actually be achieved and sustained in a real

construction site, referred as upper limit of sustainable safety (SSUL) as shown in

Equation 5.3.

SSUL = SF + δsi (5.3)
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Using the QFM approach, estimated system inefficiencies can be computed using

Equation 5.4.

δsi = (SSUL − SF ) ∗Rsi (5.4)

where, Rsi is the risk index of factors causing system inefficiencies given by

Equation 5.5.

Rsi =

m∑
i=1

SiPiεi

m+n∑
j=1

Sjεj

(5.5)

where, Si & Sj are severity scores of safety factors i & j respectively, Pi is

the probability of occurrence of a factor i, εi & εj are existence indicator of safety

factors i & j (0 = not present, 1 = present), and m & n are the number of factors

causing system & operational inefficiencies respectively.

Operational Inefficiencies

We defined operational inefficiencies as the loss in the level of safety due to factors

that are under the control of a project manager, such as poor sequencing of activi-

ties, inadequate and improper or unsafe utilization of equipment or tools, excessive

overtime, untrained or unskilled laborers, poor lighting conditions, the mismatch

between skills and task complexity, and carelessness of laborers, among others. For

a manual lifting task, if the laborer does not know how to properly (ergonomically

safely) lift and haul the object and if that laborer does not care about the work-

ing procedure, then these factors can play a significant role in causing operational

inefficiencies. These inefficiencies can be minimized by providing training on time.

The observed safety (OS) has higher probability of underlying inefficiencies, both

system and operational. If we remove the estimated operational inefficiencies (δoi),

we get the lower limit of safety that can actually be achieved and sustained in a real

construction site, referred as lower limit of sustainable safety (SSLL), as shown in
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Equation 5.6.

SSLL = OS − δoi (5.6)

Using the QFM approach, the estimated operational inefficiencies can be com-

puted using Equation 5.7.

δoi = (OS − SSLL) ∗Roi (5.7)

where, Roi is the risk index of factors causing operational inefficiencies given by

Equation 5.8.

Roi =

n∑
i=1

SiPiεi

m+n∑
j=1

Sjεj

(5.8)

The summation of the risk due to system inefficiencies (Rsi) and operational

inefficiencies (Roi) represents the total risk (Ri) involved in the activity and is

given by Equation 5.9.

RRi = Roi +Rsi =

m+n∑
i=1

SiPiεi

m+n∑
i=1

Siεi

≤ 1 (5.9)

Using Equations 5.1-5.9, we can compute the upper and lower limits of sus-

tainable safety. The detailed derivation of equations 5.10 and 5.11 is presented in

Appendix A.

SUL = Rsi(1−Roi)
(1−RsiRoi)

OS + (1−Rsi)
(1−RsiRoi)

SF (5.10)

SLL = (1−Roi)
(1−RsiRoi)

OS + Roi(1−Rsi)
(1−RsiRoi)

SF (5.11)

5.3 Objective and Scope

Figure 4.2 shows the proposed overall research framework for computation of aforestated

safety frontier and sustainable safety. The chapter's scope is limited to identifying

172



factors affecting safety while performing labor-intensive repetitive tasks and calcu-

lating risk indices for system and operational inefficiencies (refer to Figure 4.2). We

used the experimental data collected in Chapter 4 to compute the upper and lower

level of sustainable safety.

To understand the effect of inefficiencies in the laborers’ safety performance, the

chapter aims to fulfill the following objectives:

• identify the major factors affecting the laborers' safety

• categorize identified factors into system and operational inefficiencies

• compute risk indices associated with identified safety factors causing system

and operational inefficiencies

• compute the upper and lower level of sustainable safety

5.4 Methodology

5.4.1 Research Design

The chapter focuses on identifying the system and operational inefficiencies, com-

puting inefficiency risk indices, and calculating sustainable safety. We have adopted

both qualitative and quantitative research approach. First, a qualitative literature

review was conducted to identify factors affecting laborers' safety. Second, a quan-

titative survey was designed to compute the severity of the selected factors. Figure

5.2 shows the research methodology implemented for the identification and catego-

rization of safety factors into system and operational inefficiencies.
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Fig. 5.2. Methodology to compute system and operational inefficiencies

5.4.2 Identification of Factors Affecting Construction La-

borers’ Safety

We conducted an extensive literature review to identify factors affecting construc-

tion laborers' safety from research articles published in reputed journal publications

[8]. For the study, we prioritized factors associated with labor-intensive repetitive

activities. Table 5.1 shows the list of factors identified from the review of published

research articles.
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Table 5.1. List of safety factors with corresponding literature references

Factors Code References
Age AGE [1, 4, 5, 33, 34]
Work Experience LWE [4, 5, 33–35]
Workers' safety training LWST [1, 4, 5, 33–35]
Workers' safety attitude PWSA [4, 5, 33, 35]
Education level PEL [1, 4, 33, 34, 36]
Physical health condition PPHC [4]
Emotion (Psychological health condition) PPSC [4]
Workers' judgment ability PWJA [4, 33]
Drug abuse DA [37]
Heart rate LHHA [7]
Oxygen uptake LOU [7]
Tidy site US [1, 5]
Planned and organized site UPUS [1, 5]
Weather BW [4, 33]
Noise HN [4]
High/Low temperature HLT [19]
High Humidity HH [19]
Availability of safety equipment USE [4, 5, 33]
Supervisor's safety behavior PSSB [4, 5, 35, 36]
Coworkers' safety behavior PCSB [4, 5, 33, 35, 36]
Workload WO [4, 7, 36]
Accident History HAH [1, 33, 34]
Time pressure HTP [4, 33, 36]
Working duration LWD [36, 38]
Provision of PPE LPPE [5]
Poor equipment PE [6]
Safety regulation LSR [4]
Availability of site safety personnel USSP [4, 5, 33]

5.4.3 Questionnaire Survey

Questionnaire Design

Based on the above identified factors affecting laborers’ safety, we designed a set

of questionnaire to measure the severity and probability of occurrence of those fac-

tors. The questionnaire comprised of two sections: (1) Section A: Respondent’s
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background (job location, job designation, total experience, and construction site

experience), and (2) Section B: Safety factors causing system and operational inef-

ficiencies in construction sites. We used the information from Section A to perform

the statistical comparison of response based on job location, designation, and expe-

rience. Section B was sub-divided into three sub-sections; Sub-section B.1: Ineffi-

ciency type (Can the factor be controlled by management team?) on a 3 point likert

scale (1 = Yes, 0 = Maybe, -1 = No), Sub-section B.2: Severity (the severity of

factors on laborers' safety) on a 6 point likert scale (0 = No effect, 1 = Very Low, 2

= Low, 3 = Moderate, 4 = High, 5 = Very High), and Sub-section B.3: Probability

(what is the probability of the factor causing injury?) on a percentage (0 - 100%).

A summary of the blank survey form is attached in Appendix B for reference.

Sample Size and Distribution Method

The population of the survey focused on construction sites at two locations, Nepal

and USA. The reason behind selecting two different location was to perform the sta-

tistical comparison of safety dynamics between developing versus developed country.

The respondents of the study focused on safety managers, construction managers,

and resident engineers who are responsible for monitoring the laborers' safety in

a construction site. Based on the minimum 20% to 30% questionnaire response

rate of similar construction safety-related survey [6, 39], we circulated the question-

naire electronically to 738 respondents via different methods; personal email (476),

company group email (154) and social media (LinkedIn (65) and Facebook (43)).

[40] pointed out the recommended minimum sample size of 100 respondents for

the survey data to be suitable factor analysis. Moreover, the sample size of 150

respondents is deemed adequate for confirmatory factor analysis (CFA) [41, 42].

However, [43] suggested that the sample size with 51 more cases than the number
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of variables to be sufficient for further analysis. Furthermore, [44] suggested that

the sample size requirement depends upon the strength of the factors and the items.

If the factor have more than three items with loadings of 0.60 or higher, then the

sample size becomes irrelevant [44].

5.4.4 Statistical Analysis

Prior to categorizing the factors into system and operational inefficiencies, we per-

formed the descriptive statistical analysis to explore the data, and find the corre-

lation, covariance, and reliability of the survey data. To validate the reliability of

the survey data for factor analysis, we performed the Bartlett’s Test of Sphericity

and Kaiser-Meyer-Olkin Measure of Sampling Adequacy (KMO Test). Bartletts’s

test is used to evaluate if the determinant value is statistically different from zero

[45]. Small values (<0.05) of the significance level indicate the applicability of factor

analysis with the data. Similarly, the KMO test is a statistical measure that indi-

cates the proportion of variance in the variables caused by the underlying factors.

The value ranges from 0 to 1 and high value indicates the applicability of factor

analysis with the data. [45] interpreted the KMO value as: ≥0.8 ∼ good, 0.6 - 0.8

∼ OK, and ≤0.6 ∼ Not OK.

Factor analysis has been abundantly used to analyze the survey data [46–48].

It is a useful tool for investigating variable relationships for qualitative data. We

explored the data using parallel analysis (PA), exploratory factor analysis (EFA)

[48], and principal component analysis (PCA) [49, 50] methods.
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5.4.5 Computation of Risk Indices for System and Opera-

tional Inefficiencies

We categorized the factors identified in section 5.4.2 into two categories, (i) factors

causing system inefficiencies (FSI) and (ii) factors causing operational inefficiencies

(FOI). For this, we used responses for sub-section B.1 from questionnaire explained

in the section 5.4.3. We used the weighted mean to categorize factors based on the

total year of construction experience.

After categorizing the factors, we computed the system risk index (Rsi) and

operational risk index (Roi). For this, we implemented the QFM approach developed

by [32] as explained in section 5.2.1.

5.5 Data Analysis

5.5.1 Descriptive Statistical Analysis

We received a total of 64 responses via Qualtrics XM with a response rate of 8%.

The survey contained three main section as mentioned in section 5.4.3. Figure

5.3-5.5 shows the response distribution for 26 safety factors for inefficiency (Facet

plot), severity (Violin plot), and probability (Violin plot) scores respectively. Table

5.2 shows the means, standard deviations, medians, standard deviations, skewness,

kurtosis, and standard error for inefficiency and severity score of each safety factor.

From Figure 5.3-5.5 and Table 5.2, we can observe that the data is negatively-skewed

with a longer tail on the left side of the distribution.
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Table 5.2. List of safety attributes with corresponding literature references

