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Abstract

Introduction: Work Zones (WZs) have long been identified as a source of traffic fatalities and delays.
Despite considerable technological advances that have alleviated many operational challenges associated
with a WZ, social concerns about safety and mobility near WZs remain. Notably, the concept of a Smart
Work Zone (SWZ) emerged from the compelling need to improve the safety and mobility of traffic and
other WZ participants. This study reviewed the literature to assimilate studies related to SWZ Systems
(SWZSs), report their findings, and ascertain a future path forward.

Method: To accomplish this, the existing WZ-related literature base was clustered into safety and traffic
mobility topics using Latent Dirichlet Allocation (LDA) modeling. A thorough investigation of the pivotal
inferences for the research topics was undertaken to comprehend current SWZ technologies and the need
for further research.

Results: The review uncovered the prominent features of SWZSs reported in the literature and the
hindrances to their adoption. The most reported hindrances are the cost and effort associated with
development, installation, and relocation. We uncover that Connected Autonomous Vehicles, vehicle-to-
vehicle, and vehicle-to-infrastructure communication, along with technology-based worker training are the
most promising next frontier for SWZ.

Conclusion: Significant research gaps exist in the literature regarding developing and implementing SWZS.
Additionally, little effort has been directed toward developing workers’ skills and competency. Practical
approaches such as Virtual Reality (VR)-based training are necessary to bring workers up to pace with the
developing SWZ technologies.

Practical Applications: Future research should be directed towards interconnecting and implementing
available safety technologies to automate WZ safety and management. Workers should be trained using
more practical techniques. In this context, using VR will enable the simulation of hazardous events in a safe
environment while also improving workers’ skill retention.

Keywords: intelligent transportation system; highway safety technologies; Latent Dirichlet Allocation;
literature review study; worker adaptation
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1. Introduction

Highway construction/maintenance work zones (WZs) are hazardous working environments owing to the
coexistence of moving automobiles and pedestrian laborers (Almallah et al., 2021; Duan et al., 2020; Marks
et al., 2017; Nasrollahzadeh et al., 2021). The WZ crash statistics show a definite need for more effective
and efficient WZ safety mechanisms and practices (Leder et al., 2019; Y. Li et al., 2018; Nnaji, Gambatese,
etal., 2020; Ozan, 2019). National statistics indicate that the annual average growth rate of fatal WZ crashes
in the United States is nearly 4%, and WZ crashes are expected to be more severe than non-WZ crashes
(Oregon Department of Transportation, 2017). Additionally, WZ is the main reason for non-recurring
congestion on freeways, causing more than 10% of congestion (Jagarlamudi, 2018) and 24% of unexpected
freeway delays (Rahim & Hassan, 2021). Researchers, policymakers, and WZ managers are actively
exploring intelligent technologies and new methodologies to ease these challenges, thereby achieving
nearly normal traffic operations and safety (Thapa et al., 2022). This desire spawned the concept of Smart
Work Zones (SWZs). The term SWZ is also called a Work Zone Intelligent Transportation System
(WZITS), which targets implementing ITS technologies to enhance the mobility, safety, and efficiency of
WZs (Ozan, 2020). SWZ Systems (SWZSs) are characterized by a combination of automated detection and
communication technologies designed to inform road users of the traffic, road, or environmental conditions,
particularly during lane closures (Ozan, 2020). According to (Pant, 2022), a system can be called an SWZS
if it is (i) capable of detecting and communicating in real-time, (ii) portable and easy to deploy, (iii) capable
of operating automatically with minimal supervision, and (iv) can provide accurate and reliable information
to road users. Additionally, when used effectively, SWZSs at the very least are expected to provide solutions
to the aforementioned problems by performing one or more of the following tasks: (i) informing road users,
particularly motorists, of the downstream conditions (e.g., adverse road or weather conditions, reduced
speed limit, lane closures, merge actions, etc.) so they can better prepare, (ii) recommending alternate route
to ease congestion and travel delays, or (iii) making WZs safer by enforcing safety measure (e.g., displaying
warning and regulatory information).

Numerous initiatives taken at the state, regional and federal levels have sought to proliferate the
use of SWZSs to make WZs smarter in the US. Some notable examples are the Work Zone Data Initiative
and the Smart Work Zone Deployment Initiative (SWZDI) funded by the Federal Highway Administration
(FHWA). SWZDI has been funded since 1999 and currently comprises participant states lowa, Kansas,
Missouri, Nebraska, Wisconsin, Illinois, Michigan, and Texas. The initiative has funded and produced
numerous WZ safety-related studies and products. Notably, federal acts such as the IIJA act of 2021, FAST
Act of 2015, MAP-21 0of 2012, and SAFETEA-LU of 2005 have funded WZ safety-related research in the
US over the years. These initiatives have produced a large body of research on WZ, SWZs, and SWZSs.
While it is a daunting task to assemble and review all the literature on all these topics, we believe that a
review of the “smart” components of WZ is practical and necessary for a path toward SWZs. A thorough
review of SWZSs can be helpful to researchers and policy makers. First, it will serve as a one-stop-shop
for all “smart” WZ studies. Second, a synthesis of studies will make identifying deficiencies easier and
hopefully pave the path toward smarter WZs.

This study clusters WZ-related studies into major topics using a Natural Language Processing
(NLP) method called Latent Dirichlet Allocation (LDA) modeling to gain an overall outlook of WZ studies
and performs an extensive review of the two main topics that are the foundational components of WZs,
safety, and mobility. The literature search using NLP has been widely used in recent years, considering
their potential to minimize the human effort required for identifying the relevant literature. Some recent
studies using NLP for literature search are (Sun & Yin, 2017; Xiong et al., 2019; Zulkarnain & Putri, 2021).
LDA is particularly useful as it does not require advance knowledge of the underlying topics and can be
tuned to fit and explore different topic formations (Y. Zhao & Cen, 2014). In this study, as we focus on the
“smart” component of WZs, the LDA model was trained to identify the related literature, thereafter, review



all research works related to SWZSs. Based on our findings, we present conclusions on current challenges
in creating a smart WZ and the means to address them.

1.1. Study contributions

This review seeks to provide a comprehensive synthesis of the literature on WZ-related technologies, with
a particular emphasis on SWZSs, to gather knowledge of their state-of-the-art, capabilities, and limitations.
This study provides a concise overview of current knowledge on (i) potential SWZSs in the literature and
their effectiveness in improving WZ safety and mobility, and (ii) research and development needs for the
proliferation of current and future SWZSs. To our knowledge, no studies have studied SWZSs to this end.
The findings from the review are reported to provide clear guidance to researchers and practitioners on
applying WZ safety systems that can potentially make WZs smarter. Additionally, based on the findings,
future research avenues are identified and discussed in detail to provide researchers and policymakers with
a clear path forward.

This paper is structured as follows: Section 2 presents an overview of the methodological approach
and literature search criteria to identify major aspects of WZs. The findings from our literature review are
presented in Section 3. Section 4 discusses the findings and recommends the path forward for future
research and development. The study concludes with a summary and limitations in Section 5.

2. Methodology

The methodological approach adopted to review the literature for the current study comprised of three major
steps; (i) selection and clustering of WZ-related studies to identify major topics and their subclasses, (ii)
review and analysis of SWZ aspects related to the topics, and (iii) conclusions and recommendations on
future directions. These steps are detailed in the following sections.

Fig. 1 shows the research methodology followed to select the relevant publications and the review
method adopted. The literature on WZ is quite extensive, which makes selecting relevant papers a
monumental endeavor in and of itself. This study uses the LDA model to minimize the burden of choosing
the appropriate articles to review. Next, we introduce the LDA model followed by the research methodology
used to identify the major topics. We only provide a brief discussion of LDA for brevity and suggest the
readers consult (Blei et al., 2003) for a more detailed explanation.
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Fig. 1. Review methodology

2.1.Latent Dirichlet Allocation modeling

2.1.1. Introduction

In LDA, it is assumed that each document is a mixture of several topics, each of which can be represented
as a probability distribution over words. Provided we have a collection of documents, often called a corpus,
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the goal of LDA is to learn (i) how the topics are distributed for each document, and (ii) how the words are
distributed for each topic. The entire process can be broadly divided into five steps.

1.

iii.

1v.

Initialization: LDA begins with allocating random topics to each word in a document. Thus, we get
documents as a mixture of topics, and topics are a mixture of words.

Iteration: In this step, for each word in each document, class membership probability is calculated. This
is the probability that a word belongs to a certain topic based on the current topic and word distribution.
For a certain topic, the lower-class membership probability of a word indicates they are less likely to
be associated. On the other hand, upper-class membership probabilities are indicative of a higher
likelihood of topic-word association. For each word, LDA assigns the topic which has upper-class
membership or the highest probability. This iteration is repeated until there is no notable change in
word-topic assignment between iterations.

Topic distribution: After word-topic assignments are complete, LDA derives the topic distribution for
each document which describes the probability of each document being associated with each topic.
Similar to the previous step, documents are assigned topics with higher probability.

Word distribution: LDA estimates word distribution for each topic and calculates the probability of
each word appearing in a document assigned to a topic.

Validation: Consequently, the goodness of the fitted LDA can be evaluated using validation perplexity
which evaluates the predictive ability of the model. More specifically, validation perplexity quantifies
how well the LDA can predict topic distribution for documents that are not part of the training sample.
A lower value of validation perplexity indicates a better LDA model (Blei et al., 2003).

The LDA model can be visualized using a probabilistic graphical model shown in Fig 2. where the
outermost “plate” shaded in blue represents documents. The inner plate shaded in orange represents words.
The plate in green represents topics. Since LDA is an iterative process, these plates represent repeated
entities (documents, words, and topics). The dependencies between the variables in the model are presented
by arrows. Considering corpus with documents ie{1,2,3....1}, words je{1,2,3....J}, and topics
k €{1,2,3....K}. Then the variables are as follows.

O Latent Variable
O Observed Variable

i____i Model Parameters
—» Dependencies between

random variables

(] Repeated Nodes

Fig 2. Probabilistic graphical model representing LDA

D = Number of documents

K = Number of topics

N = Number of words in a document (For example,a document i has N; words)

a = Parameter of the Dirichlet prior on document topic distribution

B = Parameter of the Dirichlet prior on topic word distribution

0; = Topic distribution for document i

z;; = Topic for j*" word in i** document

Y, = Word distribution for topic k

w;j = Specific word
It is worth noting that 8, ¥, and z are not directly observed and are latent variables. On the contrary, w is
the only observed variable in the model.



