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ABSTRACT
Roadway construction workers haveatork in close proximity to construction equipment
as well as higtspeed traffic, exposing them to an elevated ristotiisions This research
aimsto develop a innovativeholistic solution to reduce the risk of collisioasroadway
work zonesTo thisend aconnectedhazard detection and prevention system ehigped
to detect potentialinsafe proximities in highwawork zones and providearning and
instructionsof imminent threatsThis connected system collects réate information
from all the &tors inside and outside of the work zone and communicates it with a cloud
server.A hazard detection algorithm is déweped to identify potential proximity hazards
between workers and connected/automated vehicles (CAV) and/or construction equipment.

Deteded imminent threats are communicated tdamger workers and/or drivers.

The trajectories and safety status of eactorais visualized on Virginia Connected
Corridors (VCC) Monitora custom welbbased situational awareness toolrealtime. To
assurdahe accuracy of hazard detection, the algorithm accommodates various parameters
including varianthreat zone$or workerson-foot, vehiclesand equipmenthedirection

of movementw o r k distascéo the work zonéorder shape of road, etc. The deségl

system is developed and evaluated through various experiments gn theg iSmarta 6 s

Roads locatedat Virginia Ted.



Data regarding activities of workeos-foot was collected during experiments and was
used and classified for activity recognitionngssupervised machine learning methods. A
demonstration was held to evaluate the usability of the developed systetheaesults
proved the efficacy of the algorithm in successfully detecting potential collisions and

provide prompt warnings and insttions.

The developed holistic system elevates safety of highway construction and maintenance
workers at work sites. Hlso helps managers and inspectors to keep track of thimeal
safety status of their work zone actors as well as¢bielents occurrences. As such, with

the connected work zone hazard detection system, the safety level and productivity of the

workersis expected to be greatly enhanced.
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Wenjun Han

GENERAL AUDIENCE ABSTRACT
In order to reduce the risk of collisions for roadway construction workers, this research
aims b develop an innovative holistic solution at roadway work zdnethis researcha
connected hazard detection and prevention system is developed to detect potesital

hazards in highway work zones and generate warning and instructions okinttinieats.

This system collects reéime information from all the workers, construction equipment
and connected/automated vehicles (CAV) of the work. A hazard detection algorithm is
developed to identify potential proximity hazards between them &astelrecognize the
activities of workers. The trajectories and safety status of each worker, equipment or
vehicle is visualized on Virginia Connected Corridors (VCC) Monitor, a custorrbaséd

tool, in realtime.

A demonstration was held to evaluabe tteveloped system, and the results proved the
efficacy of the algorithm in successfully detecting potential collisions and provide prompt
warnings and instructions. The developed holistic system helps managers and inspectors
to keep track of the rediime sdety status of their work zone worker, equipment and
vehicles as well as the accidents occurrences. As such, with the connected work zone
hazard detection system, the safety level and productivity of the workers is expected to be

greatly enhanced.
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Chapter 1
Introduction

1.1 Introduction

With the rapid development of infrastructuceystruction and maintenance of highways
have is inevitable. Highway construction safety has been a public caheeta their high

rate of injury and fatality caused by proximity to higipeed t@ffic. A connected hazard
detection and prediction systemmsroduced in this research to address the safety issue at
highway construction work zone. The chapter provides the research background and the
gap in the current researches. In research bacdkdrocurrent researches relative to
highway construction safegnd available hazard prevention methods are discussed. In
this chapter, literature review is summarized in the following three aspects: highway
construction safety situation, work zone intarsialarm technology (outside work zone
crash detection), andside work zone crash detecti@ased on the literature review, this
chapter further discusses the current research gap and points out a novel solution, a holistic

connected work zone, to filhe gap.

The results of the literature review reveal thatoimprehensive solution exists to combine
strategies for inside and outside work zones. The research goal, to develop a holistic hazard
detection system for highway work zone, scope and outlingnisfresearch are then

elaborated.