Code
Mean Std. Dev. Median Skewness Kurtosis Std. Error

Inf Sev Inf Sev Inf Sev Inf Sev Inf Sev Inf Sev
AGE 0.36 3.30 0.84 1.06 1.00 3.00 -0.73 -0.52 -1.21 0.60 0.11 0.14
LWE 0.71 3.91 0.49 0.94 1.00 4.00 -1.36 -0.60 0.76 0.04 0.07 0.13
LWST 0.95 4.05 0.30 1.10 1.00 4.00 -5.62 -1.22 31.96 0.94 0.04 0.15
PWSA 0.34 4.16 0.72 0.85 0.00 4.00 -0.58 -1.18 -0.94 2.00 0.10 0.11
PEL 0.14 3.04 0.84 1.04 0.00 3.00 -0.27 -0.07 -1.56 -0.65 0.11 0.14
PPHC 0.14 3.66 0.82 1.12 0.00 4.00 -0.26 -0.86 -1.49 0.95 0.11 0.15
PPSC -0.02 3.70 0.77 0.99 0.00 4.00 0.03 -0.82 -1.36 0.33 0.10 0.13
PWJA 0.11 3.86 0.82 0.92 0.00 4.00 -0.19 -0.54 -1.53 0.07 0.11 0.12
DA 0.09 4.29 0.86 1.11 0.00 5.00 -0.17 -1.67 -1.65 2.04 0.11 0.15
US 0.84 3.75 0.46 1.10 1.00 4.00 -2.82 -1.20 7.28 1.59 0.06 0.15
PPUS 0.89 4.13 0.41 0.92 1.00 4.00 -3.80 -1.08 13.63 1.11 0.06 0.12
BW -0.30 3.36 0.78 1.10 -0.50 3.00 0.57 -0.24 -1.18 -0.68 0.10 0.15
HN 0.32 3.16 0.66 0.99 0.00 3.00 -0.44 0.13 -0.82 -0.40 0.09 0.13
HLT -0.25 3.30 0.77 0.93 0.00 3.00 0.44 0.04 -1.22 -0.46 0.10 0.12
HH -0.41 2.93 0.78 0.99 -1.00 3.00 0.83 -0.30 -0.89 0.59 0.10 0.13
USE 0.93 4.34 0.37 0.86 1.00 4.00 -4.87 -2.38 22.12 9.25 0.05 0.11
LPPE 0.98 4.25 0.13 0.84 1.00 4.00 -7.09 -1.21 49.11 2.07 0.02 0.11
PSSB 0.73 4.00 0.56 0.97 1.00 4.00 -1.90 -1.28 2.59 3.07 0.07 0.13
PCSB 0.50 4.02 0.60 0.96 1.00 4.00 -0.73 -1.36 -0.50 3.40 0.08 0.13
WO 0.80 3.96 0.44 0.89 1.00 4.00 -2.08 -1.43 3.62 4.71 0.06 0.12
HAH 0.38 3.54 0.80 1.33 1.00 4.00 -0.75 -0.98 -1.05 0.20 0.11 0.18
HTP 0.68 3.82 0.58 1.05 1.00 4.00 -1.55 -1.14 1.36 1.62 0.08 0.14
LWD 0.75 3.89 0.51 0.76 1.00 4.00 -1.88 -0.08 2.68 -0.75 0.07 0.10
PE 0.88 4.13 0.38 0.99 1.00 4.00 -3.10 -0.90 9.52 0.15 0.05 0.13
LSR 0.82 4.00 0.47 0.81 1.00 4.00 -2.58 -0.40 5.98 -0.50 0.06 0.11
USSP 0.93 3.88 0.26 0.76 1.00 4.00 -3.24 -0.03 8.65 -0.83 0.03 0.10
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Fig. 5.3. Facet plot for inefficiency score response distribution of safety factors
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Fig. 5.4. Violin plot for severity score response distribution of safety factors
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Fig. 5.5. Violin plot for probability score response distribution of safety factors

Moreover, we performed the Shapiro-Wilk normality test to check the normality

of the data, as shown in Table 5.3. The low value ofW and p from the Saphiro-Wilk

normality test shows that the data for all three sections are not normally distributed.

However the factor analysis does not assume data to be normal [48].

Table 5.3. Saphiro-Wilk normality test for inefficiencies, severity, and probability re-
sponse

Data Type W p-value Distribution
Inefficiency 0.116 2.2e-16 Not normally distributed
Severity 0.418 1.48e-13 Not normally distributed
Probability 0.499 1.96e-12 Not normally distributed

Additionally, we performed the Cronbach's alpha (α), KMO measure of sam-

pling adequacy (MSA), and Bartlett's test to check the reliability, adequacy, and

suitability of data for factor analysis, respectively as shown in Table 5.4.
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Table 5.4. Cronbach’s Alpha test for inefficiencies, severity, and probability response

Data Type α - value KMO Bartlett’s Test
χ2 p-value df

Inefficiency 0.821 0.60 721.96 3.41e-32 325
Severity 0.903 0.73 900.27 1.70e-55 325
Probability 0.956 0.85 1356.92 5.92e-126 325

The Cronbach's alpha (α) is the measurement of internal consistency of data.

The α values above 0.8 are considered robust and above 0.9 as excellent for research

studies [51]. The α values for inefficiency, severity, and probability are above 0.8

validating the reliability of data.

The minimum acceptable KMO value for sample adequacy is 0.6 [45]. The

inefficiency data just meets the sample adequacy requirement. The KMO value for

severity is OK and that of probability is good. Although, the higher KMO value is

preferred, the survey data is adequate enough to perform factor analysis.

The null hypothesis of Bartlett's test states that the observed correlation matrix

is equal to the identity matrix, suggesting that the observed matrix is not suitable

for PCA or factor analysis [45]. Since the p-value for all three data type is ≈ 0, there

is enough evidence to reject null hypothesis. This means that the data is suitable

for PCA or factor analysis.

5.5.2 Parallel Analysis

Parallel Analysis (PA) is a Monte-Carlo simulation technique to determine the num-

ber of components to retain in PCA and factor analysis [52]. PA method is based

on the generation of random variables, to determine the number of factors to re-

tain. It compares the observed eigenvalues extracted from the correlation matrix

to be analyzed with those obtained from uncorrelated normal variables [52, 53].
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When the eigenvalues from the random data are larger than the eigenvalues from

the PA, then those eigenvalues can be neglected as random noise. Table 5.5 shows

observed eigenvalues, 95th percentile random eigenvalues and mean of the random

data eigenvalues for inefficiencies, severity, and probability. From Table 5.5, we can

see that the inefficiency data are represented by 2 factors, severity by 4 factors, and

probability by 3 factors.

Table 5.5. Observed eigenvalues from PA and 95th percentile and mean eigenvalues
from random data

Nfactor ReducedEig RandEigM RandEig95Inf Sev Prob
1 5.06 8.09 12.64 2.05 2.34
2 3.46 2.51 2.13 1.76 2.01
3 1.60 1.94 1.80 1.54 1.78
4 1.51 1.66 1.13 1.37 1.52
5 1.20 1.18 0.94 1.19 1.33
6 1.09 0.95 0.81 1.05 1.18

5.5.3 Exploratory Factor Analysis

EFA is a multivariate statistical model that attempts to discover the smallest number

of latent constructs or factors that can parsimoniously explain the covariation of

a relatively large set of observed variable [54]. [55] described the factors as “an

unobservable variable that influences more than one observed measure and that

accounts for the correlations among these observed measures.” EFA is a data-driven

approach with no initial hypothesis in regard to the number of latent factors or to

the pattern of relationships between the common factors and the indicators (i.e., the

factor loadings) [55]. The EFA for n (≤ m) latent constructs can be algebraically
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represented by equation 5.12.

X1 = u11CF1 + u12CF2 + ......+ u1nCFn + e1

X2 = u21CF1 + u22CF2 + ......+ u2nCFn + e2

:

:

Xm = um1CF1 + um2CF2 + ......+ umnCFn + em

(5.12)

where, Xi is ith measured variable, CFj is jth latent variable, uij is the weight

of jth latent variable associated with the ith measured variable, and ei is the unique

factor of ith measured variable.

We performed the EFA with severity data to determine the underlying dimen-

sions of 26 safety factors. Since the datatype was ordinal and the data was not

normally distributed, we implemented the polychoric analysis method for EFA. Ta-

ble 5.6 shows 26 latent factors, eigenvalues, variance, and cumulative variance. The

EFA yielded 7 latent factors with eigenvalues more than 1 compared to 4 factors

suggested by PA. The extracted 7 latent variables for EFA accounted for 84.2% of

total variance. The Tucker Lewis Index (TLI) of factoring reliability is 0.94 indicat-

ing a good fit. The root mean square error of approximation (RMSEA) value for

the EFA was 0.037 [0.000, 0.075, 90% confidence]. The chi-square value was 65.83

with 184 degree of freedom with probability < 0.18. Figure 5.6 shows the scree plot

for the EFA model.
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Fig. 5.6. Scree plot for selected EFA model

Table 5.6. Exploratory factory analysis eigenvalues for 26 factors

Factor EigVal Variance CumVar Factor EigVal Variance CumVar
1 7.189 0.277 0.277 14 0.132 0.005 0.983
2 4.925 0.189 0.466 15 0.102 0.004 0.987
3 3.718 0.143 0.609 16 0.088 0.003 0.991
4 2.936 0.113 0.722 17 0.087 0.002 0.994
5 1.706 0.066 0.787 18 0.042 0.002 0.996
6 1.405 0.054 0.842 19 0.040 0.001 0.997
7 0.991 0.038 0.880 20 0.023 0.001 0.998
8 0.753 0.029 0.909 21 0.021 0.001 0.999
9 0.459 0.018 0.926 22 0.014 0.000 0.999
10 0.418 0.016 0.942 23 0.008 0.000 1.000
11 0.380 0.015 0.957 24 0.004 0.000 1.000
12 0.334 0.013 0.970 25 0.002 0.000 1.000
13 0.223 0.009 0.978 26 0.000 0.000 1.000

Table 5.7 shows the loadings of each safety factor for 6 latent factors, commu-

nalities of 26 safety factors (h2), extracted common factors, and their Cronbach's

α-value. The Cronbach's α-value ranging [0.74, 0.88] < 0.70 (minimum acceptable

value [51]), indicates acceptable internal consistency of extracted common factors.

Based on the influencing factor loadings of each safety factor on latent variables,

the following labels were assigned to extracted latent variables:
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• Latent Factor 1 (EFA1) accounted for 32% of the total variance. It included

five safety factors, lack of PPE, unavailability of safety equipment, poor super-

visors' safety behavior, poor coworkers' safety behavior, and poor equipment.

We categorized this latent factor as “safety climate”. The cronbach's α-value

for the extracted factor was 0.87.

• Latent Factor 2 (EFA2) accounted for 11% of the total variance. It included

eight safety factors, lack of work experience, lack of laborers' safety training,

poor laborers' safety attitude, poor education level, poor physical health condi-

tion, poor psychological health condition, poor laborers' judgment ability, and

drug abuse. We categorized this latent factor as “personal”. The cronbach's

α-value for the extracted factor was 0.83.

• Latent Factor 3 (EFA3) accounted for 9% of the total variance. It included four

safety factors, work overload, high accident history, high time pressure, and

longer work duration. We categorized this latent factor as “time constraints”.

The cronbach's α-value for the extracted factor was 0.86.

• Latent Factor 4 (EFA4) accounted for 7% of the total variance. It included

four safety factors, bad weather, high noise, extreme temperature, and high

humidity. We categorized this latent factor as “environmental”. The cron-

bach's α-value for the extracted factor was 0.74.

• Latent Factor 5 (EFA5) accounted for 6% of the total variance. It included

two safety factors, lack of safety regulation, and unavailability of site safety

personal. We categorized this latent factor as “regulatory”. The cronbach's

α-value for the extracted factor was 0.88.

• Latent Factor 6 (EFA6) accounted for 5% of the total variance. It included

two safety factors, untidy site, and poor planning and unorganized site. We
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categorized this latent factor as “site condition”. The cronbach's α-value for

the extracted factor was 0.76.