2.1.2. Data preprocessing
Since LDA is the process of modeling text data, data preprocessing is needed before it is trained. The
preprocessing step includes the following.
i. Converting the text data to lowercase
ii. Tokenizing the text
iii. Punctuation removal
iv. Stop words removal (such as "and", “of”, and "the")
v. Removing words with two or fewer characters
vi. Removing words with 15 or more characters
vii. Lemmatizing words
viii. Removing general keywords to avoid bias (e.g., in our case traffic, transportation, work, zone, etc.)

2.1.3. Hyperparameter tuning

Hyperparameter tuning is the process of optimizing the performance of the LDA model based on measures
such as validation perplexity and model run time. The objective is to find the optimal set of hyperparameters
that maximizes model performance. For instance, hyperparameter tuning can be used to find the number of
topics, K in the model shown in Fig. 2 that gives the minimum value of validation perplexity.

2.2. Research methodology

The research methodology adopted for this study can be divided into two steps. In the first step, all relevant
articles were identified using keywords. Since the number of articles was considerably large, an iterative
LDA-based algorithm was developed and implemented to select the most pertinent articles for review. In
the next step, after a feasible number of articles were identified, standard LDA model was used to identify
most relevant topics from the articles. The two steps are described in greater detail as follows.

2.2.1. Article selection

From a basic keyword querying of online databases (Scopus, Google Scholar, CiteSeerX, Mendeley,
Medline/Pubmed, IEEEXplore, ArXiv, and ACM Portal) using the keywords ((work?zone OR
construction?site AND (traffic OR transportation)), a total of 15,035 articles were obtained. After applying
several essential inclusion/exclusion criteria such as language, author information, article type, etc., a total
of 12,722 articles were shortlisted. Further, an automated keyword search within the title of the article,
author keywords, and abstract was performed to see whether the terms such as work zone, construction
zone, or construction site are mentioned along with any of the terms such as traffic, transportation, vehicle,
road, highway, freeway. This stage resulted in 2,641 articles for the topic modeling.

To further reduce the number of articles and obtain the most relevant pick, we developed and
implemented an LDA-based semi-supervised deletion criterion. An iterative LDA modeling approach was
implemented that removed the articles with lower-class membership across the major classes. The
algorithm automatically reads the membership probability of the article with different topics and chooses
the topic with a higher probability. The inclusion/exclusion criteria were set to at least the 85" percentile
of the overall membership probabilities for the topic. Fig. 3 shows the number of articles retained after each
iteration step. It is to be noted that at every stage of the iteration, the model evaluates the number of articles
retained, validation perplexity, and the time elapsed. The iteration was stopped when there was no change
in the number of articles. At the end of this process, 404 articles were selected for the final topic modeling.

2.2.2.Topic modeling

Topic modeling is a word clustering approach, which partitions a set of words into subsets of semantically
similar words. In this step, the keywords from each article were fed into LDA, which included the keywords
reported by the author as well as those derived from the abstract and title of the publication. After extracting
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the keywords, they were preprocessed to prepare for LDA as mentioned in Section 2.1.2 (e.g., converting
data to lowercase, text tokenization, and so on).

The number of topics is an essential hyperparameter in LDA. The selection of the number of topics
should be such that it minimizes validation perplexity and fitting time. There should be a trade-off between
them for an optimal clustering of the documents with a minimal convergence time. We implement
hyperparameter tuning to find the optimal number of topics as follows:

i. Fit LDA models for a range of the number of topics.
ii. Assess the computational time and the perplexity of each model on the set of test documents.
iii. Choose the value where the perplexity and time-elapsed are minimum.
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Fig. 4. Selection of the optimal number of topics for LDA

Fig. 4 shows the variation of perplexity and time-elapsed for different topic numbers. An acceptable choice
of the number of topics was found to be four, as presented in the figure. Next, LDA topic modeling was
performed for all the documents using the keyword list and clustered into four topics, as shown in Fig. 5.
Once the important topics of WZ studies are identified, further screening of the selected manuscript was
performed based on cluster membership. We also searched for relevant articles online that might be
important based on the topic-specific keyword search. Finally, a total of 250 papers were identified for
detailed review. The subsequent sections will present a detailed review of the first two foundational topics
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(i.e., safety and mobility). We chose to limit the current assessment to two topics due to the extensive
literature which warrants a comprehensive review and cannot be accommodated in a single article.
Furthermore, the chosen topics are often the most prioritized aspects of WZs from a safety and economic
point of view.
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Fig. 5. Word clouds obtained from LDA

3. Review and analysis of SWZ aspects
3.1. Topic 1: Work Zone safety
Highway WZ crashes fall into two categories: those involving construction workers (30%) and those
involving vehicles passing through the WZ (70%) (S. B. Mohan & Gautam, 2002). Various transportation
organizations have recognized WZ safety as a high-priority concern, and there is a solid requirement for
more effective and efficient safety devices and methods (Ozan, 2019). Every year, roughly twelve billion
vehicle miles will pass through active WZs, and vehicles are expected to encounter an active WZ at once
every hundred miles driven (Federal Highway Administration, 2014). To guarantee the safety of workers
and road users in and around WZ, the FHWA emphasized the necessity of safety monitoring throughout
the design, planning, and construction stages (Federal Highway Administration, 2009). Nevertheless,
between 2018 and 2019, fatal collisions in WZs increased by 11%, whereas fatal collisions elsewhere fell
by 2%. The 11% increase in WZ fatalities surpassed the modest increase of 0.3% in overall highway
construction spending and 0.8% in total vehicle miles driven countrywide (Fatality Analysis Reporting
System (FARS), 2019). In WZs, particularly those with periodic congestion, back-of-queue crashes are a
serious safety threat and fatal front-to-rear collisions occurred at an average annual rate of 150, in US WZs
between 2014 and 2018, accounting for 22.5% of WZ fatalities (Fatality Analysis Reporting System
(FARS), 2019).

Fig. 6 shows the WZ fatal crashes and fatalities for the past ten years in the US. The figure shows
that the number of fatalities and fatal crashes consistently increased over the year at an average rate of 30
fatalities/year and 27 fatal crashes/year, respectively. The truck-involved fatalities and fatal crashes also
show a positive trend (Benekohal & Shim, 1999) found in their study that about 90% of truck drivers regard
the WZ as more unsafe than regular sections. Additionally, when compared to non-WZ locations, trucks
are 44.6% more prone to single-vehicle incidents in WZs. Though worker-related crashes are not showing
any statistical trend, the situation is not improving. WZ safety is still a threat despite extensive academic
research and policy changes. It is to be noted that improving safety in WZs is a key challenge since
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approximately 20% of the US highway system is under maintenance or construction during the peak
construction season each year, with more than 3,000 WZs at a time (Construction Safety Council, 2008).
On average, statewide, there occur 7.3 work zone crashes per day each year.
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Fig. 6. Work zone fatal crashes and fatalities in the United States

Effective traffic control plans for WZs, together with sufficient training and supervision of workers,
are critical for resolving challenges associated with WZs (Atahan et al., 2019; Bryden et al., 1998).
Moreover, a better comprehension of the potential risk factors for WZ crashes is vital to make informed
decisions and devising proper safety strategies and interventions (Yang et al., 2015). However, the factors
contributing to worker and vehicle safety near WZs are distinct, as discussed in the following subsections.

3.1.1. Work zone risk factors and driver behavior

According to the literature, the primary risk factors for WZ crashes are roadway and work zone attributes,
and weather/lighting circumstances. Interestingly, these factors can influence another significant risk factor,
which is driver behavior.

Based on the literature, driver behavior in WZs is characterized by their willingness to (i) maintain
a uniform traffic flow by maintaining a constant speed and speed variance, and (ii) execute safe merge
operations. WZs cause sudden interruptions in traffic flow resulting in queues, slowdowns, maneuvers (lane
change and overtake), and conflicts thus affecting driver behavior (Flannagan et al., 2019). Driver actions
such as overspeeding and large speed variances in WZs are the major contributors to WZ crashes. Therefore,
most WZ treatment focuses on improving WZ safety and traffic efficiency by maintaining a uniform traffic
flow and enforcing safe merge behavior.

Driver behavior across the literature has been studied alongside WZ, vehicle, environmental, and
driver characteristics. (Hamdar et al., 2016) studied driver behavior for various WZ scenarios related to
length, barrier type, and level of activity and reported higher average vehicle speeds along longer WZs.
This could be attributed to drivers’ growing impatience when navigating through longer lane closures. The
authors also observed a difference in time and mean space headways when using different barriers.
Similarly, it has been observed that drums and channelizers in WZs affect driving performance differently
than concrete barriers, and the speed variance of vehicles increases with the level of work zone activity
(Reyes & Khan, 2008). Furthermore, with the increase in activity level, the authors observed an overall
decrease in speed. He, et al. 2016 investigated drivers’ lane change maneuvers and found vehicle type, lane
speed, and volumes to be significant determinants of lane change behavior in WZs (He et al., 2016). Weng
and Meng 2012 investigated the effects of environment, vehicle, and driver characteristics on risky driving
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behavior at WZs (Weng & Meng, 2012). The authors reported that adverse weather and lighting conditions,
the absence of traffic control devices, and old vehicles were associated with risky driving behavior. The
authors also found risky driving behavior was observed on single and multilane roads when the lighting
conditions were unfavorable and favorable, respectively. Middle-aged male drivers were most likely to
exhibit risky driving behavior.

Debnath et al., 2015 surveyed highway workers to identify WZ risk factors and countermeasures
(Debnath et al., 2015). They identified adverse weather and lighting conditions, distracted driving, roadway
type, and alignment as the major risks in WZs. According to the workers, the most hazardous conditions
were working in wet weather (skid resistance, reduced visibility), driver frustration and aggression toward
traffic controllers, and distracted driving from mobile phone use (Debnath et al., 2015). In terms of the time
of day, peak hours, and non-daylight hours (dawn, dusk, and night) are considered the most hazardous
conditions by workers. Reasons cited for non-daylight hours being the most hazardous were the higher
number of drunk drivers and reduced visibility. Similarly, working on freeways and hilly/curved roads was
considered risky by workers. Finally, according to the workers the most effective countermeasures for speed
compliance were police enforcement, the presence of police cars regardless of the presence of an officer,
installation of speed bumps, and WZ-oriented driver education.