1.2 Literature Review

1.2.1 Current Highway Construction SafetySituation

Construction safety has always been a great concern in the industry. According to
Occupational Safety and Health Administration (OSHA), tawlfinjury rate of the
construction industry is higher thametnational average for all indust((@sHA 2005) It

is even more of a concern for highway construction workers since they hasgkion

close proximity to higkspeed traffic. From 2003 to 2015, 1571 deaths related to highway
construction work were reported according to thent@€r for Disease Control and
Preventio(NIOSH 2017) The Federal Highway Administration (FHWA) reported that a
Highway work zone fatality occurs every 8.7 hours, and an injury associated with highway
construction work zones occurs every 9 minhésaji et al. 2018)From 2003 to 2015,

68 percent of workelated deaths in highway work zones were highway maintenance
workers, heavy and tracttrailer drivers, constiction laborers, construction equipment
operators and supervisgNIOSH 2017) It can be concluded that highway werkare in

high risk and safety concesishould be carefully evaluated.

Since highway construction and maintenance workers experience dangerdus wor
environments, the National Institute for Occupational Safety and Health (NIOSH)
published a safety instruction to specifically addressing highseangtruction workers.
Building Safer Highway Work Zones: Measures to Prevent Worker Injuries from Vehicles
and Equipmentvas launched in 20QRratt et al. 2001)The suggested injury prevention
measuregan be categorizedto three parts: work zone layout, tiaftontrol andother

management measures.



The measures of work zone layout include making changes toasogklayout such as
increase taper length for night waakdcontrol the illumination of the work zon&raffic
control measures use devices, peasqmotective equipment or management methods to
interference passing traffic in order to ensure the safeéhe work zone. Thedffic control
measuresnentioned in the instructiomclude use of temporary traffic control devices,
flaggers, developingnternal traffic control plans, speed enforcement, tvighbility

appeal for workers

In the safety instruain of NIOSH, the other management measaresot included in the
previous two parts. And these measures are mostly related to communication, safe

training, data keeping, and etc. The measinadade:

1 Accountability and coordination at the work site
1 Equipment operation and maintenance

1 Safe equipment operation around workemnsfoot
1 Training and certification

1 Changes in the contracting process

1 Laboratory and field research needs

91 Data and record keeping

However, despite these efforts to document safdgted issues and relative control
strategies for highway work zone crashes, the control measures are proven to be not
efficient enough. As presesd in Table 1, from 2007 to 2017, fatal work zone crash ra

decreased at the beginning but raised later, resulting in 2007 and 2017 sharing



approximately same number of cragiNstional Work Zone Safety Inforation

Clearinghous017)

Tablel. Work zone fatal crashes and fatalitidaional Work Zone Safety Information
Clearinghouse€017), crash data shown are from the 5Qesdathe District of Columbia,
and Puerto Rico.

Work Zone Truck-Involved Pedestriafinvolved | Work

Year Work Zone Work Zore Zone
Worker

Fatal Fatalities| Fatal Fatalities| Fatal Fatalities| Fatalities

Crashes Crashes Crashes
2007 732 830 177 233 112 111 106
2008 662 716 172 191 123 122 101
2009 589 680 131 158 99 98 116
2010 521 586 117 135 73 75 106
2011 533 590 145 178 100 99 122
2012 557 619 132 152 98 98 133
2013 536 593 151 171 100 103 105
2014 608 670 183 212 104 103 119
2015 654 712 175 195 107 107 130
2016 687 781 186 233 113 112 143
2017 710 799 216 265 129 126 132

The same fatal crash trend was also observed for-inwckved and pedestriamvolved
work zone crashg®National Work Zone Safety Information Clearingho@647) In fact,
the work zone crash statistics in the past 10 years are not proving the effieagylable
safety measures, and accordingly there is an urgedtfoeanproving safety measures at

highway work zones.



Il n 2003, NI OSH publ i s hWakReated Réanéway Glashess me n t

Challenges and Opportunities for Preventidhatfurther provides a comprehensive view

of work-related roadway crash@att 2003) It revealed that fatigue, age and cellphone

use are main reasons for potential truck and/erhi cl e crashes. Especi al

during along drive whileim r af fi ¢ can trigger driveros
work signs before they enter the work zone. Therefore, only make changes to work zone
or construction workers anmeot enough, measures for passing vehicles also should be
considered. Moreftective measures should be provided to both the work zone and the

passing traffic.