Table 5.7. Exploratory factory analysis loadings for 6 latent variables

Code Factor Loadings h2 Common Cronbach
1 2 3 4 5 6 Factors α value

LPPE 0.40 0.54

EFA1 : Safety
Climate 0.87

USE 0.93 0.92
PSSB 0.79 0.80
PCSB 0.77 0.72
PE 0.48 0.52
LWE 0.3 0.92

EFA2 : Personal 0.83

LWST 0.47 0.60
PWSA 0.58 0.48
PEL 0.28 0.38
PPHC 0.6 0.47
PPSC 0.83 0.72
PWJA 0.53 0.63
DA 0.72 0.64
WO 0.63 0.77

EFA3 : Time
Constraints 0.86HAH 0.65 0.67

HTP 0.81 0.79
LWD 0.77 0.78
BW 0.52 0.56

EFA4 :
Environmental 0.74HN 0.55 0.32

HLT 0.8 0.67
HH 0.59 0.66
LSR 0.71 0.84 EFA5 :

Regulatory 0.88USSP 0.64 0.68
US 0.64 0.54 EFA6 : Site

Condition 0.76PPUS 0.83 0.90
AGE 0.12 Not extracted

5.5.4 Principal Component Analysis

PCA is a statistical model that uses an orthogonal transformation to convert a set

of possibly correlated variables into a set of linearly uncorrelated variables (i.e.,

principal components).
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The respondent for the survey were from two different demographics, Nepal

and USA. So it was necessary to check if there was any significant difference in

the survey response between two countries. For this, we performed the PCA with

the inefficiency and severity data prior to categorizing the factors into system and

operational inefficiencies. The initial unforced PCA revealed the presence of two

components with eigenvalues exceeding one. Figure 5.7 shows the scree plot between

the PCA eigenvalues and the number of extracted features.
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Fig. 5.7. Scree plot between PCA eigenvalues and the number of extracted features

Figure 5.8 shows the plot between principal components (PC1 and PC2) for

inefficiency data. And we can observe that there is no significant statistical difference

between responses from Nepal and US. We plotted the similar graph among major

principal components and found no significant difference between responses from

two countries. Moreover, we obtained the similar result for the severity data as

well.
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5.5.5 Computation of Risk Indices for System and Opera-

tional Inefficiencies

We categorized the factors into two categories using responses for questionnaire's

sub-section B.1. The sub-section B.1 queried whether each safety factor was under

the control of project management team or not. We categorized the safety factors

under the control of project management team as operational inefficiencies and the

safety factors not under the control as system inefficiencies. We quantified the "Yes,

Maybe, and No" options as "1, 0, and -1" for further analysis. Then we computed

the weighted mean for each safety factor based on the total year of construction

experience. We categorized safety factors with positive mean as FOI and negative

mean as FSI. Table 5.8 shows the safety factors, their weighted mean, and selected

category.
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Table 5.8. Categorization of factors into system (FSI) and operational inefficiencies
(FOI)

Factors Wt. Mean Category Factors Wt. Mean Category
AGE 0.34 FOI HLT -0.35 FSI
LWE 0.71 FOI HH -0.42 FSI
LWST 0.97 FOI USE 0.90 FOI
PWSA 0.18 FOI LPPE 0.96 FOI
PEL 0.08 FOI PSSB 0.63 FOI
PPHC 0.21 FOI PCSB 0.38 FOI
PPSC -0.13 FSI WO 0.75 FOI
PWJA 0.07 FOI HAH 0.37 FOI
DA 0.05 FOI HTP 0.67 FOI
US 0.79 FOI LWD 0.70 FOI
PPUS 0.85 FOI PE 0.89 FOI
BW -0.33 FSI LSR 0.78 FOI
HN 0.34 FOI USSP 0.90 FOI

Based on the survey responses, we categorized four safety factors (PPSC, BW,

HLT, and HH) as factors causing system inefficiencies (FSI). Similarly, we catego-

rized remaining twenty-four safety factors (Age, LWE, LWST, PWSA, PEL, PPHC,

PWJA, DA, US, PPUS, HN, USE, LPPE, PSSB, PCSB, WO, HAH, HTP, LWD,

PE, LSR, and USSP) as factors causing operational inefficiencies (FOI). Then, we

computed the risk indices Rsi and Roi using equations 5.5 and 5.8 respectively.

For this, we used the responses for questionnaire's sub-section B.2 and B.3. The

sub-section B.2 queried the severity score of each safety factor, and the sub-section

B.3 queried the occurrence probability of each factor. Table 5.9 and 5.10 shows

the severity score (Si), occurrence probability (Pi), existence indicator (εi), and

the product (SiPiεi) for system and operational inefficiencies respectively. The

value for existence indicator (εi) was deduced based on the environmental condition

during experimental data collection, subjects' information, and site condition.
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Table 5.9. Severity score (Si), occurrence probability (Pi), and existence indicator (εi)
for system risk index computation (Rsi)

Code Si Pi εi SiPiεi Code Si Pi εi SiPiεi
PPSC 3.77 0.61 0 0.00 HLT 3.13 0.51 1 1.60
BW 3.05 0.50 1 1.53 HH 2.85 0.45 1 1.28

Table 5.10. Severity score (Si), occurrence probability (Pi), and existence indicator
(εi) for operational risk index computation (Roi)

Code Si Pi εi SiPiεi Code Si Pi εi SiPiεi
AGE 3.33 0.46 0 0.00 USE 4.26 0.79 1 3.37
LWE 4.04 0.64 1 2.59 LPPE 4.25 0.78 1 3.32
LWST 4.04 0.64 1 2.59 PSSB 3.91 0.73 0 0.00
PWSA 4.20 0.73 0 0.00 PCSB 3.95 0.72 0 0.00
PEL 2.92 0.42 0 0.00 WO 3.85 0.69 0 0.00
PPHC 3.74 0.62 0 0.00 HAH 3.64 0.65 0 0.00
PWJA 3.91 0.68 0 0.00 HTP 3.88 0.68 0 0.00
DA 4.32 0.80 0 0.00 LWD 3.96 0.71 0 0.00
US 3.83 0.63 0 0.00 PE 4.12 0.75 0 0.00
PPUS 4.20 0.71 0 0.00 LSR 3.91 0.67 0 0.00
HN 3.22 0.47 0 0.00 USSP 3.74 0.65 1 2.43

Using equations 5.5 and 5.8, we computed the system risk index (Rsi) to be 0.15

and the operational risk index (Roi) to be 0.49. For computation of upper limit of

sustainable safety (SSUL), upper limit of sustainable safety (SSLL), and sustainable

safety (SS), we used the lower back moment data for lifting and setting down tasks

from Chapter 4. The methodology to compute safety frontier (SF) and average

observed safety (OS) for all unique actions (stand [UA01], squat down [UA02], stay

squat [UA03], squat up [UA04], and walk [UA05]) is described in Chapter 4. Using

equations 5.10 and 5.11, we computed the upper and lower limit of sustainable

safety. Table 5.11 and Figure 5.9 shows the lower back moment for different safety

dynamics components (SF, SSUL, SS, SSLL, and OS) for the lifting and setting down

tasks performed by subject_03. From Figure 5.9, we can observe that the higher the
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gap between the observed safety and safety frontier, higher the room for improving

safety behavior and vice versa.
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Fig. 5.9. Lower back moment for different safety dynamics components

Table 5.11. Lower back moment (Nm) for different safety dynamics components (SF,
SSUL, SS, SSLL, and OS) for lifting and setting down tasks

Description Unique Actions
UA01 UA02 UA03 UA04 UA05

L
ift
in
g

SF 564.24 -126.44 -892.94 48.88 765.19
SSUL 714.97 -359.23 -1071.85 140.84 815.87
SS 1141.35 -1017.73 -1577.94 400.99 959.25
SSLL 1567.74 -1676.24 -2084.03 661.13 1102.62
OS 2377.47 -2926.79 -3045.14 1155.17 1374.90

Se
tt
in
g

D
ow

n

SF 576.74 45.45 -878.74 10.27 372.07
SSUL 760.23 188.83 -911.54 352.56 421.23
SS 1279.30 594.43 -1004.34 1320.82 560.29
SSLL 1798.37 1000.03 -1097.13 2289.09 699.35
OS 2784.12 1770.29 -1273.36 4127.89 963.44
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5.6 Limitations and Discussion

5.6.1 Discussion

The chapter proposed the methodology to quantify system and operational ineffi-

ciencies to compute upper and lower limit of sustainable safety for repetitive labor-

intensive construction activities. The questionnaire survey was conducted to obtain

construction experts' view regarding the severity and likeliness of identified safety

factor to cause safety risk. The study demonstrated the applicability of the proposed

method to identify and categorize safety factors into system and operational ineffi-

ciencies. Moreover, we developed a method to quantify the safety risk associated

with system and operational inefficiencies to system and operational risk indices

for various repetitive labor-intensive activities such as metal plate folding, welding,

reinforcement bar fabrication and installation, concreting, housekeeping, drywall

installation, manual material handling, among others. The proposed method com-

bined with safety frontier approach described in Chapter 4 can be used to compute

the upper and lower limit of sustainable safety, that can be achieved and sustained

in a construction site. We used the lower back moment data for lifting and setting

down tasks from a case study in a construction lab environment to validate the pro-

posed method [16]. Compared to the past studies related to construction laborers'

safety, the following subsections describe the chapter's contributions.

Identification of Safety factors Causing System and Operational Ineffi-

ciencies

The chapter proposes and validates the method to categorize the identified safety

factors into two categories, (i) factors causing system inefficiencies (FSI), and (ii)

factors causing operational inefficiencies (FOI). This aids construction safety per-
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sonnel a better idea regarding what factors can be controlled and provides an op-

portunity to improve the overall safety by minimizing the identified factors causing

operational inefficiencies.

Identification of Key Safety factors

We used the exploratory factor analysis approach to identify the smallest number

of latent constructs that can parsimoniously explain the covariation of 26 safety

factors. With EFA, we grouped the 26 safety factors into six key factors, with the

total variance of 84.20%. The identified six key factors are safety climate, personal,

time constraints, environmental, regulatory, and workplace condition (refer section

5.5.3.

Quantification of Safety Risk Indices associated with System and Oper-

ational Inefficiencies

The chapter provides a method to compute the risk indices associated with system

and operational inefficiencies using qualitative factor modeling (QFM) approach

from the qualitative survey data. The system risk index (Rsi) was computed to be

0.07 and the operational risk index (Rsi) was computed to be 0.59 for the lifting

and setting down tasks.

Computation of Sustainable Safety

The identification of sustainable safety that can be achieved and sustained in a

construction site is crucial to improve the safety behavior of construction laborers.

We proposed an approach to compute the upper and lower level of sustainable safety

from the computed safety frontier, average observed safety, system and operational
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risk indices. The identified sustainable safety can be used as an achievable index for

construction laborers' safety monitoring.

5.6.2 Implications and Potential Applications

The chapter provides practical approach to quantify the safety risk associated with

system and operational inefficiencies responsible for construction laborers'. First,

the categorization of safety factors into system and operational inefficiencies benefits

construction safety personnel in identifying safety factors that are under their con-

trol. Second, the safety personnel can quantify the risk associated with each safety

factor and provide special care to the ones with higher risk index. Third, the safety

personnel can use the computed sustainable safety as a safety monitoring index.

Fourth, apart from construction industry, the proposed method can be beneficial

to other industries such as warehouses, supermarkets, mechanic workshops, among

others. Although we computed the sustainable safety for lifting and seting down

tasks, the similar approach can be implemented for any repetitive labor-intensive

activity.

5.6.3 Limitations

Despite the contributions mentioned above, the research has some limitations which

are listed below.

• Although there are numerous safety factors, we limited our scope to 26 se-

lected safety factors based on the conducted literature review. Further liter-

ature review needs to be carried out to identify additional safety factors and

incorporated in the risk index computation model.
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• We used the response from the questionnaire survey to categorize safety factors

into system (FCS) and operational inefficiencies (FCO), and to compute the

severity score and occurrence probability for each safety factor. The number

of valid response for the study was limited to 56. More responses need to be

collected to further validate the obtained data.

• We used the data from a case study in a controlled lab environment for lifting

and setting down tasks. More data needs to be collected in a construction site

for different repetitive labor-intensive activities to validate the applicability of

proposed methodology in a real construction site.

5.7 Conclusion and Future Work

Researchers have identified several factors affecting the construction laborers' safety.

Not all these factors are under the control of a project management team. So it is

crucial to categorize the factors depending upon whether the factor can be controlled

by a safety management team or not. We categorized factors not under the control

of management as system inefficiencies and factors under the control as operational

inefficiencies. For this we proposed the implementation of qualitative questionnaire

survey approach to capture the construction experts' responses. Then we proposed

and validated a model to quantify the safety risks associated with factors causing

system and operational inefficiencies by modifying QFM model developed by [18]

for computing optimal productivity. The construction practitioners can implement

the developed model to assess the safety risks associated with different activities and

improve laborers' safety behavior by focusing on resolving factors causing operational

inefficiencies. Moreover, the computed safety indices aid in computing the upper

and lower limit of sustainable safety, that can actually be achieved in a construction
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site. Finally, the identified sustainable safety can play a pivotal role in improving

construction laborers' safety by providing a feasible safety target to monitor the

laborer' behavior.