Looking at work zone crash data from multiple states, (Dissanayake & Akepati, 2009) reported that
most work zone crashes occur in clear weather and daylight conditions. Their study showed only a small
difference in the number of crashes observed in dark lighting conditions with and without streetlights. They
reported that almost half of all WZ crashes occurred within or adjacent to work activity. Notably, about
42% of all WZ crashes were rear-ended crashes. The primary factors resulting in crashes were taking
improper action (32.1%), inattentive driving (19%), and following closely (9.7%). Similarly, when
investigating the factors contributing to work zone crashes during adverse weather conditions,
(Ghasemzadeh & Ahmed, 2019) reported adverse weather and lighting conditions like rain and fog were
important factors influencing crash severity. Their analysis showed that while these weather conditions
resulted in less severe work zone crashes on their own, their interaction with other contributing factors
increased the likelihood of more severe crashes. They also found that Driving Under the Influence (DUI)
was a statistically significant predictor of work zone crash severity.

3.1.2. Worker safety

Highway construction/maintenance job is one of the most unsafe occupations in the United States.
According to the latest statistics from the US Bureau of Labor Statistics, approximately 31% (1,590 out of
5,190) of all deadly job-related accidents that occurred in 2021 were caused by collisions with vehicles on
roads or pedestrian walkways (US Bureau of Labor Statistics, 2021). According to researchers, traffic
crashes in WZs result in around 2,400 worker injury incidents every year (Awolusi & Marks, 2019). In the
US alone, roadside WZs account for hundreds of human fatalities and thousands of non-fatal injuries
annually due to errant vehicle intrusions (Osman et al., 2016, 2018, 2019a, 2019b). The WZ crashes
reported during the last five years in the US account for about 3% of all occupational fatalities, which
translates to a worker fatality every 15 hours and an injury every 14 minutes (VDOT, 2019). Since the work
situation on the highway is often noisy and chaotic, spotting an errant vehicle and taking appropriate action
becomes challenging for WZ personnel (Fyhrie, 2016), owing to the limited period available for reacting.
The absence of predictive safety systems that alert workers to impending threats is a major source of
contention in the highway maintenance and operation sector (Sabeti et al., 2021).

According to highway workers, driver distraction, excessive vehicle speeds, hostility toward
roadworkers, and operating at night, inclement weather, or close to traffic were among the most often cited
hazard in the field (Debnath et al., 2015). (Mokhtarimousavi et al., 2020) have shown that
construction/maintenance work on the shoulder or median, or advanced warning area, working during
daytime non-peak hours, and the presence of multi-occupants have heterogeneous effects on injury severity.
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Further, it was reported that inattentive or speeding drivers, careless workers, misplaced traffic control
devices, and hazardous roadway conditions can also contribute to crashes, resulting in WZ injuries and
fatalities (Arslan et al., 2018; Gambatese et al., 2017; K. Kang & Ryu, 2019). Notably, worker safety during
night-time construction has been a key concern as it generates hazardous working circumstances (Arditi et
al., 2007). Active strategies, such as deploying intrusion sensing and alert technologies in WZs, can
effectively mitigate these unforeseen conditions (Awolusi & Marks, 2019). Studies have shown that
wearable technology, such as wearable lighting systems (WLSs), can increase worker safety in various
construction industries (Nnaji, Jafarnejad, et al.,, 2020). (Sayer & Mefford, 2004) emphasized the
significance of retroreflective trim on workers' safety garments, especially when the trim is positioned on
the garment’s sleeves. Recent studies have demonstrated that closely monitoring the status of moving
objects in real-time and providing quick feedback to workers may significantly increase the effectiveness
of any safety strategy (Andolfo & Sadeghpour, 2015). Several active technologies have been developed to
support workers and equipment operators with proximity sensing and alerts. However, most of these
systems ignore the differences in WZ settings and environmental conditions, such as equipment types and
approaching speeds, resulting in inconsistency and delays (Park, Yang, et al., 2017).

According to (McAvoy et al., 2007), WZ safety can be achieved by providing precise and positive
guidance to workers and road users. Unfortunately, workers often misidentified many potential safety
threats at construction sites (Albert et al., 2014; Bahn, 2013; Carter & Smith, 2006). Many states in the US
have used intelligent transportation system technologies such as queue warning systems, vehicle intrusion
alert systems, and sequential warning lights on tapers for alerting workers and road users about approaching
hazards. Despite these technologies, little attention has been paid to training workers involved in the WZ
system operation, administration, and inspection (Chang et al., 2020).

3.1.3. Safety of passing traffic

Due to traffic complexity in WZs, the typical crash prevention procedures frequently fail to work in a WZ
setting (Qiao et al., 2016). According to the Federal Highway Administration’s facts and statistics, there
were 762 fatal WZ crashes in 2019, resulting in 842 fatalities (Federal Highway Administration, 2021).
(McAvoy et al., 2011) have shown that the primary causes of WZ crashes are driver inattention, speed
differential, failure to yield, hazardous speed, and one vehicle following another too closely. Daniel et al.
(2000) have shown that WZ fatal crashes are more prone to cause multiple vehicles fatal crashes than non-
WZ. According to (Silverstein et al., 2016), rear-end and sideswipe crashes are highly likely to result in
fatalities in WZ than in non-WZ. (Weng & Meng, 2013) mentioned that the likelihood of merging vehicles
crashing diminishes as the remaining distance to the WZ increases. Additionally, there is a 4% chance of a
rear-end collision if the merging vehicle fails to complete the merge at the end of the WZ merging area. In
contrast, early merging reduces the likelihood of a rear-end collision by 1.2 percent (Weng & Meng, 2013).
One notable finding is that there is a heightened danger of rear-end collisions in WZs on weekends and at
night (K. Zhang & Hassan, 2019). It is to be emphasized that the classification of crash types within the
WZ will assist highway contractors, and owner agencies determine the most cost-effective safety
precautions (S. Mohan & Zech, 2005). According to (Jin et al., 2008), the mean crash rates during the
construction and non-construction periods were not statistically different, implying that previous WZ
safety-related studies’ findings of higher crash rates during construction time were not statistically
supported by Utah’s WZ crash records. Though it contradicts the common belief about WZ safety, this
could be possible for well-planned and technologically equipped WZs. Another significant finding is that
fatal crashes in WZs are less impacted by horizontal and vertical alignments than fatal crashes in non-WZs
(Daniel et al., 2000).

High speed and speed variation, project duration, presence of traffic control devices, peak hours,
traffic volumes, work/taper length, and adverse lighting/weather conditions are the most consistently
reported contributors to WZ crashes (Garber & Zhao, 2002; Yang et al., 2014). Identifying such risk factors
is important for decision-makers to reduce WZ crash risks by rescheduling a specific maintenance or
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construction activity or altering the operation’s characteristics (Nasrollahzadeh et al., 2021). On the
contrary, (Silverstein et al., 2016) argued that the ITS solutions (e.g., vehicle-to-vehicle communications,
speed harmonization) are more appropriate for WZ safety since some conditions that are considered non-
adverse are also correlated with crashes (e.g., clear daylight conditions increase the likelihood of read-end
and sideswipe collisions).

3.2. Topic 2: Speed, capacity, congestion, and control

Road renovation is imminent, and it is vital and necessary to minimize the impact of the WZ on traffic flow
(Shao et al., 2020). Proper traffic control and delineation are crucial for improving WZ safety and efficiency
(Bligh et al., 1998). It has been reported that highway WZ causes over a fifth of the non-recurring
congestion, resulting in severe delays, and in 2014, the reported delay was 888 million vehicle hours
(Awolusi & Marks, 2019). It is worth noting that temporary traffic control solutions have been created and
implemented in WZs over the years (Y. Li & Bai, 2009b), and these technologies have the potential to aid
in avoiding some usual human mistakes, such as disregard for traffic control, inattentive driving, following
too closely, and exceeding the speed limit or driving too fast for the conditions (Y. Li & Bai, 2009a).

Notably, most traffic-related issues near WZs can be attributed to the associated lane closure. Lane
closures are indispensable as most WZ activities cannot be carried out without disrupting traffic, otherwise
arising from the workers’ safety obligations. It is well known that lane reductions may disrupt regular traffic
flow and cause speed drops, resulting in a decline in road capacity and an increase in traffic delays. It is to
be noted that the capacity reduction near WZs reduces traffic efficiency and increases traffic crashes (Han
et al., 2020; Memarian et al., 2019; Zheng, 2014; Zheng et al., 2010; Zhou & Ahn, 2019). According to
existing research, WZs account for a significant portion of highway congestion due to reduced operational
lanes (Chung & Recker, 2012). Studies have reported that various types of lane closures can have varying
effects on traffic flow, such as speed and capacity. (Gladson et al., 2020) found that near-side lane closure
has a minimal impact on capacity (15%), whereas run-around type closure has the maximum (46%).
Increased crashes due to lane closure were found because of the need for lane merge. Because the vehicles
present in closed lanes must merge into neighboring open lanes, the likelihood of traffic conflicts and traffic
safety issues may increase (Weng & Meng, 2013). However, the conventional early merge behavior limits
leveraging the available capacity in the closed lane; therefore, typical traffic operations and control at WZ
are ineffective in relieving the WZ bottlenecks (Algomaiah & Li, 2021).

Numerous studies have been undertaken on the speed characteristics of motorway WZs (Z. Wang
etal., 2021). These studies have reported that speeding is the key factor in unsafe situations in a WZ (Cheng
& Cheng, 2020). Any countermeasures to minimize speed variance will certainly enhance safety (Salem et
al., 2006). The preponderance of rear-end collisions across all WZ locations suggests a substantial speed
variance. Several countermeasures have been practiced in WZs to control the speed within the limits,
minimize speed variability, and speed enforcement. Regarding roadwork features, speed increased by 11
km/h when road markings were present, reduced by 9 km/h when road delineators were present, and
increased by 5 km/h when barriers were present (Steinbakk et al., 2019).