As a result, many organizations and researdneestigatedoetter methods or improved
current methods in order to protect highway construction and maintenance wist&eys

of the availale methoddfor improving highway safety focus on integrating emerging
technologies to reduce safety risks at highway work zdrtesse methodicus primay

in two areascollisionsfrom outside the work zon@igure 1.3 or collisionsfrominside

the work zongFigure 1.b)as described in the following sections

Figure 1. Outside vs Inside collisions of work zone; (a) Collisisamfoutside the work
zone; (b) Collisions from inside the work zone

at

t



1.2.2 Work Zone Intrusion Alarm Technology

Previous studies have indicated that even though essential safety training has been put in

place to impove construction workerso safety awar
construction workers in addition to their lack of situation awareness remains a major cause

of many accidents at highway work zor{&uo et al. 2017)One of the most important

issues that need to be addressedrder to improve highway construction safety is to
increase workerso situation awareness thr ouc(
This can i mprove workerso6 safety awareness
collisions before they occurt iis recommended to warn workers about how their unsafe

behavior can influence their exposure to safety hazards. Such warnings should be made in

advance to give workers enough time to react before an accident occurs.

Work Zone Intrusion Alarm TechnologWZIAT) was invented in an effort to solve this
problem. The technologgims to detect imminent threat from passing trafficiatebrates
proximity detection and an alarm system to send audible alerts to workers, taking into
account the reaction time neéder workers to act on the received warniriynaji et al.

2018) WZIAT was first introduced in 1995 by a study that focused on evaluating the
Strategic Highway Bsarch Program (SHRP) for work zone safety dev{@éegent and

Hibbs 1996) Previous intrusion alarm technologies include infrared intrusion alarm,
microwave intrusion afan, watchdog perimeter work zone intrusion alarm,
etc(Gambatese et al. 201’ However, due to its high cost, persistent false alarm, difficulty

to deploy and several other reasons, those methods have already been decommissioned in

the market.



The currently available WZIAT intrusionleat technologies include SonoBlaster®,
Intellicone®, Worker Alert System and IntelliStrobe@ambatese et al. 2017)
SonoBlaster® and Intellicone® are twonemon WZIAT devices available in the market.
The SonoBlaster® device is placed on traffic cones and can be activated wheffithe tra
cone is tilted as a result of an intrusi@manspolndustries 2017)Intellicone® is another
type of WZIAT device that consists of motion senstapsand portable site alagrnThe
motion sensors construct a wireless netwdfken an unplanned motorist entry is detected
into the work zongor a vehicé intrude the work zoné,will be detected by motion sensors
and the alarm system will be triggered. A portable site warnewicd will then produce

an audievisual alarm to warn workers of potentadngerNnaji et al. 2018)

I

@) (b)

Figure2. WZIAT devices; (a) SonoBlastdi®@anspo Industries 2017{b) Intellicone®
(Solutions)

Traffic Guard Worker Alert System (WASNNaji et al. 2018)s another great example of
the WZIAT. The WAS is a pneurtie-based alarm system consisting of an awdlwatory
personal safety device (PSD), pneumatic tubes and other devices. Whaplamed

vehicle intrudes into the work zone, pneumatic tubes are compressed and simultaneously



activate the PSD attachedtow k er 6 s belt that would subseque

workers of the dangerous situatiyinaji et al. 2018)

Figure 4. IntelliStrabe® (IntelliStrobe)

IntelliStrobe® is an automatic flagger whichn replacénuman flagger antie remotely
controlled by workes. It also uses pressured trigger pneumatic tube alarm system but only
has an audio alarnmrhe alarm will be activated when a vehicle ignores the stop sign and

press the pneumatic tube on its way to the work {Gaenbatese et al. 2017)



In recent yearsWZIAT devices have been tested by the Department of Transportation
(DOT) in different states. Accordinto reports, different states respond differently to use
of WZIAT; e.g. Oregon DOT considered intrusion alert technologies to have the potential
to improve worker safeffGambatese et .aR017)while New Jersey DOT doubted the

reliability and desirability and benefits of SonoBlasték®upa and Systaatics 2010)

However,as mentioned earliethe current research on WZIAT devices only focuses on
vehicles intruding the work zone from outside the work zone and the construction processes
inside the work zone are largely ignored. In other words, WZlAvices only trigger an

alarm when a vehicletrudes the work zone, and could not detect collisiosgle the

work zone, i.e. between workers and construction equipment.