Future research should incorporate ample safety factors to robustify the com-

puted risk indices. Extensive survey needs to be carried out to capture broader

demographic of construction experts to validate the survey responses. Moreover,

future studies should focus on validating the overall safety dynamics components

(safety frontier, system & operational inefficiencies, and sustainable safety) in a real

construction site (refer section 5.2 and Figure 4.2). However, just identifying the

safety frontier and sustainable safety does not serve the purpose. The laborers need

to be able to visualize how they are performing versus how they should perform

the task. For this, future work should explore the applicability of a need-based

personalized learning environment for construction laborers performing repetitive

labor-intensive construction activities in a VR environment. The authors have al-

ready started the initial work in this respect [11].
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CHAPTER 6

VALIDATION OF SAFETY CONTROL SYSTEM FOR REPETITIVE

LABOR INTENSIVE ACTIVITIES IN A REAL CONSTRUCTION

SITE

Optimization of Safety Control System for Repetitive Labor-intensive

Activities in a Real Construction Site using Machine Learning

Techniques

Sudip SUBEDI1, Nipesh PRADHANANGA2

Abstract

Recently, "green" & "sustainable" building design and construction are gaining pop-

ularity among construction researchers and industrialists. The current sustainable

design concept is focused on economic, social, ecological, and aesthetic facets. The

leadership in energy and environmental design (LEED) certification program is a

widely accepted green rating system to measure the sustainability of building con-

struction. However, laborers’ health and safety are getting minimal focus. Re-

searchers have highlighted several laborers’ H&S-related issues associated with the

LEED concept. Moreover, the building can not be considered sustainable without

incorporating laborers’ H&S. So, we identified the need to develop a system incor-

porating laborers’ H&S with building sustainability. For this, we developed a safety

control system that can compute the theoretical maximum achievable level of safety,

safety frontier, identify system & operational inefficiencies associated with laborers’
1PhD Candidate, Department of Civil and Environmental Engineering, College of En-

gineering and Computing, Florida International University, 10555 West Flagler Street,
Miami, FL 33174. Email: ssube002@fiu.edu

2Associate Professor, Moss Department of Construction Management, College of En-
gineering and Computing, Florida International University, 10555 West Flagler Street,
Miami, FL 33174. Email: npradhan@fiu.edu. Corresponding author.
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safety, and compute the sustainable safety that can be achieved and sustained in a

construction site. The study implements inverse kinematics and inverse dynamics

approach to compute the spatiotemporal (X, Y, Z, Vx, Vy, and Vz) data and mo-

ment induced in major joints, respectively. Moreover, we explored and validated the

applicability of different machine learning (ML) models to predict unique actions

involved in the task and moment induced in the joints using the spatiotemporal data

collected from the depth sensor camera. The study collected postural data for the

metal plate bending task from a real construction site and statistically validated the

applicability of the proposed safety control system to identify the sustainable “safe

work procedure”.

Keywords: Safety frontier, Sustainable safety, Safety Inefficiencies, Random for-

est, Support vector machine, One-vs-rest classifier, Deep neural network

6.1 Introduction

The construction industry has undergone a massive transformation over the past few

decades, improving the quality, methodology, and safety [1, 2]. Besides technology

and safety, “green” & “sustainable” building design and construction have recently

gained significant attention in the US construction industry [3]. The sustainable

built environment concept in developed countries focuses on economic, social, eco-

logical, and aesthetic facets [4]. The leadership in energy and environmental design

(LEED) certification program is often used to measure the sustainability in build-

ing construction [5]. The LEED certification system is the world’s most widely

used green rating system [6], including a set of rating systems for the design, con-

struction, operation, and maintenance of green buildings. The major drivers for the

rapid adoption of green buildings include: (i) government mandates & incentives for
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green construction, (ii) federal, state, or municipal government requirements for new

publicly-funded buildings to be LEED-certified, (iii) increase in demand for green

building in the private sector with the recognition of the long-term value of green

buildings resulting from a reduction in maintenance costs, (iv) increased availability

and reliability of green building supplies, and (v) decreased construction cost [7].

However, the LEED rating system puts minimal focus on laborers’ health and

safety (H&S). Only a few studies have investigated the impact of LEED on laborers’

H&S [7]. The MGM Mirage City Center resort and casino in Las Vegas, Nevada,

obtained several LEED certifications despite six work-related fatalities during the

construction [5]. [6] concluded that some green elements associated with LEED gen-

erate additional safety risks to construction laborers. Dewlaney et al. [8] highlighted

the negative impact of green design elements on construction safety performance as:

(1) 36% increase in lacerations, strains, and sprains from recycling construction ma-

terials, (2) 24% increase in fall hazards, (3) 19% increase in eye strain symptoms,

(4) 14% increase in exposure to harmful substances. [9] statistically claimed that

green projects incur more OSHA recordable incidents than non-green projects. The

aforestated stats further highlights the need to incorporate laborers’ H&S as an in-

tegral part of sustainable building construction. Moreover, it raises an important

question: “How can building design and construction be considered sustainable if la-

borers’ H&S is not considered?” So, there is a need to develop a sustainable concept

that incorporates the laborers’ H&S and addresses all involved parties’ environmen-

tal, economic, and social well-being.

To integrate laborers’ H&S to sustainability, we proposed implementing a frontier

approach developed in Chapter 4 (hereinafter referred as Safety Frontier Study [10]).

The present research quantifies the theoretical maximum achievable level of safety,

safety frontier, observed safety, and the highest level of safety that can be achieved
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and sustained in a construction site, sustainable safety. The Safety Frontier Study

demonstrated the applicability of the frontier approach to compute safety frontier

in a controlled lab environment. The chapter validates the relevance of the proposed

method in a real construction site scenario. Furthermore, the current research com-

putes the sustainable safety ensuring the overall building sustainability. For this, the

chapter implements the methodology developedin Chapter 5 (hereinafter referred as

Inefficiency Study).

6.2 Safety Dynamics: A Brief Overview

Based on the frontier concept, the Safety Frontier Study proposes four different levels

of safety dynamics: (i) Safety Standard, (ii) Observed Safety, (iii) Safety Frontier,

and (iv) Sustainable Safety. Safety dynamics is “the process of assessing different

levels of laborers’ safety existing in a changing construction environment.” For

brevity, please refer to Safety Frontier Study (Chapter 4 [10]) and Inefficiency Study

(Chapter 5) for detailed explanation.

6.3 Objective and Scope

The objective of the research is to develop a control system that can identify the

theoretical maximum achievable level of safety, safety frontier, incorporate existing

inefficiencies, and compute the sustainable safety that can be achieved and sustained

in a construction site. Figure 4.2 shows the proposed framework for computation

of aforestated safety frontier and sustainable safety. The chapter demonstrates the

applicability of the framework to compute safety dynamics components in a real

construction environment.
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6.4 Methodology

Chapter 6 implemented the methodology developed by the Safety Frontier Study to

quantify the safety frontier and the Inefficiency Study to quantify the sustainable

safety for a repetitive labor-intensive activity in a real construction site. We ex-

tracted the laborers’ postural data using a depth-sensing camera while performing

a repetitive labor-intensive activity in a construction site. Then, we manually clas-

sified a chunk of data into different unique actions involved in the activity and com-

puted the moments induced in joints using the inverse dynamics principle. We used

the manually classified actions and computed moments to train the action classifi-

cation and moment prediction models, respectively. Figure 6.1 shows methodology

implemented to obtain safety frontier and sustainable safety.

Objectives Input Process Output
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repetitive activity
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Construction site Manual Inspection List of labor-intensive
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Data processing and filtration
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Literature review
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Fig. 6.1. Methodology to compute safety frontier and sustainable safety
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6.4.1 Computation of Safety Frontier

The primary step to develop the safety control system involves computing safety

frontier. The Safety Frontier Study provides the detailed methodology to compute

the safety frontier. The following subsections briefly describe the key steps for

computing the safety frontier for the metal plate bending task, as the scope of this

chapter.

Identification of Labor-Intensive Repetitive Activity

Despite the recent improvement in construction methods and techniques, several ac-

tivities are still repetitive labor-intensive, such as manual material handling, metal

works, concrete flooring, and masonry work. We chose the metal staircase fabrica-

tion activity (metal plate folding task) for the scope of this chapter.

Hierarchical breakdown of activity

Based on the four-level hierarchical breakdown approach proposed by [11], we iden-

tified different tasks, unique actions, and movements involved in the metal staircase

fabrication activity. The unique tasks include plate cutting, plate bending, welding,

and painting, among others. The unique actions for the metal plate bending task

include approaching the plate to lift, lifting and transferring the plate to the folding

machine, bending the plate, and lifting and stacking the bent plate. For lifting and

transferring the plate to the folding machine action, different movements include

bending forward, moving hands in a forward direction, grabbing the metal plate to

lift, bending the elbow to lift, walking sideways, bending forward to place the metal

plate in the folding machine, and lowering hands.
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Skeletal Positional Data Acquisition, Processing, and Filtration

The skeletal spatial data of laborers’ posture while performing the task is essential

to identify the unique actions involved and compute moments induced in joints.

Recently, there are several technology that we can implement to collect the spatial

data, such as motion sensors [12], accelerometers [13], depth-sensing camera [10],

lumbar motion monitor [14], and computer vision [15]. For this chapter, we selected a

depth-sensing camera (Kinect) to collect skeletal spatial data due to its features such

as low cost, robustness, non-invasive, acceptable tracking range, and adaptability in

the site environment. Moreover, the Safety Frontier Study and Inefficiency Study

used the Kinect to collect the lab data to demonstrate its applicability to compute

the safety frontier and sustainable safety, respectively.

The Kinect data generates noise due to self-occlusion, occlusion by colaborers,

reduced accuracy during sudden movements, and limited tracking range [16]. First,

we manually processed the Kinect data to separate multiple laborers’ tracked, iden-

tify and remove the useless data, and identify several task instances performed by

different subjects. Second, we implemented the Tobit-Kalman filter (TKF) on pro-

cessed data by considering joints’ speed restrictions, as proposed by [16], to filter

the noise and outliers.

Unique Actions Identification using Machine Learning

The unique actions involved in the task need to be identified to determine the safety

frontier and sustainable safety. Moreover, each unique action comprises of several

movement frames. For instance, we can categorize the metal plate bending task into

four different unique actions based on the involved movement listed in Table 6.1.

Figure 6.2 shows the four unique actions involved in the metal plate bending task.
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Table 6.1. List of unique actions involved in metal plate bending task (MPB)

Actions involved in MPB task Code
Approaching the unbent metal plate to lift from a table MPB1
Transferring the unbent metal plate to folding machine MPB2
Bending the metal plate in folding machine MPB3
Transferring the bent metal plate to stack in a table MPB4

Fig. 6.2. Unique actions involved in metal plate bending task. Left to right: MPB1,
MPB2, MPB3, and MPB4

We can manually identify the involved unique actions by manually observing each

movement frame, which is time-consuming, error-prone, and virtually impossible to

carry out in real-time. So we proposed to use a machine learning (ML) approach to

classify the movement frames into unique actions. Past studies have implemented

several ML models such as decision trees [17], random forest [18], deep neural net-

works [19], and support vector machine [20], for gait classification. We chose the

support vector machine, random forest, and one-vs-rest classification model to iden-

tify unique actions for each movement frame. A random forest is widely used with

extensive training data having several input features [21]. In this chapter, we had

150 total input features, including spatial data of 25 joints from the Kinect and their

computed velocity components.
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Kinematic and Kinetic Analysis of Human Motion

Computing moments induced in joints is essential to quantify safety frontier. For

realistic motion analysis, we used an open-source software system, OpenSim [22], to

compute the moment exerted on human body joints due to spatiotemporal move-

ments [12]. We used the full-body lumbar spine (FBLS) musculoskeletal model

developed by [23]. The model consists of 21 segments, 30 degrees of freedom, and

five lumbar vertebrae, each connected by a 6 degree of freedom joint [23]. We scaled

the model and performed inverse kinematics and inverse dynamics analysis to com-

pute the force and moment exerted on human body joints for each movement frame

(refer Safety Frontier Study for details).

[24] experimented and concluded that working mostly in a standing position is

associated with low back pain among laborers. Additionally, laborers need to stand

all day long while working in the plate folding machine. Moreover, one of the ob-

jectives of the current chapter was to validate the applicability of the safety frontier

approach, developed and demonstrated in a lab setup by the Safety Frontier Study.

So, to maintain the consistency of the analysis, we chose the same "PS_L1_VB"

muscle (referred to as "lower back moment" onward) as the scope of this chapter.