As mentioned, WZs cause nonrecurring congestion on highways, resulting in a significant
reduction in capacity, travel delays, and pollution (Mashhadi et al., 2021; Yu et al., 2019). The reduced
roadway capacity is caused by WZ speed limits, fewer traffic lanes, and narrower lanes. Generally,
congestion occurs once the inbound traffic flow goes beyond the downstream capacity, and the outflow is
lowered due to the congestion-induced capacity reduction (Papageorgiou et al., 2008). A proactive, citywide
strategy to manage all WZs can reduce congestion and give agencies superior control over planning and
approving projects and budgets (Dickerson et al., 2016). As transportation agencies ought to routinely plan
WZ activities for the duration of the construction season, breakdown probability models could have a very
immediate influence on WZ planning. Additionally, the models for predictive relationships based on
construction scenario capacity and demand have strong correlation coefficients, indicating the possibility
of developing such relationships for roadway construction projects. (Du & Razavi, 2019) have found that
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incorporating a non-linear traffic flow model and a discrete-time sliding mode control in the Variable Speed
Limit (VSL) control improved by nearly cutting 90% of the crash risk, 17% of the average travel time, and
6% of NOx, CO, emissions, and fuel consumption. However, there is a scarcity of data related to the
stochastic capacity of WZs (Kianfar & Abdoli, 2021). While the current methodology for determining the
capacity of freeway construction zones in the sixth edition of the Highway Capacity Manual is a significant
advance over previous guidelines, it addresses the issue of assuming the mean queue discharge rate as
deterministic and ignores the stochastic character of traffic flow and breakdown (Jehn & Turochy, 2020).
As we can see, considering speed limits is critical to reduce WZ crashes and their severity. However, speed
limits have been shown to reduce capacity.

3.3. Smart Work Zone Systems
Identifying future research and development requirements heavily relies on comprehending the state-of-
the-art of SWZS. In this context, according to (Pant, 2022), all SWZSs should be capable of accomplishing
the following tasks.
i.  Detect and communicate in real-time.

ii.  Be portable and easy to deploy.

iii.  Operate automatically with minimal supervision.

iv.  Provide accurate and reliable information to road users.

However, the literature review suggests there are very few systems that meet all these requirements.
Moreover, it is often the case that most SWZSs meet some of these requirements. Based on the literature
review, prominent SWZSs were identified which are presented in Table 1. Note that primary use cases for
the systems are divided into three categories (WS=Worker safety, TS=Safety of passing traffic, TF=Traffic
flow) and presented. A review of the literature on these systems is as follows. It should be noted here that
some of these systems fall in the category of Advanced Traveler Information Systems (ATIS) since they
acquire and deliver real-time updates to motorists, allowing them to make more efficient and safe use of
existing transportation systems (Ermagun, Kelarestaghi, Finney, et al., 2021; Pesti et al., 2004).

Table 1. Prominent Smart Work Zone Systems in the literature

Primary use

SWZS Description
case
Automated Speed Uses sensors to measure vehicle speed, and a camera to identify drivers
o o . o WS
Enforcement violating the speed limit and issues citations.
Work Zone . . . .
. Systems designed to detect unauthorized WZ intrusions and warn workers
Intrusion Alert . Lo . . WS+TS
using warning lights, sounds, or haptic feedback devices
Systems
Worker tracking System for tracking worker location
Queue  Warning Uses roadway sensors to detect queue length and end-of-queue and relays TF
Systems the information to drivers upstream.
Variable Message A system that detects roadway, traffic, and environment conditions
. . . . WS+TS+TF
Sign downstream and displays warning or regulatory messages to motorists
Speed Limit . . . . .
. . +TS+
Advisory Signs Displays advisory messages regarding the speed limit on a highway segment ~ WS+TS+TF
Dynamic Lane A system that uses sensors to identify safe merging areas based on traffic WS+TSATF

Merge Systems

flow and speed harmonization displays it to motorists.

Note: WS=Worker safety, TS=Safety of passing traffic, TF=Traffic flow

3.3.1 Automated Speed Enforcement Systems

WZ lane closures create bottlenecks for traffic flow. An abrupt reduction in traffic throughput results in a
road segment resulting in traffic delays which is often frustrating and annoying to motorists. This elicits
aggressive and risky driving behavior from motorists. Further, the speed reduction and differentials make
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WZs a prime location for rear-end crashes. Therefore, proper speed enforcement is crucial to ensure the
safety of motorists and workers alike.

Automatic Speed Enforcement (ASE) systems can be divided into two types based on detection
technology which are either Lidar or Radar-based. These systems are effective in increasing speed
compliance. For example, a radar-based ASE system deployed in Maryland was found to reduce speeding
violations by 80% and related fatalities by 50% (Adenaiya, 2017). Radar-based ASE, also called Speed
Photo-radar Enforcement (SPE) is more popular in the US. SPE for work zones was first investigated in the
US by the Illinois Department of Transportation (Benekohal et al., 2008). Several states have since adopted
it. In most cases, ASE is operated and monitored by law enforcement agencies and is quite effective in
reducing car speeds by as much as 8 mi/h (12.8 km/h) with some halo effects (Benekohal et al., 2008). It
should be noted that a similar system called Automatic Section Speed Control (ASSC) is employed in
Europe. However, unlike ASE, ASSC calculates speed over a section of a road rather than at a single point
(Lahrmann et al., 2016). Regardless, ASSC has also been found to be very effective in reducing speeding
violations and crashes. Table 2 presents a summary of findings from investigations on ASE and ASSC.

Table 2. Effect of Automated Speed Enforcement Systems on driving behavior

Study Findings

(N. L. Morris et al., 2016) e No imprO\./ement in driver attention when using ASE + Dynamic Speed
’ Message Sigs
e Up to 7.3 mi/h (11.75 km/h) reductions in the free-flowing speed of vehicles
(Benekohal et al., 2008, e Considerable reduction in vehicles exceeding the speed limit (as much as 8.3%
2009, 2010) from an initial 39.8%)
e Excessive speeding >10 mi/h (11.74 km/h) was eliminated
e Reduction in the number of violators driving over 6-10 mi/h (9.65-16 km/h)
threshold from 20% to 10% over 30 months
e Reduction in the number of violators driving over the 11-20 mi/h (17.7-32
km/h) threshold from about 8% to 1%.

(Adenaiya, 2017)

(Joerger, 2010; Oregon
Department of
Transportation, 2015)

(Washington Department of : ) _
Transportation 2009: ° A slight decrease in traffic speed violations was observed

Washington Traffic Safety . Inltloal'ly, a decrease in average speed values from the baseline was observed
i but it increased back to the baseline value over the next two years
Commission, 2013)

e Speeding was reduced by 27.3% in a location with ASE installed over 6
months

¢ Considerable reduction in speeding over 6 months period

(Retting et al., 2008) e As much as a 20% reduction in speed limit violations exceeding 10 mi/h (16
" km/h)
o Spillover and distance halo effect observed in places without ASE
(Ilgaz & Saltan, 2018) e The average speed reduced from 38.73 km/h to 35.13 km/h when ASSC was

implemented on a university campus
o A 31.2% reduction in crashes after implementing ASSC
* Most reductions were observed in crashes at curves and severe crashes
o A 7.5% decrease in the mean speed of vehicles in segments where ASSC was
used
e Statistically significant reduction in crashes in some test sites
o A reduction in WZ speed and variance by 3km/h and 2 km/h, respectively after
(Ambros et al., 2020) implementing ASSC
e Decrease in crash rates by 17%
e Decrease in speeding by 10%

(Montella et al., 2012)

(Lahrmann et al., 2016)

3.3.2 Work Zone Intrusion Alert Systems
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Work Zone Intrusion Alert Systems (WZIASs) are designed to warn workers of an unauthorized intrusion
of a WZ perimeter. Although WZIAS are primarily developed to alert workers, some WZIASs are designed
to alert motorists as well (Mishra et al., 2021). Most WZIASs comprise two components, a sensor unit
designed to detect intruder vehicles and an alarm/alert unit that produces visual, audio, or vibratory alerts
to warn the worker of the intrusion. Numerous WZIASs have been developed over the years since their
inception under the Strategic Highway Research Program (Agent & Hibbs, 1996). However, most WZIAS
face issues such as lengthy set-up time, false alarms, misfires, and alignment difficulties (Awolusi & Marks,
2019). Some notable WZIASs that have been tested several times over the years are Traffic Guard Worker
Alert System (WAS), Intellicone, and Advanced Warning And Risk Evasion (AWARE) (see Table 3).
WAS uses a pneumatic sensor that is activated when a vehicle runs over it. Alerts are transmitted to the
workers via site alarms and personal safety devices. Intellicone is an impact-activated system that traffic
cone mountable sensors to detect intruder vehicles upon impact. It uses wireless technology to transmit
signals from the sensors to site alarm. AWARE is an advanced warning system that uses radar to detect
intruding vehicles based on a threshold speed value. The system produces warning sounds and lights to
warn the drivers and workers. Workers can also use a personal safety device that provides a haptic and
auditory alert. Intellicone and AWARE also have several features such as inventory management and active
status tracking that enable real-time monitoring of WZs and the systems. However, it should be noted that
these systems are not integrated with existing transportation structures such as ITS.

Other technologies have also been developed and tested such as the Intelligent Drum Line (IDL)
and a Wireless Sensor Network (WSN) based system but not as widely as those mentioned earlier. IDL was
developed and tested by the Minnesota Department of Transportation (Hourdos, 2012). It used a series of
modified drums to detect the speed of passing vehicles and activate warning alerts when the prespecified
threshold speed was detected. The WSN-based system used a barrier-mountable sensor to detect intrusions
and a modified wristwatch to alert workers of the intrusion (Martin et al., 2016). Table 3 presents some
notable WZIAS in the literature and results from their evaluation. WZIASs are used in some countries (e.g.,
Intellicone in the UK), but the literature offered no evidence of such systems currently being used in the
US.

