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Abstract 

Temporary traffic control in work zones (TTC) has different challenges in terms of 

safety for both workers in the work zone and drivers, whether in rural or urban 

settings. Ensuring the safety of workers and drivers in the work areas is important 

due to the complex geometry of the work areas, which includes modification of the 

configuration of the road, reduction of lanes, temporary presence of signs, channeling 

devices, and lane changes. In 2017, the Fatal Analysis Reporting System (FARS) 

reported 710 fatal crashes in work zones in the United States, out of which 132 

involved construction workers. A study conducted by the Associated General 

Contractor (AGC) in 2019 showed that 67% of workers reported that motor vehicles 

had crashed into their work zone, and 8% of these crashes ended in fatalities. The 

study also indicates that 73% of the construction workers feel greater risk now than 

a decade ago. Work zone workers are increasingly concerned about the risks they 

face due to the location of their work zones on the roads, and it is a problem they 

perceive as serious due to the high level of danger they experience. The opposite is 

the case for road users, as they tend to be less aware of these risks since most of 

them have not been directly exposed to these dangers as construction workers.  

To increase road users' awareness about the danger construction workers are 

exposed to in work zones, the general public should develop empathy. Empathy is 

defined in the Cambridge dictionary as “the ability to share someone else's feelings 

or experiences by imagining what it would be like to be in that person's situation.”  

The research objective is to investigate if exposing drivers to the work hazards that 

construction workers typically encounter in work zones influences their behavior while 

driving through work zones. Our study compares driver behavior between drivers that 

were sensitized using virtual reality (VR) and a driving simulator to drivers who were 

not sensitized using VR.  

 

Keywords: Driving Behavior, Driving Simulation, Distractions, Work Zones, 

Temporary Traffic Control, Highway Safety, Human Factors, Empathy. 
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1. Introduction 

1.1 Problem Statement 

Ensuring workers' and drivers' safety in highway work zones is a challenge due to the 

complex change in road access for the drivers, including the temporary presence of 

signs, channeling devices, lane reduction, lane changes, and modified road 

configuration. In 2017, the Fatal Analysis Reporting System (FARS) reported 710 fatal 

crashes in work zones in the United States, out of which 132 involved construction 

workers (1). A study conducted by the Associated General Contractor (AGC) in 2019 

showed that 67% of workers reported that motor vehicles had crashed into their work 

zone, and 8% of these crashes ended in fatalities. The study also indicates that 73% of 

the construction workers feel greater risk now than a decade ago (2). 

Recently, construction workers have been increasingly concerned about the risks in work 

zones due to their exposure to hazards in their everyday work. The general public is 

often not as aware of these risks due to not having said exposure. The general public 

needs to develop empathy to heighten awareness regarding the risks to construction 

workers in work zones. Empathy is defined in the Cambridge dictionary as “the ability to 

share someone else's feelings or experiences by imagining what it would be like to be in 

that person's situation.”  

The research objective is to investigate if exposing drivers to the work hazards that 

construction workers typically encounter in work zones influences their behavior while 

driving through work zones. Our goal is to investigate if exposing the general public to 

safety risks that construction workers face in work zones increases empathy and leads 

to risk perception and behavior changes. Our proposal includes a behavior and risk 

perception survey, the use of VR to immerse general drivers in virtual work zones 

environments where they have to perform typical work zone tasks, and the use of the 

UPRM driving simulator to evaluate drivers’ behavior in terms of speed, lateral position, 

and reaction time in a high-speed divided freeway work zone.  

This research will contribute to understanding the impact of work experience in the work 

zone and the drivers’ risk perception and behavior in work zones. If the research results 

indicate a difference in perception between drivers who perform virtual tasks in work 

zones to increase empathy and drivers who only drive work zones, an educational 

module will be developed to increase empathy and awareness about the risks that 

workers face in construction work zones. The goal of the educational module would be 
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to provide information so that the general public can visualize themselves in the 

construction workers' situation and modify their behavior while driving through highway 

construction work zones. 

1.2 Research Objectives 

The research objectives associated with the study are three-fold:  

• To investigate whether exposing drivers to workplace hazards construction 

workers commonly encounter in work zones influences their behavior when 

driving through work zones. As well as investigating whether exposing the general 

public to the safety hazards construction workers face in work zones increases 

empathy and leads to risk perception and behavior changes. 

• To evaluate driving behavior when approaching different highway work zone 

conditions on a two-lane road segment that included a lane closure. 

• To Identify if subjecting the driver to a VR environment, designed from the 

worker's perspective in a highway construction work zone, generates the driver’s 

empathy and improves safety.  