Furthermore, we explored the applicability of random forest regression and support

vector machine algorithm to develop a lower back moment prediction model with

Kinect’s spatial data, computed joint velocity, and predicted unique actions as the

input features.

Computation of Safety Frontier

The safety frontier involves identifying unique actions exerting a minimum lower

back moment. First, we separated each instance of task using action classification

algorithm output. Second, we segregated groups of movements involved in each
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unique action. Third, we added the lower back moment induced in each movement

frame for the segregated groups of movements to compute the cumulative moment

for each instance of unique action. Then, from the moment data pool for several

instances of unique actions, we identified the ones exerting minimum cumulative

lower back moment for each unique action. Finally, we defined the safety fron-

tier as the combination of segregated movements causing these unique actions with

the minimum cumulative moment. We computed the individual safety frontier for

each participating laborers and then combined them to compute the overall safety

frontier. The following example explains the process to compute the safety frontier.

“Suppose, Labor_A is performing the MPB1 action safely in instance_w, MPB2

in instance_x, MPB3 in instance_y, and MPB4 in instance_z. If we combine the

movement frames involved in these instances, then we get the individual safety

frontier for Labor_A. Moreover, we can compare the individual safety frontier for

all laborers and identify the safest instance of all four unique actions. Finally, we can

compute the overall safety frontier by combining these identified unique actions.”

6.4.2 Computation of Safety Risk Indices

The overall safety frontier, computed in section 6.4.1, represents a theoretical max-

imum level of safety and is virtually impossible to attain in a real construction site

due to existing system and operational inefficiencies. So, we need to identify the

system risk index and add it to the safety frontier to obtain the upper limit of sus-

tainable safety. Similarly, we need to identify the operational risk index and remove

it from the observed safety to obtain the lower limit of sustainable safety. The Inef-

ficiency Study provides the detailed methodology to compute the safety risk indices

using the qualitative factor modeling (QFM) approach. The following subsections
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briefly describe the key steps to compute the safety risk indices for the metal plate

bending task, as the scope of this chapter.

Identification of Factors Affecting Construction Laborers’ Safety

The identification of factors affecting construction laborers’ safety is essential to com-

pute safety risk indices. Existing research articles are an excellent source to identify

these factors. [25] conducted an extensive literature review to identify several factors

affecting laborers’ safety. We used the factors identified by the Inefficiency Study

from an extensive literature review.

Associating Factors with System and Operational Inefficiencies

The identified factors from subsection 6.4.2 needs to be associated with system and

operational inefficiencies based on the management team’s control over factors. The

Inefficiency Study conducted a survey with construction experts to categorize factors

into two categories, (i) factors causing system inefficiencies (FSI) and (ii) factors

causing operational inefficiencies (FOI). For this, the survey collected responses to

inefficiency type (Can management team control the factor?) on a 3 point Likert

scale (-1 = No, 0 = Maybe, and 1 = Yes).

Computation of System and Operational Risk Indices

After categorizing the factors, we computed the system risk index (Rsi) and opera-

tional risk index (Roi) using equations 5.5 and 5.8, respectively, as proposed by the

Inefficiency Study.
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6.4.3 Computation of Sustainable Safety

After obtaining the safety frontier (SF), observed safety (OS), and safety risk indices

(Rsi & Roi), we computed the upper (SSUL) and lower limit of sustainable safety

(SSLL) using equations 5.10 and 5.11, respectively (refer to the Inefficiency Study for

detailed derivation). Finally, we computed the sustainable safety taking an average

of (SSUL) and (SSLL).

6.5 Data Collection and Analysis

We collected data from a welding construction site located at Medley, FL. The

working condition was outdoor, hot, humid, and noisy. We collected multiple days

of data for the metal plate folding task of staircase fabrication activity. Although

seemingly safe, the metal plate folding task requires laborers to stand and walk

for the majority of work duration, increasing the risk of lower back pain. Florida

International University’s Institutional Review Board (IRB) evaluated and approved

the study protocol. We took special precautions during the Covid-19 pandemic to

collect data on the construction site. Since the optimal tracking range of Kinect

was 1m - 3m [26], we maintained 6 feet (1.8m) distance from laborers during data

collection. The average distance between the Kinect and the subject was 2.75m. We

submitted a detailed data collection plan explaining the precautionary measures to

avoid exposure to Covid-19 to the construction site manager for approval. Due

to the limited access to the site during the pandemic, we collected multiple days

of skeletal spatial data for only three subjects. Participation in the research was

voluntary, with no provision of compensation. We obtained the signed consent from

the participants before collecting the data. Irrespective of the signed consent, the
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participants were free to withdraw their participation at any time without providing

any reason whatsoever.

For skeletal spatial data collection, we placed the Kinect at an approximate

distance of 2.75m in front of the subject. Figure 6.3 shows the boxplot diagram for

the SpineBase raw spatial data of all three subjects. In Figure 6.3, “SpineBase Z”

represents the perpendicular distance from Kinect to the subject. We can notice that

the mean distance is less than or about 3m for all three subjects, ensuring the data

to be within optimal tracking range of the Kinect even in the Covid-19 pandemic

situation. Moreover, the X and Y coordinates are within the optimal tracking range

of the Kinect for all three subjects.
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Fig. 6.3. Boxplot diagram for the SpineBase spatial data [X, Y, Z]

The data frequency was 30 Hz for the Kinect. Moreover, we positioned the

video camera perpendicular to the Kinect to record the task performance at the
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same frequency for validating data and manually identifying unique actions of each

movement frame to train the actions classification model. The following subsections

describes the computation of safety frontier, safety risk indices, and sustainable

safety analyzing the collected data.

6.5.1 Computation of Safety Frontier

Skeletal Positional Data Acquisition, Processing, and Filtration

The current study collected 94 instances of metal plate bending task for Subject_01

(46,403 movement frames), 59 instances for Subject_02 (32,082 movement frames),

and 99 instances for Subject_03 (82,837 movement frames). However, Subject_02

was unavailable for the data collection from the second day, and no usable data

was collected on the first day. So, we excluded Subject_02 from further analysis.

Similarly, 93 task instances for Subject_01 and 84 for Subject_02 were separated

after preliminary manual data processing. The staircase fabrication activity oc-

curred around once every month. So, we collected data for four months to get the

aforestated 177 valid task instances (116,194 movement frames) in total.

We implemented the TKF model to process and filter the Kinect joints’ coordi-

nates (X, Y, Z). The Safety Frontier Study describes the details of the TKF model

implemented in the chapter. Figure 6.4 shows the raw and filtered spatial coordi-

nates for the spine base obtained from the Kinect after using TKF. We can observe

that the applied filter does not over-smooth the Kinect data and corrects the noise

significantly.
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Fig. 6.4. Spatial coordinates of spine base obtained from Kinect before and after applying
TKF

Action Identification using Machine Learning

We used the chunk of data (19,647 movement frames, 27 task instances for Sub-

ject_3) to train the unique action prediction model. We manually labeled each

movement frame into different unique actions provided in Table 6.1 by running the

motion in OpenSim and validating it with visual data. We computed the velocity

components [Vx, Vy, Vz] for all 25 joints. We used the spatial coordinates (75 vari-
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ables) and velocity components (75 variables) as input features to train and predict

the unique action involved in each movement frame. Out of the 19,647 movement

frames (27 task instances), we randomly chose 13,752 frames (70%) for model train-

ing and 5,894 frames (30%) for model testing. We further split the 30% testing data

into validation data (15%) and test data (15%).

Random Forest Classifier Approach Out of the 150 input features, it is essen-

tial to identify the relevant features that can accurately classify the unique actions

with the minimum computational expense. For this, we used the recursive feature

elimination and cross-validation selection (RFECV) approach to eliminate irrele-

vant features based on the validation scores from Scikit-Learn tools in Python. We

performed the 5-fold cross-validation and obtained the optimal number of features

as 145. So, we decided to use all input features for the prediction model.

After determining the optimal features, we implemented random forest clas-

sifier (RFC) algorithm for model fitting. For hyperparameter tuning, we varied

n_estimators, max_features, and max_depth. Figure 6.5 shows the out-of-bag

(OOB) error for variation of RFC model with change in n_estimators, max_features,

and max_depth. Based on the minimum OOB error, we chose the following param-

eters for the RFC model.

[n_estimators, max_features, max_depth] = [500, “sqrt”, 30]
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Fig. 6.5. Out-of-bag error for n_estimators, max_features, and max_depth

After choosing the hyperparameters, we used the Balanced Random Forest clas-

sifier (BRF) to find the proper fit for the training data set [27]. The accuracy of

the BRF model was 0.978. Moreover, we performed the 5-fold cross-validation using

the RFC model with the same hyperparameters and obtained an accuracy of 0.989

(+/-0.005). Figure 6.6 shows the confusion matrix for two independent test data

([Data_1: 9 task instances, 6,528 movement frames; Data_2: 15 task instances,

8,774 movement frames]) for the fitted RFC model. The error was partly due to

human error during manual classification and partly due to the prediction model.

However, more than 99% of the classification was accurate for all four actions.
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Fig. 6.6. Confusion matrix for two independent test data
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Moreover, we plotted the receiver operating characteristics (ROC) (Figure 6.7)

curve for independent data (Data_1) to evaluate the diagnostic ability of the selected

RFC model. The ROC curve plots the true positive rate as a function of the false

positive rate. The advantage of the ROC analysis is the robust description of the

model’s predictive ability [28]. The high value (max = 1) for the area under the

curve (AUC) in Figure 6.7 represents that the selected RFC model is well-fitted for

prediction. We obtained a similar result for Data_2.
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Fig. 6.7. AUC-ROC curve for the selected RFC model for independent Data_1

One-VS-Rest (OVR) Classifier Approach We explored the applicability of

the OVR classification approach with the fitted RFC model as a base model. OVR

is a heuristic method that leverages a binary classification algorithm for multi-class

classifications. It splits a multi-class dataset into multiple binary problems and

trains a binary classifier to handle each binary classification model. Final predictions

220



are made using the most confident model. For our dataset, the binary classification

can be categorized as follows:

• Problem 1: MPB1 vs. MPB2/MPB3/MPB4

• Problem 2: MPB2 vs. MPB1/MPB3/MPB4

• Problem 3: MPB3 vs. MPB1/MPB2/MPB4

• Problem 4: MPB3 vs. MPB1/MPB2/MPB3

The accuracy of the OVR model was 0.991 for the training test data. Moreover,

the accuracy of the OVR model with independent data (Data_1) was 0.981, vali-

dating its applicability in unique actions classification. The AUC value for all four

classifications was nearly equal to 1.0, representing the well-fitted OVR model.

Support Vector Machine (SVM) Approach We also explored the applica-

bility of the SVM approach to our dataset. SVM is a widely used method for

classification problems [29]. SVM finds the best separating (maximal margin) hy-

perplane between two classes of training samples in the feature space [30]. However,

the SVM is extended into multi-class mode using several methods. One standard

method for extending the SVM into multi-class mode is the OVR approach [29].

The accuracy of the SVM model using the OVR approach was 0.961 for the training

data, suggesting a well-fitted model.

Table 6.2 shows the details of different fitted models and their performance

parameters on training & independent data (Data_1). We can observe that all four

models classified the unique actions with high accuracy. For further classification,

we chose the RFC model based on its slightly higher performance indices.
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Table 6.2. List of implemented ML models and their performance for actions classifica-
tion

Mdls
[Accuracy (A), Precision (P), Recall (R), F1-score, AUC]

15% Validation Data 15% Test Data Independent Data_1
RFC [0.988, 0.989, 0.989, 0.988, 0.99] [0.986, 0.986, 0.986, 0.986, 0.99] [0.990, 0.990, 0.990, 0.990, 0.99]
OVR [0.989, 0.990, 0.989, 0.989, 0.99] [0.989, 0.990, 0.989, 0.989, 0.99] [0.981, 0.981, 0.981, 0.981, 0.99]
BRF [0.978, 0.978, 0.978, 0.978, 0.99] [0.978, 0.979, 0.978, 0.978, 0.99] [0.974, 0.975, 0.974, 0.974, 0.99]
SVM [0.928, 0.927, 0.928, 0.927, 0.99] [0.934, 0.933, 0.935, 0.934, 0.99] [0.929, 0.928, 0.929, 0.927, 0.99]

Kinematic and Kinetic Analysis of Metal Plate Bending Task

We placed the 25 joint markers in the FBLS model with the spatial data from the

Kinect representing the joints tracked. Then using the spatiotemporal data, we

scaled the model and performed the kinematic and kinetic analysis. Then we com-

puted the moment exerted in the lower back psoas major muscle (PS_L1_VB_right)

(hereafter referred as “lower back moment”) by performing the muscle and joint re-

action analysis in Opensim.