Table 3. Findings and recommendations for Work Zone Intrusion Alert Systems

System(s) Study Major findings Recommendations

e Successful in detecting high-
speed vehicles and producing  Improvement in IDL design is needed to
alerts make it meet FHWA crash worthiness

Intelligent Drum  (Hourdos,

Line (IDL) 2012) e The cost of manufacturing the  standards
system is <$2,000
o Condition of channelizers
Intellicone gg?:{)o sel, . aRt;t;elz:tSfﬁ()eu;l;;r;i rokf)esie;;ors e Louder alarms desired by workers
runover
e The system is not 100%
Wireless Sensor (Martin et accurate in detecting o Further research of the technology
Network al., 2016) intrusions (a 3.5% false needed to improve accuracy
positive rate)
o Improve the range of the systems
o Useless when there is no ¢ Provide haptic feedback in addition to
. (Gambatese  impact (Intellicone) sound and light alerts
Intellicone, WAS etal., 2017) e Poor range (WAS) o Visual alarms for equipment operators
e Costly (WAS) o Non-impact-activated systems are
better
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System(s) Study Major findings Recommendations
e Use Intellicone on longer tapers and
(Awolusi & longer duration WZs (> 1 day)
Marks o Personal alerts are delayed by e Use AWARE on longer tapers (>1,500
Intellicone, 2019 ’ up to 2.5seconds (WAS) ft) and mobile operations
AWARE, WAS Mark,s of o Driver reaction quicker for e Use WAS on short tapers and short-
Intellicone vs WAS duration WZs
al., 2017) e Educating and training personnel
regarding system use and maintenance
(Theiss et )
al., 2018; * The alert sound might be e Change alarm sound to be different
G L. confused w1th an emergency from emereency r hicle i
AWARE response vehicle siren jergency response VEICe siren
Ullman, « 100% accurate in detecting e Use white flashing lights rather than
Trout, et speeding vehicles amber/red
al., 2016)
e Low alarm sound but good o The site alarm should be mountable on
transmission range (WAS) traffic channelizers (WAS)
Intellicone, and (Khan et e [ouder alarm desired e The incorporate belt clip-on personal
WAS al., 2019) (Intellicone) alarm (WAS)
o A large number of sensors are e Alerts should incorporate flashing
needed (Intellicone) lights and sound
o Workers generally accept
WZIAS but are unsure of
their effectiveness
Intellicone, WAS, (Mishraet e Costly (AWARE)
AWARE al., 2021) o Connectivity issues ° Implement systems based on speed
(Intellicone) limit/taper length and duratlon.of Work
o Incorporate WZIAS technologies into
¢ Delgy alert on a personal MUTCD guidelines by specifying use
device (WAS) - cases and buffer space requirements
’ (Thapa & o WZ crashes are associated
Intellicone, WAS, Mishra with intrusion speed, spacing
AWARE i of WZIAS sensor and worker,
2021) and worker reaction times
(Nnaji et
Intellicone al., 201 8; . Intelli.cone is more cost- . . Incorporat@ more factors for Choosing
WAS ’ Nnaji, effective than WAS per unit by alternatives (CBA) method before
Karakhan, mile selecting WZIAS for implementation
et al., 2020)
LiDAR (Light e LiDAR-based intrusion
Detection And (Darwesh detection system showed a ° Fgure de\;efpg%lzil(guld (situdy the
Ranging) based etal., 2021)  high precision of 100% in ivitlgzcr?a(;artmes ! ‘ -based system
system detecting vehicles ystem

3.3.3 Queue Warning Systems
Queue Warning Systems (QWSs) are used to detect the formation of queues downstream and warn
incoming drivers. The system uses Variable Message Signs (VMSs) to display information to the drivers.
This allows drivers enough time to slow down or take alternate routes allowing greater time for the queue
to dissipate. Such a system has proven effective in reducing end-of-queue crashes which are mostly real-
end crashes (G. L. Ullman, Iragavarapu, et al., 2016), and also improving traffic flow (Hourdos et al., 2017).
Since QWS uses sensors and VMS, it is often difficult and expensive to install and relocate. To reduce the
cost associate with QWS implementation, researchers have sought to develop and test portable and low-
cost QWS which have been proven effective in reducing crash and crash severities (T. Morris et al., 2011;
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G. L. Ullman, Iragavarapu, et al., 2016). Table 4 presents findings from studies investigating the effects of
QWSs.

Table 4. Effect of Queue Warning Systems on driver behavior

Study Findings
(Hsich et al., 2017: e A 44% reduction in crashes was observed when the system was installed in

G L Ullman nighttime WZ
Irél avafa u ot al > Crashes that occurred were less severe with fewer high-speed crashes
201g6) Pt 7 e Considering benefits from reduced crashes, the system was break-even after

95-195 nights of use
e Even at low penetration rates of 3%, Connected Vehicles (CVs) can estimate
end-of-queue and queue lengths more accurately than detectors
(Khazraeian et al., e 6% CV penetration can estimate end-of-queue locations with a 4% average
2017) error
e QWS reduces rear-end collisions considerably
e More than a 15% compliance rate is required for safety effects to be significant
e 229% reduction in crashes after QWS was installed
(Hourdos et al, . .
2017) e Reduced speed variations near queue locations and upstream/downstream
traffic
e CV-based QWS can provide considerable safety benefits and operational
(Bashir & Zlatkovic,  benefits to freight traffic
2021) e With a 25% CV penetration, time to collision increased by up to 4 times
e A reduction in travel time and speed variations were observed

3.3.4 Variable Message Signs

VMSs are used to display regulatory or warning messages in and around WZs. These systems are used with
sensors and detection systems such as the queue detection system. VMS displays predefined messages
based on data collected using dedicated sensors that measure roadway occupancy, travel speed, and
weather/roadway conditions. Using VMS to regulate speed near WZs has been proven to provide several
benefits such as reduction of travel delays, congestion prevention, and reduced traffic hazards. VMS in the
literature is also referred to as Changeable Message Sign (CMS) and Dynamic Message Sign (DMS) due
to their ability to change messages based on the conditions. Since VMS need to be relocated from one place
to another, researchers have also developed portable VMS (Bai et al., 2011; Huang & Bai, 2019).

VMS has been used along US Highways since the 1960s. The FHWA has sought to make the use
of VMS effective through guidelines and a handbook prepared as early as 1986 with the most recent
operation handbook published in 2004 to guide personnel using the system (Dudek, 2004). Since the system
is designed to display predefined messages, studies have aimed to investigate their effectiveness when
various error messages are used (Zech et al., 2008). Additionally, a major focus in VMS research has been
to study (i) the placement of VMS and its effect (Strawderman et al., 2013), (ii) the effectiveness of VMS
(Bham & Leu, 2018; Harder & Bloomfield, 2008; Huang & Bai, 2019; Ma et al., 2014; W. Zhao et al.,
2020), and (iii) motorists’ understanding of VMS messages (Dutta et al., 2004; J.-H. Wang et al., 2005; C.
Xu et al., 2020). Although previous studies have found VMS to be effective, researchers have reported its
effect on drivers has been diminishing over the years (Foo & Abdulhai, 2006). Current research in VMS
has shifted from the use of sensors to Vehicle-to-Vehicle (V2V) and Vehicle-to-Infrastructure (V2I)
communications. For example, (Ibrahim et al., 2013) investigated the use of V2V and V2I enabling
Dedicated Short-Range Communications (DSRC) infrastructure for improving traffic flow and safety WZs.
They reported that at a 50% DSRC penetration rate, only about 10 veh/miles (7 veh/km) were needed for
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the effective transmission of information. Table 5 summarizes the effects of VMS on driver behavior
reported in the literature.

Table 5. Effect of Variable Message Sign on driver behavior

Study Findings
. o Effective in reducing speed in WZs
(Garber & Patel, 1994, e Compliant drivers are more likely to speed back up at the end of a WZ
e Multiple VMSs are needed in longer WZs to maintain speed compliance
e No difference in speed reduction across vehicle types
(B. R. Ullman et al. . Comprehepsion of messages Qelivereq usigg Sequential Portable .CMS (Sequential
2007: G. L. Ullman e{ P.CMS). with .four un1.ts of information is comparable to a single large DMS
A displaying all information at once
al., 2005) e Using more than five units of information in Sequential PCMS is not advised
o Type of messages (wordings) have different effects on driver compliance
(Zech et al., 2008) e The message “WORK ZONE[MAX SPEED|45 MPH|BE[PREPARED|TO STOP”
resulted in most compliance with speeds reduced by up to 6.7 mph (10.78 km/h)
(Messina et al., 2011) o Drivers prefer text messages over graphic signs in VMS
’ e Driver reactions to graphic signs are faster than text messages
(Strawderman et al., e More vehicle slowdowns near VMS placed closest to the WZ area

Garber & Srinivasan,
1998)

2013) o The further away the VMS is from the WZ, the greater the compliance
o VMS instructing the lane change location is useful in influencing traffic flow
(W. Xu et al., 2018) e The lane change location should be moved closer to WZ with increasing traffic

flow to make VMS more effective
(Baietal., 2011; Huang e Graphics-aided PCMS are more effective in reducing speed than PCMS with text
& Bai, 2019) messages

o Drivers preferred graphic-aided PCMS over text messages

® 90% increase in speed compliance when VMS is used to display warning messages
(L. Zhao et al., 2022) (“NONE”, “SLOW?”, “STOP”) based on queues detected by a detection system

e The use of flashing lights and animations in VMS reduced speed in the advanced
(Almallah et al., 2021) warning area

o VMS encouraged motorists to change lanes early and maintain headway

3.3.5 Speed Limit Advisory Signs
Speed Limit Advisory Signs (SLASs) are used in the WZs to warn drivers of the speed limit along a certain
segment. These warnings are communicated to motorists using VMS. Variable Speed Limit (VSL) uses
sensors to detect the traffic, roadway, or environmental conditions downstream and uses inbuilt algorithms
to determine the appropriate speed limit for highway segment which is then displayed to incoming
motorists. The speed limits are revised to improve traffic safety and increase traffic throughput, particularly
in highway work zones and segments with recurrent bottlenecks through speed harmonization and
regularization. Therefore, a considerable effort has been focused on developing algorithms to control VSL,
particularly in highway WZ (e.g. (Du & Razavi, 2019, 2020; K.-P. Kang et al., 2004; Khondaker & Kattan,
2015; Papamichail et al., 2018)). More recently, (Hou et al., 2022) developed a dynamic VSL control using
VMS. The system dynamically changes locations where VSL messages were displayed based on changing
traffic conditions. Based on simulation results, their system showed up to an 8.4% improvement in travel
time. Comparison between VSL and normal speed signs have proven the former to provide considerable
benefits by reducing speed variations, improving speed compliance, and increasing traffic throughout.
Interestingly, studies have found that the effect of VSL on traffic safety is more pronounced than on traffic
flow (Lu & Shladover, 2014).

The Variable Advisory Speed System (VASS) is a technology that is quite similar to VSL but there
is a key difference. Unlike VSL which determines the speed limit for a roadway segment based on
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downstream conditions, VASS warns drivers of the static/dynamic speed limit downstream (Wilson &
Saito, 2012). Both VSL and VASS have been shown to provide similar benefits.