1.2.3 Crash Detectioninside Work Zone

Constructiorand maintenance workers in the highway are not exposed tdhazardous
situations from outside theask zone(i.e. passing traffig)but also frequently encounter
safety concerns inside the work zone. Since collision risk within the work zone cannot be
ignored, anumber of researchers have focused on reducing risk of collision between
construction equipent and workeren-foot in work zones.The heavy construction
equipment frequently used in the construction work zone include trucks, forklifts, skid ste
loaders, compactors, bulldozers, scrapers@iastruction equipment are often involved

in visibility-related injuries ancére deemediangerous to workei@n-foot (Hinze and
Teizer 2011) Researchers have ewmed 659 visibilityrelated fatality casesamong
which 594 cases involved equipment or vehig¢tiésze and Teizer 2011Y hey also found

that equipment moving in reverse directiorposea much higher accident occurrence rate

compared to equipment isnoving forward oris stationary (operating but not

9



traveing)(Hinze and Teizer 2011)NIOSH provides construction equipment visibility

diagrams online based on contractor and construction equipment cqii28id 2017)

Sterling 9511 B GindArea Cat 416C T
900 mm Level poskdut 900 mm Level s

Y
el :
% Fosossss
f
.
Figure 5. Construction equipment blind spot diagram by NIOSH (a) Sterling 9511 [
Truck, 900 mmevel; (b) Caterpillar 416C Backhoe Loader, 900 mm level

These diagrams present a larger blind sptihe@tbak of the equipment compared to the
frontin most of the case#t can be concluded that heavy equipment in the work ztares

cause serious accidents when moving in a reverse direction.

Pro-active safety technology is developed to provide warningsrstiagction workers and
equipment operators in rene(Marks and Teizer 2012).ocation sensing is an essential
part of the presented solutions. Several sensing technologies are widely ajblitte
aim to improve safety of construction workearsluding global positioning system (GPS)
(Oloufa et al. 2003Wang and Razavi 201adiofrequency identification (RFID), radio
frequency(Fullerton et al. 2009Teizer et al. 201,0Park et al. 201 radar(Ruff 2006)

Ultra-WideBand (UWB)(Cheng et al. 203IHwang 2012) Bluetooth(Park et al. 2015)

10



etc. Because blind spot can be varggpending on equipment modesriousblind spot
configurations andneasurementare also investigated foiheavy equipmenin some
researcheslhese studiegimto creatgotentialhazardougonegcalled threat zones herein)
for workers aroundcequipment e.g. consideringblind spots for obstacle ggermanent
hazard zoneand 3D blind spots for equipmefiteizer et al. 201,0Ray and TeizeR013

Teizer and Cheng 2015)

Various algorihms are presented for designing threat zones in order to provide warnings
to workersin a reasonable way. Threat zones designed by different researchess varie
Teizer et al.proposeda 3-dimensional threat zes with warning radius and alert
radiugTeizer et al. 2010)Awolusi et al.considers another way to define threat zone, a
initial threat boundary of equipment is anteter distance extended from equipment
footprint, the hazardous zone design depending on the specific function of equgsment
shown inFigure 6 (Awolusi et al.2015) Wang and Razavi also defined threat zone with
warning distance and alert distance which is similar to Teizer. &t gheir method, the
difference between warning distance and alert distseteamined by key factors such

as reaction distana# workeron-foot, reaction distance of equipment and braking distance
of equipmen{Wang and Razavi 2015The threat zonesonfigurationsneed to cosider

inherent danger of construction equipment as well as potential hazard due to its motions.