With the lower back moment computed from Opensim as a training target, we

explored multiple models (random forest regressor (RFR), lasso cross-validation re-

gressor (LR), gradient boosting regression (GBR), and stacking regressor (SR)) to

evaluate the performance accuracy and the computational load. SR model stacked

the output from RFR, LR, and GBR models and used a regressor to compute the

final moment prediction. Figure 6.8 shows the variance (R2) and the computational

load for different tested models. The R2 value for the RFR, GBR, and SR were

all around 0.96. However, the computational loads for SR and RFR were 100 and

10 times higher than that of GBR, respectively. So, we further explored the per-

formance of the GBR model with independent data and computed the R2 as 0.578

(considered low score).
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Fig. 6.8. Evaluation of different regression model to predict moment

Then, we used the random forest regression (RFR) algorithm with 5-fold cross-

validation to fit the model to predict the moment with 151 input features (including

the predicted action as an additional input variable) and the computed moment as

a target. We split the training data as discussed earlier in Section 6.5.1. Table 6.3

shows the performance details of the implemented model for validation, test, and

independent data. For assessing the predictive accuracy of a regression model, we

used multiple parameters, such as mean absolute error (MAE), mean square error

(MSE), mean absolute percentage error (MAPE), and coefficient of determination

(R2). The R2 for the independent data was 0.582 meaning the model was able to

explain 58.2% of the data. The lower R2 value is due to the limitations of the Kinect
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to track the subject when facing backward. However, the MAE, MSE, and MAPE

are very low suggesting the model’s applicability to predict lower back moments.

Table 6.3. Performance details of implemented RFR model for moment prediction

Parameters Validation Data Test Data Independent Data
MAE 0.319 0.306 0.806
MSE 0.342 0.295 1.290
RMSE 0.585 0.543 1.136
MAPE 0.014 0.013 0.034
R2 0.901 0.909 0.582

Figure 6.9 shows the scatter plot of the observed and predicted lower back mo-

ments of the RFR model on the left, prediction error density plot on the middle,

and quantile-quantile (Q-Q) plot on the right for independent test data (33 task

instances and 27,914 movement frames). We can observe that most of the predicted

data on the scatter plot aligns with the true data, and the errors are concentrated

with a peak close to zero. Moreover, we can visually observe that the errors are

normally distributed from the Q-Q plot with few outliers.

30.0 27.5 25.0 22.5 20.0
Actual Data [Nm]

30

28

26

24

22

20

18

Pr
ed

ic
tio

n 
[N

m
]

10

5

0

5

4 2 0 2 4
Prediction Error [Nm]

0.0

0.1

0.2

0.3

0.4

0.5

D
en

si
ty

4 2 0 2 4
Theoretical Quantiles

4

2

0

2

4

Sa
m

pl
e 

Q
ua

nt
ile

s

Fig. 6.9. Scatter plot (left), prediction error plot (mid), and Q-Q plot of the observed
and predicted lower back moments of the RFR model)

Furthermore, we implemented a deep learning approach to increase the accuracy

of prediction. We used the Keras library from TensorFlow, an open-source machine

learning platform, to create a deep neural network (DNN). After multiple iterations,
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we chose the following parameters for the model. We used the Google Colab free

GPU to train the model. We used the following parameter to define the model.

[optimizer, loss, epoch, batch_size] = [“Adam”, “mean_squared_error”, 100, 100]

The DNN model performed better with 76 input features (75 spatial data from

Kinect and the predicted unique actions). The training loss was 0.542, and the

validation loss was 0.563 for the model. The DNN model increased the R2 value

from 0.582 (RFR) to 0.700 with the independent test data. Figure 6.10 shows the

scatter plot of the observed and predicted lower back moments of the DNN model

on the left, prediction error density plot on the middle, and Q-Q plot on the right

for independent test data. From Figure 6.10, we can observe that the prediction

data are more aligned in the scatter plot, and the density curve’s peak (zero error)

has increased from 0.50 to 0.75. The accuracy details of the DNN model with

independent data set were:

[MAE, MSE, RMSE, MAPE, R2] = [0.602, 0.891, 0.944, 0.026, 0.700]
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Fig. 6.10. Scatter plot (left), prediction error plot (mid), and Q-Q plot of the observed
and predicted lower back moments of the DNN model)

Then, we predicted the lower back moment for both subjects using the trained

DNN model. Figure 6.11 shows the predicted lower back moment for both subjects
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for the metal plate bending task. Each point represents the cumulative lower back

moment of one instance of unique action performed by the subject. Although the

task seems straightforward, we can notice the variation in the cumulative moment

between subjects and within the instances performed by a subject on the same day.

For example, let us compare the MPB3 action performed by S_1 and S_3.

Here we can observe a significant difference in the cumulative moment induced

by the action between two subjects. For MPB3, the cumulative moment range

for S_1 is [-1649.54 Nm, -6421.00 Nm] from 93 task instances, and for S_3 is [-

4789.25 Nm, -33898.34 Nm] from 84 task instances. It demonstrates that there can

be a considerable variation in the induced moment, even for the seemingly simple

repetitive task. Moreover, the laborers should be encouraged to bring their average

moment closer to the minimum moment. The significant difference between the

minimum induced moment between S_1 and S_3 further highlights the necessity

of peer-learning opportunities.
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Fig. 6.11. Cumulative moment plot for each task instance for Subject_1 and Subject_3

Table 6.4 shows the mean, median, and range for each unique action for both

subjects. The data in the Min row represents cumulative moments for the individ-

ual safety frontier ’s unique actions. Moreover, the highlighted values in Table 6.4

represent cumulative moments for the overall safety frontier, and the mean values

represent the average observed safety.

Table 6.4. Descriptive statistics of lower back moment for all task instances

Stats
MPB1 MPB2 MPB3 MPB4

S_1 S_3 S_1 S_3 S_1 S_3 S_1 S_3
n 93 84 93 84 93 84 93 84

Max -9394.46 -12840.68 -8020.63 -17225.80 -6421.82 -33898.34 -7936.68 -15331.45
Min -501.05 -942.76 -1001.59 -831.15 -1649.54 -4789.25 -1932.36 -1811.73

Mean -1769.41 -2437.18 -1828.64 -1939.05 -3261.18 -9153.37 -4041.68 -3579.12
Q1 -1476.66 -1714.03 -1324.26 -1391.28 -2505.63 -6344.89 -3597.57 -3228.12
Q2 -1603.13 -2038.67 -1574.24 -1634.13 -3119.20 -7012.32 -3941.44 -3416.07
Q3 -1798.58 -2382.11 -1967.30 -2082.33 -3755.98 -7953.40 -4319.89 -3731.24
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6.5.2 Computation of Safety Risk Indices

The Inefficiency Study identified 26 different factors affecting construction laborers’

safety from an extensive literature review. The identified factors are listed in Table

5.1. Moreover, the Inefficiency Study conducted a survey with construction experts

to categorize factors into the system and operational inefficiencies; and quantify the

severity & probability of occurrence of identified factors.

Based on the survey response, the Inefficiency Study categorized the 26 factors

into factors causing system inefficiencies (FSI) and factors causing operational inef-

ficiencies (FOI). For brevity, we omitted the categorization details here (please refer

to the Inefficiency Study). Then, we computed the risk indices Rsi and Roi using

equations 5.5 and 5.8, respectively. Tables 6.5 and 6.6 show the severity score (Si),

occurrence probability (Pi), existence indicator (εi), and the product (SiPiεi) for

system and operational inefficiencies, respectively. The value for existence indicator

(εi) was deduced based on the actual conditions during data collection, subjects’

information, and site environment. We computed the system risk index (Rsi) as

0.09 and the operational risk index (Roi) as 0.54.

Table 6.5. Severity score (Si), occurrence probability (Pi), and existence indicator (εi)
for system risk index computation (Rsi)

Code Si Pi εi SiPiεi Code Si Pi εi SiPiεi
PPSC 3.77 0.61 0 0.00 HLT 3.13 0.51 1 1.60
BW 3.05 0.50 1 1.53 HH 2.85 0.45 1 1.28

Table 6.6. Severity score (Si), occurrence probability (Pi), and existence indicator (εi)
for operational risk index computation (Roi)

Code Si Pi εi SiPiεi Code Si Pi εi SiPiεi
AGE 3.33 0.46 1 1.53 USE 4.26 0.79 1 3.37
LWE 4.04 0.64 0 0.00 LPPE 4.25 0.78 1 3.32
LWST 4.04 0.64 0 0.00 PSSB 3.91 0.73 1 2.85
PWSA 4.20 0.73 1 3.07 PCSB 3.95 0.72 1 2.84
PEL 2.92 0.42 1 1.23 WO 3.85 0.69 0 0.00
Continued on Next Page. . .
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Table 6.6. (Continued...)

Code Si Pi εi SiPiεi Code Si Pi εi SiPiεi
PPHC 3.74 0.62 0 0.00 HAH 3.64 0.65 0 0.00
PWJA 3.91 0.68 0 0.00 HTP 3.88 0.68 0 0.00
DA 4.32 0.80 0 0.00 LWD 3.96 0.71 0 0.00
US 3.83 0.63 1 2.41 PE 4.12 0.75 0 0.00
PPUS 4.20 0.71 1 2.98 LSR 3.91 0.67 0 0.00
HN 3.22 0.47 1 1.51 USSP 3.74 0.65 1 2.43

6.5.3 Computation of Sustainable Safety

We used equations 5.10 and 5.11 to compute the upper limit, lower limit, and aver-

aged it to get the sustainable safety. Table 6.7 and Figure 6.12 show the cumulative

lower back moment for four unique actions of the metal plate bending task for dif-

ferent safety components (bottom to top points: overall SF, SSUL, SS, SSLL, and

OS). From Figure 6.12, we can observe that the higher the gap between the observed

safety and sustainable safety, the higher the room for improving the safety behavior

and vice versa. Moreover, Figure 6.12 provides quick visual information regarding

a task’s unique actions that needs more attention. For example, it can be easily

inferred that S_3 requires help with the MPB3 action. It can be a handy visual

tool for safety managers to provide need-based training to laborers.
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Fig. 6.12. Cumulative moment for four unique actions of the metal plate bending for
different safety components

Table 6.7. Lower back moment (Nm) for different safety dynamics components (SF,
SSUL, SS, SSLL, and OS) metal plate bending task

Cmpnts
Unique Actions

MPB1 MPB2 MPB3 MPB4
S_1 S_3 S_1 S_3 S_1 S_3 S_1 S_3

In
dv

.

SF -501.05 -942.76 -1001.59 -831.15 -1649.54 -4789.25 -1932.36 -1811.73
SSUL -553.96 -1005.10 -1036.09 -877.37 -1716.77 -4971.3 -2020.35 -1885.46

SS -832.48 -1333.26 -1217.70 -1120.65 -2070.67 -5929.62 -2483.54 -2273.56
SSLL -1111.00 -1661.42 -1399.32 -1363.94 -2424.57 -6887.94 -2946.73 -2661.66
OS -1769.41 -2437.18 -1828.64 -1939.05 -3261.18 -9153.37 -4041.68 -3579.12

O
ve

ra
ll

SF -501.05 -831.15 -1649.54 -1811.73
SSUL -553.96 -581.81 -872.76 -877.37 -1716.77 1962.56 1904.75 -1885.46

SS -832.48 -1006.97 -1091.80 -1120.65 -2070.67 -3610.33 -2394.43 -2273.56
SSLL -1111.00 -1432.13 -1310.84 -1363.94 -2424.57 -5258.11 -2884.11 -2661.66
OS -1769.41 -2437.18 -1828.64 -1939.05 -3261.18 -9153.37 -4041.68 -3579.12

For brevity, let us focus on the “MPB3” action performed by S_3 in Figure

6.12 and Table 6.7. The gap between the safety frontier and observed safety of

S_3 for the “MPB3” action is more, indicating significant room for improvement.