Another system used for providing advisory messages is the Dynamic Speed Feedback System
(DSFS). DSFS is designed to avoid over speeding near WZs by drawing the driver’s attention. The system
uses sensors to detect the speed of the approaching vehicle and displays flashing messages if a pre-specified
threshold is crossed. The literature suggests that DSFS is very effective in reducing driver speeds (Flynn et
al., 2020). The reader can refer to the most recent review of the literature by (Fisher et al., 2021) for more
research related to DSFS. Table 6 presents selected studies that have reported findings from the application

of SLAS in WZs.

Table 6. Effect of Speed Limit Advisory Signs on driver behavior

Study Findings
. e Reduction in speed and speed variation was observed over 5 weeks of installing DSFS
(Pest128(;01\1/[cC0y, in a rural interstate
(DSF S)) o Greater compliance from passenger vehicles

o Speed reduction from DSFS can last at least a week after its removal long

(Mattox et al., 2007)
(DSFES)

o DSFS is a cheaper alternative to more expensive systems for traffic calming
o The average reduction in vehicle speeds was reported to be 4.1 mi/h (6.6 km/h) where
50% of motorists violated the speed limit before system implementation

(Kwon et al., 2007)

e Developed a system that reduced traffic speed upstream to match downstream traffic
spread increased traffic throughout by up to 7%

VASS . . . .
( ) o The difference in 1-min maximum speed was reduced by 25%-35%
(McMzu(;r(t)rgf) ctal, o VSL signs can successfully lower speed variations near WZs
(VSL) e Developing trust among drivers is necessary
(Fudala & o VSL significant advantage over static signs during high demand
Fontaine, 2010) e VSL can delay congestion and improve speed compliance
(VSL) o The location of VSL is important to ensure driver acceleration after passing through a

bottleneck

(Radwan et al., 2011)

e VSL + Dynamic Lane Merge System provides better speed compliance and throughput
compared to them being used individually

(VSL) o In high-traffic volumes, higher speed compliance is associated with reduced throughput
(Wllsgg 18;)Salto, o The difference in vehicle speeds is statistically insignificant on Weekdays
(VASS) ¢ An increase in mean speed and a decrease in speed variance was observed
(Roberts & o The number of speeders traveling 5-10 mi/h (8-16 km/h) above the speed limit decreased
Smaglik, 2012) by one-fourth when displaying the monetary value of the fine with the warning message
(DSES) e People driving 15, 20, and 25 mi/h (24.14, 32, and 40.23 km/h) were reduced by 50%

(Edara et al., 2013)

o VSL increases speed compliance by 8 folds
o Better speed compliance was observed but with less throughput

(VSL) e VSL use is recommended in uncongested WZs for speed compliance and reducing speed
variation
(Gambatese & e Up to 23% decrease in 85th percentile speed of vehicles when using DSFS mounted on
Jafarnejad, 2015) a truck
(DSFS) e Up to 48% reduction in speeders when using the DSFS
(Mekker et al., 2016) e Better compliance was opservgd from comn}er'cial trucks
(VSL) ’ o About 4% of cars complied with the speed limit

e The median reduction in speed was 7.5 mi/h (12.07 km/h)
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3.3.6 Dynamic Lane Merge Systems

Lane Merge Systems (LMSs) are technologies that assist drivers in merging at lane closures by identifying
safe merge locations. While studies have shown considerable benefits of using LMS (reduced queues, travel
delay, and greater throughput), the scale of benefits reported is often overestimated (Beacher et al., 2004,
2005). Therefore, Dynamic LMS (DLMSs) was developed to automate LMS using sensors that collect
traffic data. DLMSs detect traffic conditions in real-time and adopts lane merge control strategies which
are communicated to motorists using VMS. DLMSs are used to improve traffic flow in congested WZs and
reduce travel delays and vehicle queues and are of two types. There are two types of DLMSs, Dynamic
Early Merge Systems (DELMS) and Dynamic Late Merge Systems (DLLMS). DELMS instructs drivers to
merge in advance before encountering a traffic queue downstream. On the contrary, DLLMS instructs
drivers to merge at a “point” that is closer to the lane closure. This reduces traffic queues on travel lanes.
Previous research has shown that DLLMS is better than DELMS in increasing traffic throughput and
improving travel times compared to DELMS, however, confusion among drivers is also higher when it is
employed (McCoy et al., 1999; Tarko et al., 1998). Researchers have also proposed signalized lane merge
controls near WZs to improve safety (Qi & Zhao, 2017; Wei & Pavithran, 2006). The approach uses
metering to detect traffic demand and flash green/red lights instructing drivers when it is safe to merge.
Recently, the CV-enabled Cooperative Late merge System (CLMS) has also gained popularity. In addition
to providing lane change assistance CLMS is also capable of reducing ve hicle headways and synchronizing
vehicle speed thus providing considerably more benefits compared to the traditional LMS (Algomaiah &
Li, 2022). CLMS uses V2V communications to instruct motorists to cooperate with other motorists and
merge at the late merge area when it is safe (Algomaiah & Li, 2021).

As with other systems that use sensors and algorithms to provide instructions to motorists, cost and
ease of deployment are major concerns with DLMS. Researchers have pointed out that the installation and
relocation costs of DLMS are considerably large (Datta et al., 2004). For this reason, researchers have
developed and tested DLMS systems that are portable and also cost-efficient although the accuracy of
sensors is often an issue (Harb et al., 2011; Radwan et al., 2009). Table 7 presents a summary of the
literature on DLMS and similar systems with the findings.

Table 7. Effect of Dynamic Lane Merge Systems on driver behavior

Study Findings

¢ No notable improvement in traffic flow
e Driver compliance and lane change behavior not as intended

(Meyer, 2004)

DELMS can improve traffic flow, reduce travel delays and aggressive driving maneuvers

near WZs
(Datta et al., 2004) e DELMS provides a benefit-to-cost ratio of up to 1.96 if installed for at least two months
at a site
(Wei & Pavithran e Dynamic merge metering in WZ can reduce WZs by discharging queues at a uniform rate
2006) > e Reduction in side-swipe crashes since there is no need to change lanes only when an

adequate vehicle gap is available

(Yulong & Leilei, e Intelligent LMS can reduce delays and relieve congestion
2007) Can reduce traffic conflicts near WZs

Improved flow and percentage of merging vehicles at the taper

Considerable reduction in travel delays when using DLLMS and DELMS

DELMS use is recommended in rural congested roadways to reduce driving aggression
DLLMS use is recommended in urban roadways to reduce queues

A high benefit-to-cost ratio

(Grillo et al., 2008)

e The use of DMS and DLLMS was problematic due to sensor errors
e DMS has no considerable impact on drivers’ merging behavior

(Sperry et al., 2009)
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Study Findings

(Harb et al., 2011; e [nstallation and relocation costs for DLMS make them inefficient

N > e A simplified and cost-effective version of DLMS is necessary
Simplified DLLMS and DELMS are effective but should be employed based on demand
volumes

Radwan et al.,
2009)

(Ren et al., 2020) e Reinforcement Learning based Cooperative LMS outperforms other lane merge strategies

(Algomaiah & Li CLMS offers superior performance compared to LMS in terms of queue length, traffic
202g1 2022 ’ throughout, and travel delays
’ ) High compliance rate in moderate to high traffic demand

3.3.7 Other technologies

Several systems and technologies currently available are either new or sparsely studied in the past.
Regardless, these technologies have a promising outlook. A brief introduction to two such systems is
presented here is provided here.

Autonomous Truck Mounted Attenuator (ATMA) which is also called autonomous impact
protection are TMAs that can autonomously maintain a safety gap between them and the activity area within
a WZ. This is achieved by establishing V2V communication between a leader and the follower vehicle of
which the latter is the TMA. This allows the follower vehicle to move behind the leader vehicle
autonomously while also maintaining a safe buffer space. This is a relatively new technology that reportedly
performs consistently as expected in terms of maintaining a safe distance through information exchange
(Kohls, 2019; Tang et al., 2021). The technology has so far been tested in the UK and the US (Kohls, 2019;
Kratos Defense & Security, 2017).

The Automated Cone Placement and Retrieval System is an automated machine/system that can
deploy and retrieve cones from WZs. An example of such a system is the Automated Cone Machine (ACM).
The prototype ACM vehicle capable of installing and removing traffic cones was developed and tested in
2004 (Velinsky & White, 2004). Another example is the Automated Cone Truck (ACT) used in Australia.
The ACT is a vehicle that can be operated by the driver for the semi-autonomous deployment of and
retrieval of traffic cones (ARROWES Roading Safety, 2022).

4. Results and Discussion

Real-time WZ management systems that can integrate with current WZ practices are necessary to create
smart WZs. It is also necessary that future workers are skilled and qualified to operate in a ‘smart’
environment. Therefore, based on the literature review, two main aspects need to be considered for the
proliferation of SWZSs. These are (i) developing and implementing ‘smarter’ systems, and (ii) worker
training and adaptation to support their use. These are detailed below.

4.1 Development of systems and technologies
4.1.1 System development and implementation
First, as previously mentioned, an SWZS should be capable of accomplishing the following tasks.

i.  Detect and communicate in real-time,
ii.  be portable and easy to deploy,
ili.  operate automatically with minimal supervision, and

iv.  provide accurate and reliable information to road users.

However, no system currently employed in WZs meets all these requirements. Promising SWZSs
that can accomplish some, if not all, of these tasks, have been tested but never adopted or integrated with
the existing ITS infrastructure (e.g., WZIAS such as AWARE). Moreover, based on the literature review it
is safe to assert that the complexity of developing/procuring, installing infrastructure components, and
evaluating SWZS almost always makes their deployment an expensive endeavor whose benefits might not
always outweigh the investment. For example, most SWZSs today use sensors embedded in the road which
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makes them difficult to install and relocate. This has continued to hinder the widespread application of
these technologies for WZ safety. While this has motivated researchers to develop more portable and
cheaper systems that use less invasive sensors such as radar and cameras, they are not manufactured at a
commercial scale and are often limited to field testing. Most of these systems, therefore, end up not being
adopted despite showing promising results (e.g., (Harb et al., 2011; Radwan et al., 2009)). This cautious
attitude toward technology adoption stems from a scarcity of resources to assist construction professionals
in determining whether to adopt a particular technology. Even though previous research has proposed
stringent protocols for evaluating WZ technologies, many construction professionals are unsure how to put
them into practice (Nnaji, Karakhan, et al., 2020). We recommend steps that can be taken during the stages
of development, evaluation, and implementation.