11



- 146 m
Equipment

6.4m — “2m =

Material Initial Safety Boundary

—*  Travel Direction

(@) (b)
Figure 6. Hazardous zone design of (a) Teizer et @l@and (b)Awolusi et al. 2015

While variousvehicle crash detection systetrave been developed in previous researches
(Sharma et al2016, Yee and Lau 2018jealtime precrash detection and preveoi
remairs a need to improvéraffic safety at highway work zones. Howevtre hazard
prevention methods mentioned above either focus on accidents from outside the work zone
or from insde the work zone. Aolistic work zone safety approach requires tgkith work

zone actors, i.e. workers, equipment and passing traffic, into acdoustim such a

holistic approach is missing in the literature.

1.2.4 The Research Gap

Based orthe literature reviewthe available hazard detection methods focus either on
preventing collisions from passing vehicles (i.e. threats from outside of the work zone), or
potential hazard from construction equipment or construction material (i.e. threats from
inside of the workzone).There remains a research gap that no holistic connected work
zone system exists that takes into account all involved actors from inside as well as outside
of the work zone. The current hazard detection methods only concern hazaresiem

insideor outside of the work zone.

12



As such, there is a pressing need for a holistic and comprehensive connected work zone
system that takes into account the collisions involving all actors in potential crashes from
both inside and outside of tirk zone. Thdnolistic work zone system should detect all

the hazards and alert the respective actors regardless of their locations.

1.25 Connected andAutomated Vehicles(CAVS)
In the literature pertinent to transportation, the focus is on vehiclestioosd where
relative position and driving context are used to detect a potential crash and provide a

warning to drivergLiu et al. 2A.6).

Automotive technology develops rapidly in recent decades. With the emergence of
connected and automated vehicles (CAVs), scholars started to consider how to combine it
with work zone safetyConnectedand automatedehicles are vehicles thatan use
communicationtechnologies to communicate with the driver, other cars on the road
(vehicleto-vehicle [V2V]), roadside infrastructure (vehidieinfrastructure [V2I]), and

t he #CIl o(CAAT 2G18)2 C]

The integration of communication technology enables vehicles to not be considered as
individual actor on the road but as an integralt of a systemWith the featire of
communication, scholars tried to make a connection with CAVs and work zone safety.
Safety performance impacts of CAVs in a work zone setting is evaluated, the result shows
that in a low traffic flow rates, work zone safety performararebe improve by V2V/Vv2I

communicatiofAbdulsattar et al. 2018)

Scholars also investigated the effect that using CAVs on traffic safety in a network with

work zonegGenders and Razavi 2019he nati onds first -€5onnect ed
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was conducted by the Michigan Department of Transportation (MDOT) and 3M
(Lombardo 2017) 3M provided orange barrels with 2D barcode inside. The infrared
devices in CAVcan read the barcode and communicate the information with both the

vehicle and the drivegiL,ombardo 2017)

With the emergence dbcation sensing technologies aBdV, the informationcan be
collected from all work zone actors including vehicles, equipment and weokeisot and

utilized to ensure the safety of the work zone. This research aims at addressing this gap by
designinga comprehensive connected work zegstemto help enhance the safdevel

of the highway work zoneCompared to normal vehicles, the communaafeature of

CAV is a key to address thiesearctgapand it expands the scope of the connected work

zone system.

1.3 Objectives

This researchoés over ar c hi rdeployplesconnactedwbrb dev el
zone hazardetection system to prewt potential unsafe situations in highway workzones,
taking into account all involved actois.addresesthe current research gand enhance

the safety level of highway work zone.

The research is separated into 4 subtasks: data collection, hazatidatgorithm design,
database development and activity recognition. To finish the subtasks, 6 subobjectives are

identified as preented in Figure 7o this end, the objectig®f this research are as follows:
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Influencing Factors

I Data Collection | Identification
Safe/Unsafe Situation
Hazard Detection Detection
System for Roadway I Algorithm Design |—
Work Zone Work Zone Proximity
Detection for CAV
Equipment/CAV
Database || Warning Messages &

Instruction Generation

—| Model Training |
Activity

Recognition
g I Model Selection |

Figure 7. Research framework and objectives

1 Investigate influencing factois safe/usafe situations

1 Identify safe/unsafe situations

1 Work zone proximity detection for CAV

1 Investigate warning messages and insturctions generation
1 Activity recognition model training

1 Activity recognition model selection

The first subobjective is to investigatdluencing factorsn safe/unsafe situationghis

aims to investigate what factors can affect the safety level of weokefisot,
construction equipment and CAVSs, such as shape of road, relative location to the work
zone border. Once the influencingtars are identified by the hazard detection system,
extra protection can be generated to secure the endangered actors. Investigating the

influencing factors helps the system be adaptable to real work zone environment.
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The second subobjective is one of tiwee objectives, to identify safe/unsafe situations,
and detect imminent threats. As a hazard detection system, it needs to clearly know in what
situations the workeon-foot/equipment/CAV are in real imminent danger. Then the

system needs to take actibased on the judgements of potential hazards.