Since the system risk index value is low, there is not much difference between the

safety frontier and upper limit of sustainable safety. However, the operational risk

index value was more, indicating considerable room for reducing the observed safety

moment [-9153.37 Nm] to an average sustainable safety moment [-3610.33 Nm] for
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each task instance. And if we compare individual safety frontiers and select the

minimum value for four unique actions, we get the overall safety frontier for the

metal plate bending task. Moreover, we can observe that the individual and overall

safety frontier moment differ by -3139.71 Nm for the “MPB3” action. Furthermore,

the resulting individual and overall sustainable safety moment differ by -2319.29

Nm. It indicates that S_3 can additionally improve performance by using the

overall sustainable safety as a monitoring index.

6.6 Discussion and Limitations

6.6.1 Discussion

The current study proposed and validated the applicability of a safety control system

to optimize laborers’ safety while performing repetitive labor-intensive activities in

a real construction site. We computed the safety frontier proposed by the Safety

Frontier Study and identified existing inefficiencies, computed safety risk indices,

and computed sustainable safety proposed by the Inefficiency Study in a real-world

scenario. The chapter demonstrated and validated the proposed method for the

metal plate bending task. However, the study demonstrated the applicability of the

proposed safety control system to identify the theoretical and sustainable safety lim-

its for various repetitive labor-intensive activities such as manual material handling,

concreting, and masonry work. The following subsections describe the research’s

novel contribution compared to the existing MSDs studies.
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Computation of Safety Frontier

The chapter validated the applicability of the method proposed by the Safety Fron-

tier Study in a real construction environment. Although we implemented the Kinect

for postural data extraction, any other posture tracking technology such as motion

sensors, accelerometers, and inertial measurement units can be used. The current

research also explored and demonstrated the applicability of different ML models

to precisely identify the unique actions involved in any repetitive labor-intensive

activity. The chapter’s scope included the prediction of four unique actions for the

metal plate bending task, and we obtained an accuracy of 99% with RFC, 98.1%

with OVR, 97.4% with BRF, and 92.9% with SVM. The higher accuracy validates

the applicability of any ML model to predict tunique actions involved in a task in a

real construction environment.

Furthermore, we explored the applicability of ML models to predict the biome-

chanical workload for repetitive labor-intensive activities. The chapter’s scope in-

cluded predicting the lower back moment for every movement frame of the metal

plate bending task. We explored different ML models and obtained the R2 of 58.8%

with RFR and 70.0% with DNN. The lower R2 was due to the limitations of Kinect in

accurately tracking the posture and minimum variation in the moment data among

four unique actions. However, the prediction models’ MAPE, MAE, and RMSE

values were very low; 0.034, 0.806, and 1.136 for RFR and 0.026, 0.602, and 0.944

for DNN, respectively. Moreover, we plan to explore the applicability of more robust

postural data extracting technology in the future to validate the robustness of the

model.
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Computation of Safety Risk Indices

We validated the applicability of the method proposed by the Inefficiency Study

to compute the risk indices associated with system and operational inefficiencies

using the qualitative factor modeling (QFM) approach from the qualitative survey

data. The system risk index (Rsi) was computed as 0.09, and the operational risk

index (Rsi) was computed as 0.54 for the metal plate bending task based on the

site information.

Computation of Sustainable Safety

We validated the applicability of the method proposed by the Inefficiency Study to

compute the upper and lower level of sustainable safety from the computed safety

frontier, average observed safety, and system & operational risk indices (refer to

Table 6.7). The identified sustainable safety can be used as an achievable index for

construction laborers’ safety monitoring.

Self-learning Opportunity for Construction Laborers

The computed individual safety frontier provides a self-learning opportunity to con-

struction laborers from multiple task instances that they perform (Refer Table 6.7

and Figure 6.12). Researchers have identified self-learning as an essential learning

tool for construction laborers [31]. We demonstrated that the task for an individual

performance varies with repetitions (refer to Figure 6.11). The individual safety

frontier can serve as a personalized safety monitoring index.

Peer Learning Opportunity among Construction Laborers

The overall safety frontier can be used for peer learning among construction laborers.

The overall safety frontier is derived based on the performance of different laborers
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and can provide additional room for improvement (refer to Figure 6.12). From the

overall safety frontier, laborers get a platform to learn from each other, visualizing

the safe work procedure using a VR environment, which researchers validate as an

effective way to train laborers [32]. Moreover, the laborers can be trained in a virtual

reality (VR) environment using the extracted skeletal data and safety frontier.

6.6.2 Implications and Potential Applications

Chapter 6 provided a complete validation of the proposed safety control system

in a real construction environment. The study demonstrated the applicability of

the Safety Frontier Study approach to compute the safety frontier and the Ineffi-

ciency Study method to compute safety inefficiencies and sustainable safety. The

developed safety control system is equally essential to both construction researchers

and industrialists. To industrialists, the computed sustainable safety provides an

achievable higher index for safety monitoring. In addition, it provides a collabora-

tive learning opportunity for construction laborers. Moreover, the proposed method

is equally applicable to other industries such as supermarkets, grocery stores, and

movers, among others. Third, the researchers can implement the proposed system to

compute the safety frontier and sustainable safety for any repetitive labor-intensive

activity

The chapter’s scope was limited to the computation of lower back safety dynam-

ics components for the metal plate bending task. However, the same method can be

applied to compute safety dynamics components for any body part while performing

any repetitive labor-intensive activity. Moreover, the presented framework is inde-

pendent of the technology implemented for postural data extraction. So, the Kinect
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can be replaced by more robust technologies in the future with minimal change in

the methodology.

Similarly, the study provides a practical approach to quantify the system and

operational inefficiencies responsible for creating the safety risk. The separation of

safety factors into the system and operational inefficiencies eliminate the confusion

regarding what factors are under the control of safety personnel to focus on control-

lable factors. Moreover, the computed quantitative risk factors help safety personnel

identify the safety factors with higher probability of causing injury to monitor. Fur-

thermore, the computed sustainable safety provides an achievable safety monitoring

index.

6.6.3 Limitations

Despite the contributions mentioned above, the study still has several limitations.

• We used Kinect to extract the postural data due to its features such as low cost,

acceptable accuracy & reliability, and robustness to varying site conditions.

However, it has limitations such as limited tracking range, self-occlusion, oc-

clusion by colaborers, and inability to track properly while back facing. Due

to these limitations, the extracted postural data had some errors. Although

we used the robust Tobit Kalman Filter (TKF) to reduce the noise, the data

inherited some errors, mainly affecting the prediction of lower back moments.

The future work should explore the applicability of robust technologies, such

as computer vision, motion sensor system, and IMU, to improve the accuracy

and increase the reliability and accuracy of the prediction model.

• We limited the chapter’s scope to computing safety dynamics components for

the lower back while performing the metal plate bending task. Multiple major
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joints (knee, shoulder, hip, among others) should be considered to robustify

the proposed framework. Similarly, we need to vary the construction activities

to validate the adaptability and robustness of the proposed framework.

• We inherited the Inefficiency Study’s survey result to compute the system and

operational risk indices, thus inheriting the study’s limitations. Additional

safety factors need to be identified by extensive literature review and inter-

views with construction experts and incorporated in computed risk indices.

Similarly, more survey responses need to be collected to robustify the com-

puted safety risk indices.

6.7 Conclusion and Future Work

Sustainable building design and construction have gained popularity in the US con-

struction industry. However, the current sustainable construction puts minimal

focus on laborers’ H&S. This raises an important question: “How can a building be

considered sustainable without incorporating laborers’ H&S in the process?” We pro-

posed a novel safety control system to integrate laborers’ H&S with sustainability

and identify the sustainable safety for laborers performing repetitive labor-intensive

activities.

For this, we collectively implemented the methods proposed by the Safety Fron-

tier Study and Inefficiency Study for computing the safety frontier and sustainable

safety, respectively. The computed safety frontier provides a theoretical maximum

attainable level of safety and identifies any room for performance improvement.

Moreover, the computed sustainable safety provides an achievable safety benchmark.

Without this benchmark, it might not be feasible to judge if what is happening on

a construction site is: (i) acceptable, (ii) a small amount of planning, investment,
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or time can boost the safety level significantly, or (iii) it requires a tremendous

change to bring about a slight improvement. This knowledge can assist the project

management team in developing their safety plans accordingly.

Similarly, the computation of safety risk indices is another vital component of

safety dynamics. There are several factors affecting laborers’ safety. However, the

project management team does not have control over all factors, so it is crucial to

identify controllable factors for optimal safety monitoring. The research demon-

strated the applicability of the proposed method to quantify the safety risks associ-

ated with each factor causing system and operational inefficiencies using the QFM

model developed by [33] for computing the productivity frontier. The construction

practitioners can implement the proposed method to assess safety risks for different

construction activities and improve laborers’ safety performance by focusing on fac-

tors causing operational inefficiencies. Moreover, the computed sustainable safety

provides a feasible safety index for laborers’ safety performance monitoring.

Furthermore, the proposed method is applicable in a real construction site to

monitor and improve safety performance. As mentioned before, the computed safety

dynamics components (refer to Figure 6.12) provide instant visualization of what

actions within a activity need to be improved for a specific laborer. Moreover, the

presented framework can significantly improve traditional safety training. Tradi-

tional safety training provides the same training to entire laborers without consid-

ering their personal needs and shortcomings. However, the study can develop a

need-based personalized training environment for construction laborers performing

repetitive labor-intensive activities in a VR environment. The laborers can visualize

how they performed versus how they should perform the task using individual and

overall safety frontier and sustainable safety as a reference.
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The safety frontier and sustainable safety are safety optimization approaches

that depend upon other construction dimensions such as cost, productivity, and

time. Future research should consider all interrelated construction dimensions and

find an optimum solution to ensure sustainable cost, time, quality, and safety. More-

over, future research should incorporate a broader demographic of construction

laborers of different ages, physiques, experiences, and expertise. However, just

identifying the safety frontier and sustainable safety does not serve the purpose.

The laborers need to be educated about how they are performing versus how they

should perform the task. For this, future work should explore the applicability of a

need-based personalized learning environment for construction laborers performing

repetitive labor-intensive construction activities in a VR environment. The authors

have already started the initial work in this respect [34].
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CHAPTER 7

CONCLUSIONS, RECOMMENDATIONS, AND LIMITATIONS

7.1 Research Summary

Repetitive labor-intensive activities are regular in construction. Construction work-

ers have a higher risk of developing musculoskeletal disorder (MSD) related injuries

while performing such activities. Moreover, it is virtually impossible to manually

monitor the workers’ safety behavior in a dispersed environment. Furthermore, the

workers are suffering from MSDs related injuries in the construction sector. This

problem necessitates the development of a system to identify and monitor the pos-

tural behavior of construction workers to ensure minimum stress was exerted to

essential joints.

For this, the study proposed applying available technology, a depth-sensing cam-

era, to track the postural behavior of construction workers. The kinematic and ki-

netic analysis was performed to compute the stress exerted in essential joints. The

research implemented the machine learning approach to identify the unique actions

and moments exerted to essential joints for each movement frame. The safe work

procedure, safety frontier, was computed by combining the unique actions exerting

minimum cumulative moment to the essential joint (lower back). The identified

safety frontier provides the highest benchmark to monitor real construction site

safety behavior. Furthermore, the sustainable safety was computed by adding syt-

stem inefficiencies to the safety frontier and removing operational inefficiencies to

the observed safety. The sustainable safety provides the work procedure that can be

achieved and sustained in a construction site.