It is evident from our discussion that cost, and portability are the greatest hindrances to the wide
adoption of SWZS. Therefore, future WZ technologies should be studied and developed from a financial
perspective. Manufacturers should implement a review and support process by involving DOTs and
researchers in product development to ensure their system is cost-effective and the return on investment is
justified.

For system evaluation after their development, transportation agencies need to develop standard
procedures and protocols. Based on the review it is evident that several methodological approaches have
been implemented to evaluate WZ systems. While varying methodological approaches is not an issue, no
“minimum benchmark” has been established to guide the testing process. For example, what should be the
least allowable error permitted in detecting speed when using ASE? State and federal transportation
agencies should therefore consider setting benchmarks for system evaluation.

There is also a need to investigate system implementation as little research has been conducted in
this direction. Most WZ safety systems are costly, and each has its strengths and weaknesses. Therefore,
there might be a case where one system, when used with another, can complement one another, and improve
overall safety and traffic throughout to justify their high cost. For example, (Thapa & Mishra, 2021) have
pointed out that using RADAR and impact-based WZIAS together in a WZ can increase coverage and
reduce the possibility of missed detections. Future research should focus on this direction by developing a
framework for system selection (e.g., see (Nnaji et al., 2018)).

4.1.2 Development of V2V, V2I, and CAYV technology

The advent of wireless V2V and V2I communications, CAVs enabled by the ITS infrastructure has made
it possible to develop systems and technologies that do not rely on physical system components such as
loop detectors, road-side cameras, and sensors. Particularly, CAVs have the potential to automate all traffic
operations with automated cooperative features that control vehicle speed, spacing, and lane change (Z.
Wang et al., 2020; Z. Xu et al., 2021). They will be capable of identifying WZs and lane closures
automatically using data from multiple sensors and cameras (Shi & Rajkumar, 2021). These features will
improve overall traffic safety, and efficiency and alleviate the need to develop SWZSs for specific tasks
such as lane merge, speed enforcement, etc. For example, (Algomaiah & Li, 2021) has demonstrated that
the CAV-enabled cooperative late merge method outperforms the late merge strategy without a CAV in
operational performance due to its ability to maintain optimal spacing. However, CAVs equipped with low
to medium-level automation systems that are incapable of effectively addressing WZ situations in all
conditions may initiate control transitions and impending minimum-risk maneuvers, causing severe traffic
interruption and several safety-critical occurrences (Mintsis et al., 2020). The magnitude of CAV impact
will also depend on their penetration rate (e.g., (Abdulsattar et al., 2020; Bashir & Zlatkovic, 2021)).
Currently, CAV penetration rates are very low to have any measurable impact. With the impending
penetration of CAVs into the highway network, utilizing the highly efficient safety and mobility functions
of CAVs in WZs is likely to be an active and significant area of research (Dehman & Farooq, 2021; Wu et
al., 2020).
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With the gradually growing penetration rates of CAVs and ITS infrastructure, there is also a
growing concern with data safety and their acceptance which needs to be addressed first (Thapa et al.,
2021). Recent cyber-physical intrusions on DMS across the nation highlight the challenges that current and
future ITS infrastructure faces and call attention to security risks. Since the first known DMS hacking
twelve years ago, hacked DMS has become more prevalent and problematic (Kelarestaghi et al., 2018).
Nevertheless, there is a dearth of information regarding how and to what degree motorists react to a breach
of ITS infrastructure and the inaccurate information disseminated by hackers (Bakhsh Kelarestaghi et al.,
2020; Ermagun, Kelarestaghi, & Heaslip, 2021; Ermagun, Kelarestaghi, Finney, et al., 2021). In this regard,
(Ermagun, Kelarestaghi, Finney, et al., 2021) contended that fabricated messages confuse drivers and
influence their speed in WZs, both of which may impair WZ safety. Therefore, cyber-security should be a
concern to federal, state, and local authorities as well as researchers. Moreover, a complete understanding
of risks arising from an impaired ITS infrastructure can help agencies and the public prepare for an attack.
Therefore, future research should focus on the flaws and vulnerabilities of transportation systems, possible
implications, and solutions (Ermagun, Kelarestaghi, Finney, et al., 2021).

4.1.3 Implementing worker monitoring and tracking technologies
The literature suggests that the next frontier in WZ safety is the automation of WZ operations. WZs have
limited space with vehicles, construction equipment, and personnel operating close to one another. The lack
of space creates hazardous conditions which make workers prone mainly to struck-by crashes. To minimize
the risk of such crashes, automated systems have been developed that can monitor and track worker location
and issue alerts to selected workers based on their proximity to a hazard. Recent research has explored the
use of Global Positioning System (GPS), Radio Frequency Identification (RFID), Ultra-Wideband (UWB),
and Bluetooth technologies to track the location and proximity of workers, machinery, and vehicles. Among
these technologies, UWB has been proven to be more accurate and feasible, offering location within a
precision of 2cm-15cm. However, it is difficult to implement on sites without WLAN infrastructure and
requires a line of sight for effective signal transmission (Fang et al., 2016). Most recently, (Gnawali & Kim,
2022) developed a UWB-based system called Vehicle Pose Estimation using ultra-wideband Radios
(ViPER) which showed very high accuracy, greater than 98%, in detecting workers and equipment
successfully. Table 8 highlights some of the findings from various monitoring and tracking technologies.
While there has been considerable research on these technologies, their implementation in WZs is
absent. SWZSs of the future should incorporate worker, equipment, and vehicle detection and tracking
technologies to automate WZ management and monitor WZ safety in real time. Future research in this
direction should focus on implementing sensor and decision systems that can seamlessly integrate with
present WZ practices and technologies.

Table 8. Worker monitoring and tracking technologies

Study Description Findings
e Minimal false alerts from RFID and Bluetooth
(Park et Comparison of proximity detection and systems, no false alerts from Magnetic system
al., 2016) alert systems based on RFID, Magnetic, e Alert distance for Magnetic system may not be
and Bluetooth technologies adequate for avoiding the hazard

o Setup time for Bluetooth the least of the three

(Park, Develop e'd a safety monitoring system for e Successful detection of potentially hazardous
. construction that uses Bluetooth for L . . . N
Kim, et al., . . o . situations with reliable detection of 97.5%
location detection, Building Information ) )
2017) e The use of sensors might reduce detection and

Model (BIM) for hazard identification,

.. tracking errors
and a cloud for communication g

Park, . .
g(an ot Developed and tested a Bluetooth-based e Decrease in the average alert distance when the
al 2gé 17) proximity sensor and alarm system for system is traveling at a higher speed
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Study

Description

Findings

dynamic conditions (when either the
worker or the vehicle is moving)
Developed a hybrid system with absolute

e The signal processing method has a notable impact

on the magnitude and consistency of alert distances
In a scenario where worker movements are more

Park, . . . . . .
éhen ot and relative motion tracking sensors in complex (with sharp turns), tracking becomes
L2 (’) 17 construction sites based on Bluetooth and inaccurate
al., ) inertial measurement unit, respectively Integration of the motion sensors and BIM reduces
along with BIM tracking error
UWB can measure locations with an accuracy of less
. . . than 1 m
. Used UWB in tracking worker location i . .
(Teizer et .. LS . Installation time was considerably longer but the
under realistic working in construction S
al., 2008) . . system was easy to maintain
operations with ; .
UWRB systems in construction sites should be rugged
in design
. False alarms were frequent when workers walked
(Carbonari Testgd a prototype UWB-based position parallel to the fence perimeter
tracking system for  construction . .
et al., . . . . . Change in control algorithms was necessary to
operations with proactive virtual fencing o
2011) . . reduce the likelihood of false alarms
logic to warn workers and inspectors of Th 1 i d ) "
imminent risk in an area € system was overa accurate 1n detecting worker
location and providing alerts
. Developed and tested a real-time UWB- The system was able to track workers and vehicles
(Gnawali . : o : o 0 .
& Kim based location tracking and monitoring with an accuracy of 100% and 98.4%, respectively
2022 > system for construction vehicles and e More rigorous testing of the system under rare WZ
) equipment conditions necessary to validate the system
Necessitates many signal readers, resulting in
substantial system infrastructure
(Fang et Employed a BIM and cloud-based RFID Worker position detected with a 88% accuracy
al., 2016) localization system to test system e System components should be closer to the workers
2 accuracy considering practical criteria to ensure accuracy
System components with a faster refresh rate are
desired for improved accuracy
Developed an application that collects The application can be used only for outdoor
(Arslan et and processes GPS data points to create activities due to GPS interference indoors
al., 2017) worker movement and trajectories to Obtaining contextual information needed to interpret
monitor construction activity worker movements cannot be derived from GPS
. . The GP i ithin 1 1
A vehicle with GPS used to measure e GPS device was accurate within 1 m and 0
. . .\ mph (0.16 km/h)
(Jiang & vehicle position, traffic flow, travel delay, . o . .
. S : Real-time estimation of vehicle acceleration,
Li, 2002) and queue formation in a work zone in

Indiana

deceleration, and queues are readily achievable using
GPS

4.1.4 Worker wearables for transmitting safety alerts and messages

As mentioned in the previous section, SWZS should facilitate automated intrusion detection and warning.
In this context, the use of wearables that are connected to detectors has considerable potential. Such
wearables serve two main purposes, (i) detect worker location and activity for WZ management and risk
perception, and (ii) provide alerts to workers under hazardous conditions such as vehicle intrusion.
Communicating in a WZ is usually difficult due to its confusing and distracting nature which arises from
loud operating machinery and its dynamic nature. As a result, a worker might often be unable to perceive
an alert, or in case of an alert, be aware of the source and location of the hazard. In this context, wearables
with message-encoded sound alerts or haptic feedback are particularly pertinent. Although current worker
wearables used in WZs provide warnings, they do not convey messages on safe actions.

Researchers have developed and tested wearable tactile feedback systems with unique tactile
languages in controlled settings (Cho & Park, 2018; Sakhakarmi & Park, 2022). The strategy followed by
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(Cho & Park, 2018) was to use a modified safety vest embedded with motors to convey different tactile
intensities and durations to communicate specific messages (e.g., low-intensity level and duration can
correspond to the message “move right”). This system was further improved to communicate information
about the zone of intrusion and level of risk to the workers using the relative location of motors within the
vest and the vibration pattern, respectively (Sakhakarmi & Park, 2022). However, the authors note that
proper worker training is needed to increase the accuracy of worker perception and reaction. While the
haptic-based hazard communication system has proven very effective in acquiring desired safety maneuvers
from workers in controlled field tests, their implementation in WZs is still lacking (Cho & Park, 2018;
Sakhakarmi & Park, 2022). Future developments should incorporate the use of similar wearable alert
systems along with other detection and tracking systems, particularly intrusion detection systems.
Furthermore, the current issue highlights the need to develop worker training strategies.