The thrd subobjective is to provide proximity detection for CAV. It aims to provide
warnings to the work zone that passing vehicle is approaching. It also provide messages to
the CAV that a work zone is aheakhe purpose of the proximity detection is to provide

timely information to workers and vehicle driver and increase their awartness.

The fourth subobjectvie follows the first three objectives. After the hazard or proximity
detection, the system needs tooypde messages and instructions wrkeron

foot/equipment operator/vehicle drivers to notify them about the potential collisions and
help them avoid the accidents. The transmission of instructions to the

workers/operators/drivers will be investigateduture research.

The fifth subobjetvie is select an activity recognition model to classify common
construction activites of workexa-foot. It aims to predict the activity of workers based

on received location data, and accordingly predict their actiglgted movement.

Generally, heobjectiveof this research is to create@mprehensivdeployable connected

work zonehazard detectiogystem to detect unsafe proximtgtweenworkerson-foot
andconstruction equipment and/or passing traffic befoterg@l accidents actually occur.

The proposed system is expected to help improve safety at highway work zones by prompt
detection of potential imminent threats between work zone actors and acgpadioiging

imminent collision accidents in advance. THeveloped system is expected to be
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convenienly used to assist project managers and inspectors to monitor the work zone safety

condition and project progress in r¢iahe.

1.4 Research Scope

To achiee the objectives stated in the previous sectionatfperithm embedded in the
hazard detection system needs to detect unsafe proximity of waorkérst to

construction equipment and/or passing traffic before potential accidents occur.

Based on literatre review, the research adopeevious design to gerede threat zorse
for workeron-foot, construction equipment and CAVhe conditiongnd interactionsf

the threat zones determine the safe/unsafe status of the wort@t/equipment/CAV
and the nessages/instructions generation is followed by thelgagafe status judgement.
The system detects tirgeractions of the threat zonasd automatically generate the status
messages and instructions to the corresponding work&yot/equipment/CAV. Andll

the statuses and messages are uploaded teseiver The trajectories and status

information can be visualizezh the server.

The influencing factors identification focus on workersfoot. The conditions of the
factors are used to adjust ttheeatzonesof workerson-foot or construction equipment.
Theadjusted threat zone differs from other threat zonest amitliences the judgement of
safe/unsafe status. Therefore, for the actor with higher risk level, the threat zone will be

larger andhreat warning will be provided earlier.

In the research, daisicollected during experiments and activities of workers are recorded.

The data is analyzed to train machine learning models. The model with highest
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classification accuracyasselected to use as afty recognition model in the research.

The trained moel will be embedded into the hazard detection system in future research.

1.5 Summary

In this chapter, the literature review related to the current approaches towards improving
highway construction safety situation was presented. The chapter also pointiseout
research gap which is lacking a comprehensive hazard detection system to ensure safety
considering all invloved actors both inside and outside of the work zone. An advanced
hazard detection system is introduced to fill the current research gap aedrecks
objectives and scope is elaborated. Based on the research scope. Various tasks
accomplished to achieve the research objectives are elaborated and discussed in the

following chapéers.
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Chapter 2
Methodology

2.1 Introduction

The objectives of this research, as stated in the previous chapter, are achieved through four
inter-related steps, each accomplished through various tasks as demonstrated if. Figure
These steps include data collection, algorithm desigguipment/CAV datbase
development, and activity recognition. In this chapter the research steps and the tasks

relative to each step are elaborated in detail.

First, the data collection scenarios are discussed. The sensors used, work zone layout
configurdion, the data fye collected, communication configuration, gguipment and

CAV, and other related information are explained.