Specifically, we tested three hypotheses in this research work: (i)There exists a

theoretical maximum level of safety, safety frontier for a given construction task.
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(ii)The theoretical maximum level of safety, safety frontier can be determined using

the proposed methodology. (iii) A safety control system can be developed by iden-

tifying and removing system inefficiencies and operational inefficiencies to obtain

sustainable safety.

The research methodology was tested in two case studies, (i) lifting and setting-

down tasks in a lab setup and (ii) metal plate folding tasks in a real construction

site. The result indicated:

1. The safety frontier exists for any repetitive labor-intensive task.

2. The safety frontier can be computed by implementing the previously men-

tioned methodology in Chapters 4 and 6.

3. The system and operational inefficiencies can be computed by conducting a

questionnaire survey with construction experts, as explained in Chapter 5.

4. The sustainable safety can be achieved by adding system inefficiencies to the

safety frontier and removing operational inefficiencies to the observed safety,

which was demonstrated and statistically validated in Chapters 5 and 6.

7.2 Contributions

The past studies focus on assessing the workers’ MSD exposure and implementing

different observational and instrumental techniques to reduce the risk of MSDs.

At present, the construction industry relies upon the safety guidelines provided by

safety regulating agencies such as OSHA to monitor the laborers’ safety. However,

the safety guidelines only provide the minimum safety requirement. Moreover, little

or no research is targeted towards identifying “how safely can a worker perform

an activity?” The research provides the method to identify the worker’s maximum
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achievable level of safety individually, safety frontier, using recent posture tracking

technology. The study implemented depth-sensing technology (Kinect) for postural

data extraction, but any other posture tracking technology such as motion sensors,

inertial measurement units, accelerometers, among others, can be used.

The kinematic and kinetic analysis of human body ergonomic was the key to the

computation of the safety frontier. The study explored and validated the applica-

bility of several ML models (RFR, BRF, OVR, and SVM) to identify the unique

actions involved in repetitive labor-intensive activities. The implemented algorithms

predicted the unique actions accurately in a controlled-lab environment and a real

construction site. The computation of stress, induced in critical joints, with real-

time data is computationally demanding. The dissertation demonstrated the appli-

cability of the RFR and DNN models to predict the stress developed in the lower

back while performing such activities. The implemented algorithm predicted the

lower back moment with acceptable accuracy.

The presented research framework provides practical applications to both re-

searchers and industrialists in the construction domain. First, the computed safety

frontier provides a higher index to industrialists for monitoring the safety perfor-

mance of construction workers. It also provides a platform for training the workers in

a virtual environment. Second, apart from the construction industry, the proposed

method can benefit other industries such as warehouses, supermarkets, mechanic

workshops, movers, and housecleaning, where repetitive labor-intensive activities

are regular. Third, the researchers can implement the presented method to explore

the safety of other major joints such as knees and shoulders.

The study demonstrated the applicability of the proposed safety control system

in a controlled-lab environment for lifting and setting-down tasks and a construction

site for a metal plate bending task. Moreover, with the availability of more robust
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technologies to track postural data in the future, the Kinect implemented in the

research can be easily replaced with minimal change in methodology. Thus, there

is an excellent potential for the implementation of the safety frontier approach to

identify the maximum achievable level of safety for any repetitive labor-intensive

activity.

The research provides a method to compute the risk indices associated with

system and operational inefficiencies using the qualitative factor modeling (QFM)

approach from the qualitative survey data. The identified risk indices for each safety

factor help construction industrialists identify controllable factors with a higher

chance of causing injuries.

The identification of sustainable safety that can be achieved and sustained in a

construction site is crucial to improve the safety behavior of construction laborers.

The dissertation proposed an approach to compute the upper and lower level of

sustainable safety from the computed safety frontier, average observed safety, and

system and operational risk indices. The identified sustainable safety can be used

as an achievable index for construction laborers’ safety monitoring.

Overall, the research proposed and validated the applicability of the safety con-

trol system to optimize laborers’ safety while performing repetitive labor-intensive

activities in a real construction site. The computed safety frontier and sustainable

safety provide self-learning and peer learning opportunities to construction labor-

ers. Moreover, the workers can be trained in VR environments using the extracted

skeletal data and safety dynamics components.

7.3 Limitations

Despite the contributions mentioned above, the study still has several limitations.
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• We used Kinect to extract the postural data due to its features such as low cost,

acceptable accuracy and reliability, and robustness to varying site conditions.

However, it has limitations such as limited tracking range, self-occlusion, oc-

clusion by colaborers, and inability to track properly while back facing. Due

to these limitations, the extracted postural data had some errors. Although

we used the robust Tobit Kalman Filter (TKF) to reduce the noise, the data

inherited some errors, mainly affecting the prediction of lower back moments.

The future work should explore the applicability of robust technologies, such as

computer vision, motion sensor sytem, and IMU, to improve the data accuracy

and increase the reliability and accuracy of the prediction model.

• We limited the dissertation’s scope to the computation of safety dynamics

components for lower back while performing repetitive labor-intensive activ-

ities. Multiple crucial joints (knee, shoulder, hip, among others) should be

considered to robustify the proposed framework. Similarly, we need to vary

the construction activities to validate their adaptability and robustness.

• Although there are numerous safety factors, we limited our scope to 26 selected

safety factors based on the literature review. Additional safety factors need to

be identified by extensive literature reviews and interviews with construction

experts and incorporated in computed risk indices. Similarly, more survey

responses need to be collected to robustify the computed safety risk indices.

• The postural behavior is affected by the weight involved in the activity, dura-

tion of the activity, and working capacity of the human body. The research

only focused on identifying the safest posture while performing activity with

nominal load. Future research should consider load variation and its’ effect

on postural behavior to define the safe working capacity. Furthermore, lon-
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gitudional research needs to be carried out to study the long-term effect of

repetitive activities on workers’ health.

7.4 Future Works

The proposed method demonstrated its applicability in a real construction site to

monitor and improve safety performance. As mentioned before, the computed safety

dynamics components (refer to Figure 6.12) provide instant visualization of what

actions within an activity need to be improved for a specific laborer. Moreover,

the presented framework can significantly improve traditional safety training. Tra-

ditional safety training provides the same training to entire laborers without con-

sidering their personal needs and shortcomings. However, the study can develop a

need-based personalized training environment for construction laborers performing

repetitive labor-intensive activities in a VR environment. The workers can visual-

ize how they performed versus how they should perform the task using individual

and overall safety frontier and sustainable safety as a reference. Furthermore, the

developed framework has potential application in automated construction industry.

The safety control system approach can be implemented to compute the optimum

work procedure exerting minimum stress to automated system (robot, robotic arm,

among others).

The computation of the safety frontier and sustainable safety is a safety opti-

mization problem with inter-dependency upon other construction dimensions (cost,

productivity, and time). The cost of monitoring and training workers increases with

the uptick in the safety level. However, the expenses related to workers’ compensa-

tion claims, decreased productivity, and the cost of training new workers decreases

with increased safety level. Future research should consider other construction di-
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mensions and find an optimum solution to ensure sustainable cost, time, quality, and

safety. Moreover, future research should incorporate a broader demographic of con-

struction laborers of different ages, physiques, experiences, and expertise. However,

simply identifying the safety frontier and sustainable safety does not serve the pur-

pose. The workers need to be educated about how they are performing versus how

they should perform the task. For this, future work should explore the applicability

of need-based personalized training for construction laborers.
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Appendix A: Upper and Lower Limits of Sustainable Safety

When we add estimated system inefficiencies to the safety frontier, we get the

upper limit of sustainable safety. Similarly, when we remove estimated operational

inefficiencies from the observed safety, we get the lower limit of sustainable safety.

SSUL = SF + δsi (1)

SSLL = OS − δoi (2)

Using the QFM method, the estimated system and operational inefficiencies can

be computed using Equation 3 and 4.

δsi = Rsi ∗ (SSLL − SF ) (3)

δoi = Roi ∗ (OS − SSUL) (4)

where, Rsi and Roi are the risk indices of factors causing system and operational

inefficiencies respectively, given by Equation 5.

Rsi =

m∑
i=1

SiPiεi

m+n∑
j=1

Sjεj

and Roi =

n∑
i=1

SiPiεi

m+n∑
j=1

Sjεj

(5)

where, Si & Sj are severity scores of safety attributes i & j respectively, Pi is

the probability of occurrence of a factor i, εi & εj are existence indicators of safety

attributes i & j (0 = not present, 1 = present), and m & n are the number of

factors causing system & operational inefficiencies respectively.
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The summation of the risk due to system inefficiencies (Rsi) and operational

inefficiencies (Roi) represents the total risk (Ri) involved in the activity and is

given by Equation 6.

Ri = Roi +Rsi =

m+n∑
i=1

SiPiεi

m+n∑
i=1

Siεi

≤ 1 (6)

Comparing Equation 1 and 3, we get:

δsi = SSUL − SF = Rsi ∗ (SSUL − SF ) (7)

SSUL = Rsi ∗ SSLL + (1−Rsi) ∗ SF (8)

Similarly, comparing Equation 2 and 4, we get:

δoi = OS − SSLL = (OS − SSUL) ∗Roi (9)

Replacing the value of SSUL from Equation 8, we get:

OS − SSLL = (OS − [RsiSSLL + (1−Rsi) ∗ SF ]) ∗Roi (10)

SLL = (1−Roi)
(1−RsiRoi)

OS + Roi(1−Rsi)
(1−RsiRoi)

SF (11)

Replacing the value of SSLL (Equation 11) in Equation 8, we get:

SSUL =
[

(1−Roi)
(1−RsiRoi)

OS + Roi(1−Rsi)
(1−RsiRoi)

SF

]
Rsi + (1−Rsi)SF (12)

SSUL = Rsi(1−Roi)
(1−RsiRoi)

OS + RoiRsi(1−Rsi) + (1−Rsi)(1−RsiRoi)
(1−RsiRoi)

SF (13)

SSUL = Rsi(1−Roi)
(1−RsiRoi)

OS + (1−Rsi

(1−RsiRoi)
SF (14)
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Special Conditions:

Condition 1: Rsi = 0.0 & Roi = 1.0

SSUL = SSLL = SF

Condition 2: Rsi = 0.25 & Roi = 0.75

SSUL = 4
13 OS + 9

13 SF ‖ SSLL = 1
13 OS + 12

13 SF

Condition 3: Rsi = 0.5 & Roi = 0.5

SSUL = 1
3 OS + 2

3 ‖ SSLL = 2
3 OS + 1

3 SF

Condition 4: Rsi = 0.75 & Roi = 0.25

SSUL = 12
13 OS + 1

13 ‖ SSLL = 9
13 OS + 4

13 SF

Condition 5: Rsi = 1.0 & Roi = 0.0

SSUL = SSLL = OS
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Finally, the optimal sustainable safety can be computed as an average of upper

and lower limit of sustainable safety.

SS = 1
2

[SSUL + SSLL] (15)
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Participant's Information
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1 Personal Factors

Age (Low or High)

Lack of Work Experience

Lack of Workers' Safety Training

Poor Workers' Safety Attitude

Poor Education Level

Poor Physical Health Condition

Emotion (Psychological Health 

Condition)

poor Workers' Judgement Ability

Drug Abuse

2 Environmental Factors

Untidy Site

Poorly Planned and Unorganized 

Site

Bad Weather

High Noise

High/Low Temperature

High Humidity

3 Organizational Factors

Unavailability of Safety 

Equipment

Poor Supervisors' Safety Behavior

Poor Coworkers' Safety Behavior

Work Overload

High Accident History

High Time Pressure

Longer Working Duration

Lack of Personal Protective 

Equipment (PPE)

Poor Equipment

4 Regulatory Factors

Lack of Safety Regulation

Unavailability of Site Safety 

Personnel

Overall Experience (Years)

SN

Can this 

safety factor 

be controlled 

by 

management 

team? (Y/N)

Severity of factor Probability of Factor Causing Injury (%)Factors Affecting Workers' 

Safety while performing labor-

intensive repetitive tasks 

(masonry work, tile work, 

manual material handling, 

among others)

Job Location

Job Designation

Construction Site Experience (Years)

Appendix B: Questionnaire Survey Form
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