4.2 Virtual Reality-based worker training and adaptation
A considerable effort has been expended on SWZ. In contrast, a trivial effect has been put on preparing and
training the workforce accordingly. It has been reported that in absence of adequate training and knowledge,
workers could render SWZSs ineffective. For example, (Mishra et al., 2021) report that the use of the
AWARE WZ intrusion detection system could be less effective when used by technologically conservative
individuals since the system can only be configured through a smartphone application. Therefore,
perception and ease of use have been central to SWZSs that are deployed by workers in the field (e.g.,
WZIAS). Moreover, it is crucial that the workforce is competent, well-trained, and adapted to SWZ
practices. The current worker training approach largely relies on passive strategies such as demonstrations
and information dissemination through reports, presentations, and case studies. Active strategies such as
simulation have a lasting impact on skill and memory retention compared to passive approaches (Dale,
1969). Therefore, Virtual Reality-based (VR-based) training will provide realistic and effective training
conditions for workers by exposing them to situations that are comparable to those encountered in actual
WZs (Chang et al., 2020; Sowndararajan et al., 2008).

VR-based training is upcoming technology and is used in various fields such as education (Matsika
& Zhou, 2021; Reeves et al., 2021; Srinivasa et al., 2020), medicine (Mansoory et al., 2021; Mao et al.,
2021; Rothlind et al., 2021; Yamazaki et al., 2021), construction (F.-Z. Wang et al., 2021; X. Wang et al.,
2021; Z. Zhang & Pan, 2021), and so on. One of the advantages of VR-based training is that the trainer can
record the trainee’s whole activity throughout the educational process, including any errors made during a
particular training period. Additional data collected during the training (such as worker reaction) can be
used to correct worker response, rearrange WZ elements and improve overall WZ safety. (Wittenberg,
1995) concludes that VR-based training produces superior results than real-world training, is more cost-
efficient, and does not require expensive factory equipment to be used for training purposes. Some of the
advantages offered by VR-based safety training include:

i.  Presenting trainees with threats directly and realistically without jeopardizing their safety.
ii.  Holding trainees’ attention was better than traditional classroom teaching.

iii.  Giving trainees a degree of control in the environment reinforces learning.
iv.  Allowing trainers to repeat learning content for many participants under the same training
conditions.

While VR-based training is still new to the WZ literature, we present some studies and findings from similar
fields related to occupational safety and health in Table 9. These studies highlight the benefits of VR-based
training in different fields.
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Table 9. Results from VR-based training on participants

Study Training Purpose Benefits

(Seymour et al. Technif:al skills in the The use qf YR surgica.l simulation to reach specific target

2002) > Operating Room  (OR) criteria significantly improved the OR performance of

environment. residents during laparoscopic cholecystectomy.

(Patrdo & Menezes, Training  of tovyer The VR simulator is robust, reliable, and provides an

crane operators, reducing . - .

2013) their costs and risks. experience very similar to reality.

The system can provide an intuitive approach to studying

. Safet Trainin safety knowledge and provide interactive exercises for

(H. M. Li & Kang, Y 1ning learning self-rescue and escape in disasters. Virtual
System for Coal Mining . - . .

2014) Industry reality training can provide more meaningful and
effective training to address the identified safety needs in
the coal mining industry.

(Grabowski & Coal mine safety Trainees consider the used system useful. The miners feel

Jankowski, 2015) training the positive effects of training even after three months.
The results indicated that students’ fire safety behavioral

(Cakiroglu & Teach basic behavioral skills skills significantly improved with virtual reality-based

Gokoglu, 2019) for fire safety training, and most of the students could transfer their
behavioral skills to real environments.

(Reeves et al. Unde.rgraduate . s.tudents . .

2021) > learning chemistry in VR Improved learning experience

laboratories
Training on passing decision-
(Fortes et al., 2021) ]I_i; Zlillxrlligo’r, Z;Sélal inhiskiatl(r)f'}; VR lpads to more significant improvements in decision-
. making and visual search behavior
control performance in young
soccer athletes
(Liu et al., 2021) Port Safety Training Trainees can have a high degree of safety awareness to

reduce the accident rate effectively.

Although VR-based training has demonstrated effectiveness in other fields, there are several challenges that
users must contend with. Developing various construction simulations in VR will take time and effort.
Further, some researchers claim that VR trainees retain the same level of safety information as conventional
methods (Burke et al., 2011; Hilfert et al., 2016; Sacks et al., 2013; Zaker & Coloma, 2018). Therefore,
there is a need to develop a methodological approach for VR-based training. Simulating all possible safety
scenarios in VR will be a challenging task. Based on practices from other fields, we recommend the stages
outlined in Fig. 7 for developing a VR-based worker training environment with the worker training strategy
in Fig. 8. The proposed strategy is an iterative process that is repeated until a worker shows appropriate
action.

5. Conclusion
This study conducted a systematic mapping review of the literature to identify the crucial elements of an
SWZ. Using the LDA model, we found that the WZ-related studies can be grouped into four major topics:
safety, control, design, and cost. Further, a comprehensive review of the “smart” WZ components for safety
and mobility was performed.

Studies have shown that rear-end and side-swipe crashes are the most common type of crashes in
a WZ, resulting from the significant speed differential, queue formation, and forced lane change
requirements. Therefore, the safety improvement strategies at WZs must focus on speed harmonization,
queue warning and dissipation systems, and appropriate lane merge strategies.
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Identify WZ scenarios, conditions and technologies
Goal: Determine all possible work zone configurations
and incident scenarios for training.

Challenge: Tt is difficult to identify rare hazardous

incidents.

VR reconstruction and experiment design
Goal: Reconstruct WZ components, traffic and
hazards in VR, and design experiments to train and
adapt specific worker skills/actions.

Challenge: Reconstruction and experiment design can
be time consuming and costly.

3

VR experiment with worker
Goal: Conduct experiment to test worker actions and
adapt them to hazardous situations and new
technology.
Challenge: Repetitive experiments is needed for
worker adaptation.

Data analysis and modeling

Goal: Analyze worker reaction and responses to study «

the effectiveness of the experiments and technologies
being studied.

Simulate WZ conditions, scenarios and
technologies
Goal: Simulate hazardous conditions and
technologies to train and adapt workers.
Challenge: It is difficult to identify rare hazardous
incidents.

Track response using sensors (e.g., worker
wearables)
Goal: Use worker wearables to communicate
hazards and track worker response. Worker
response is used fo correct erroneous actions.
Challenge:  Implementing  novel  sensor
technologies in VR can be challenging.

VR experiment with worker
Goal: Conduct experiment to test actions and
adapt them to hazardous situations and new
technology.
Challenge: Repetitive experiments is needed for
worker adaptation.

Fig. 7. Stages of VR-based worker training for WZs

Fail Fail
Theoretical o Virtual Virtual .
Account . Pass Online . Pass . Traming
. —» Knowledge S Interactive Interactive [—™ -
login T Examination . . Completed
- Learning Learning Examination

Fig. 8. Worker training strategy using VR-technology

It has been found that the lack of a predictive safety system that alerts the workers about impending
danger is a major reason for the increased worker injury at WZs. The use of wearable technology with
predictive warning capability was reported to benefit worker safety significantly. Besides, the lack of
adequate worker education/training was a major cause of worker injuries. While the technology capable of
making WZ smart is still developing, this study highlights the need to implement them in a manner that
facilitates the continued application of current policy and practices. To support the implementation of
‘smart’ systems, there is a need to implement virtual reality as a training and adaptation tool for educating
and training workers. An innovative training strategy based on virtual reality may provide more realistic
conditions for workers to experience situations comparable to those encountered in actual WZs.

The article finishes by discussing the prospects of an SWZ. It has been found that, though the
concept of SWZ is very innovative, its implementation in the real field demands overcoming issues related
to the high cost and limited portability. Additionally, several steps can be taken to remove barriers to the
proliferation of adoption by agencies and project managers. These steps should address the lack of an
appropriate simulation platform to generate and test WZ scenarios, and the possible infiltration of the
hackers into the electronic components of SWZ. Indeed, there has been increased research interest in the
SWZ recently. Although these efforts are promising, employers, employees, educators, and policymakers
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need to ensure that more people can pursue these opportunities and that technology improves the way we
all work. The following are some future research directions that help to enhance work zone safety:

i.  Investigate integration of currently available systems with available ITS infrastructure.

ii.  Develop new safety technologies, or improve existing safety technologies, so they can be
seamlessly integrated into current infrastructure.

iii.  Develop and implement smart technologies that are cost-effective and portable to use.

iv.  Develop guidelines and standards for the evaluation and selection of SWZSs.

v.  Establish VR-based worker training/education strategy for SWZS systems adaptation.

vi.  Investigate the interaction between different SWZSs and various WZ design/control attributes and
their impact on safety, mobility, and overall cost must be investigated.

Limitations are inherent in all research, and this study is no exception. First, we limit our analysis
to two topics, WZ safety, and mobility, due to the enormous literature covered. Two topics that were
excluded from the current study are WZ design/maintenance and its cost. It might not be appropriate to
focus on specific topics and an understanding of the interaction between all four components is necessary.
This is crucial considering all the WZ topics are interrelated with one another. For example, longer WZ
tapers are generally safer as it decreases the likelihood of fatal crashes. However, longer work zones require
more man hours to set up and dismantle which increases project duration and associated costs (project and
user costs). Further, longer durations have a direct impact on WZ safety as long-duration WZs are more
likely to encounter crashes. Tackling these issues requires collectively addressing all facets of WZ, which
includes safety, mobility, maintenance, and cost, most optimally. Second, this study does not compare the
existing WZ design and operation guidelines with the research finding. We refrained from establishing such
a comparison to avoid evaluating the relevance of research findings in terms of pre-existing guidelines.
Such consideration could help avoid bias toward various research findings, even if they are contradictory
but can be attributed to the WZ project environment. Indeed, the authors believe that existing guidelines
require revision, a stance shared by several researchers. Finally, future research can extend beyond literature
review and perform a meta-analysis of secondary data or information to validate the reliability of research
findings.
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