The design othehazard detection algorithia discussed nexThe algorithmis designed

to detect potential hazardous proxim# between work zone actors and prevent them by
sending prompt notification to the involved actors. To this end, first threat zones are
defined for all work zone actoendare utilized todetect potential collisionandprovide
warning messages and insttions to corresponding actortnfluencing factorsof
safe/unsafe situatiorsse identified and 00-m proximity warnng for approachingCAV is

also included in the algorithm. They can provide extra protection andealertar the
actors. The developedathbase containing information pertinent to equipment/CAV to
feed the required information needed for the hazard detection algorithm is then discussed.

The activity recognition methods and needed factors are discugbedcimapter.
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This chapter also dcusses the development of hazard detection algorithm. It reveals how
to realize the algorithm design and combine the threat zone designs, influencing factors,
developed database into one hazard detection sydtasily, a summary of the

methodology is praded.

2.2 Data Collection

In this researctreaktime locaional datacollected from work zone actoisused taletect
potential unsafe proximities and provide warnings and instructmms-danger actors
Therefore,the accuracy and consistency of dateed to be taken into accowvhen

choosing the technologysed for sensing and data collection

Based omreview of literature and available effie shelf sensors, Ult&ideBand UWB)
sensors werselectedo be usedo collect reakime location data fromonesworkerson-
foot and construction equipmehiWB is selectedecause of its known precise location
tracking(Fang et al. 2016)JJWB devices from Decawa®are used. Theensors were
programmed as two categories, anchors and #egsork zone layoushown inFigure8,
three anchors construct a triangle located in the work zmmeare responsible for
collecinglocational informaton from tagsnd transmitting the collected data to the server
Tags are hand held by workeys-foot or mounted orconstriction equipment and cones

to identify work zone boundaries

Anchor 2 J‘r
[ ]
* Tag 1 Tag 3
g
*Tag 2 AR
F s F
77— Cone 1 AL Cone 2
] L
Anchor 0 Anchor 1

Figure 8. Highway work zone experiment layout
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Data from tags and connected vehicle are collected during the data collection. The data
from tags include tag number, timestamp, latitude, longitude, X and Y in Universal
Transverse Mercator (UTMcoordinate syem. Data from CAV includevehicle number,
timestamplatitude, longitude, degree, speed, vehicle leraytd width.The collected data

is sent to Virginia Connected Corridors (VCC) Monitor, a custom-based situational
awareness toa@ndis visualized n reattime. Data set is recorded and used later in the

algorithm in CSV format.

Work Zone

Activity
Data ] _"TTTY hmeecececececececec—-———-
CAVs Recognition \
1
- 1
Equipment Data |
Data Hazard !
g Data Server _ . I
| Workers-on-foot ‘—Messa N Detection |
: uwe Trajectories | Stat ’ '
1 Cone DeViCE rajectories atus :
1
1 VCC Activity Prediction 1
. 4
: Monitor
1
1
1
| Command
“““““““““““““““““““ Inspectors
|:| Research Core ~ ------- » Future Research Data Input —— Data Output

Figure 9. Communicatiorconfiguration of the hazard detection system

4 formal experiments were heldn the Virginia Smart Roads aWirginia Tech
Transportation Institute (VTTI). Two were the straight road section and two @én the
curve £ction.OneCAV andthreeconstructionequipmentvereused in experimenisee
Figures 10 and11). The equipment included truck, muknd mower4 studentsfaculty
and staff participated as workews-foot. The activitieghe participantsperformed were
walking, guiding (moving backward), rolling, jackhammering and random activity. The

details ottheactivitiesare introduced itheactivity recognition sectiokaterin this chapter.
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Figure 10. Truck used in experiments

(b)

Figure 11. Construction equipment in experiments: (a) Mower usegkperiments;(b)
Mule used in experiments

Each data set of tags was recordethmserver. Tle moving directions of workeisn+

foots and construction equipment were also recorded mandatbtal of 49 movement
patterns wersimulatedand categorized, including three samples of jackhammering, 16
walking, 10 rolling (hanéheld equipment which reqed regular moving), 14 (moving
backward) and 6 random movemernitse stored locatical dataand recordedmoving
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