1.3 Report Organizational Structure  

 

The organizational structure of this research report consists of six chapters. Chapter 1 

provides an introduction to the research project, problem statement, research objectives 

and the overall organization on the report. Chapter 2 includes a comprenhensive 

literature review on relevant topics that includes  crash statistics, distraction while driving, 

temporary traffic control, lane closure on a two-lane road, legal uses and restrictions on 

cell phones while driving, empathy, driving simulators and VR. Chapter 3 describes the 

research methodology followed in this study, the experimental design and scenarios 

development, as well a the use of the driver simulator and VR. In Chapter 4 the analysis 

performed on the subject matters using the driver simulator and the observation study 

are discussed, specifically the effect of the average speed, position and empathy of the 

subject drivers.  Chapter 5 provides a comparison with a previously highway work zone 

study with drivers without the VR experience. Chapter 6 summarizes the pertinent 

conclusions, recommendations and future research. Lastly, the cited references list is 

presented followed by appendices that includes the informed consent, pre-simulation 

and post-simulation questionnaire.  
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2. Literature Review  

 

A comprehensive literature review was performed as part of this research project. Seven 

major areas were reviewed which are pertinent to the study. These are national crash 

statistics, distracted driving, temporary traffic control, lane closure on a two-lane, legal uses 

and restrictions of cell phones while driving, empathy, driving simulators and VR. This chapter 

summarizes the relevant literature related to these topics.  

 

2.1. National Crash Statistics  

 

In 2019, the National Highway Traffic Safety Administration (NHTSA) reported a total of 

3,142 deaths because of distracted driving (11), and 842 of those fatalities occurred in 

construction work zones (12). The NHTSA defines distracted driving as any activity 

diverting attention from driving, including texting or talking on a cell phone, drinking, 

eating, talking to vehicle occupants, playing with the navigation, entertainment, or stereo 

system (13). A distracted driver and increased workload due to the presence of the TTC 

can potentially increase the risk of crashes because drivers may not be aware of changes 

in road geometry and the presence of workers performing tasks on the road zone. 

 

2.2. Distracted Driving  

 

Distractions on the road while driving can generate high potential risks for drivers, 

construction workers, and the general public. The GPS directions given to the driver to 

reach their destination can, in many cases, provide contradictory information due to the 

lack of real-time GPS updates when there are eventualities and changing road conditions 

such as construction zones. 

In 2016, research conducted by State Farm shows that drivers are aware of the dangers 

of using smartphones while driving but continue to engage in such behavior. Of the 

drivers surveyed, 50% indicated using a cell phone to talk while driving and 35% sending 

text messages while driving. Forty-nine percent of respondents indicated that time 

efficiency was the main reason for using smartphones, and 34% of respondents say they 

send text messages while driving because it has become a habit (15). 
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It has been found in multiple studies that using smartphones while driving, negatively 

affects the following actions of the driver: 

 

● Reaction time to perceive an event: Drivers distracted with smartphones take 

42% longer to detect an event in their peripheral vision in conditions of hands-

free and hand-held telephones (16). 

● Aggressive braking: Drivers who are distracted by smartphone conversations 

brake more aggressively than drivers who are not distracted to reduce their 

initial speed when an unexpected event occurs (16). The aggressive braking 

to slow down for distracted drivers is primarily associated with rear-end 

collisions; this is the most common type of collision in highway works areas 

(17). 

● Longer perception and reaction time (PRT): A study associated with PRT by 

Bellinger et al. conducted for twenty-seven young adults in a simulated 

environment, drivers distracted by smartphone conversations were found to 

have a 7.1% longer PRT. 

● Unconscious time compensation: Bellinger et al. concluded that distracted 

drivers employ unconscious time compensation with faster brake pedal 

movement, resulting in stronger braking deceleration. 

● Slower response and more intense braking when performing dual tasks: 

Bellinger et al. observed a slower response and more intense braking of dual-

task drivers compared to single-task drivers (17). 

 

 

2.3. Temporary Traffic Control  

 

According to the Manual on Uniform Traffic Control Devices (MUTCD), the national 

reference for installing and maintaining traffic control devices in highway work zones,  

Temporary Traffic Control (TTC) plans are used to ensure optimal and efficient 

functionality for road users. The TTC is intended to assist highway users to safe and 

efficient movement when the normal function of a highway is temporalily suspended as 

well as to protect road users, workers, and first responders, traffic incidents and 

equipment (18). TTC are plans that guarantee the safety and continuity of the movement 
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of motorized vehicles, pedestrians, bicyclists, and transit services throughout the work 

zone and provide access to the property and adjacent public services. Traffic control 

devices (TCDs) typically employed throughout the work zone to warn and inform users 

about changing road conditions and channel traffic are: warning signs, cones or drums, 

temporary markings on the pavement, and flaggers. 

The MUTCD also provides Typical Applications (TA) that can be used depending on road 

configuration, volume, speed of road users, work activity, location of the work zone, and 

the combination of road vehicles. The MUTCD defines a TTC zone as an area of a road 

where the conditions of road users change due to a work zone, an incident zone or a 

special event planned through the use of TTC devices, uniformed police officers, or other 

authorized personnel. The four areas of a temporary highway work zone as defined in 

the MUTCD are: 

 

● Advance warning area: “The advance warning area is the section of the 

road where road users are informed of the next work zone or incident area.” 

● Transition area: “The transition area is the section of the road where road 

users deviate from their normal path. The transition areas usually involve the 

strategic use of cones ”. 

● Activity area: “The activity area is the section of the road where the work 

activity occurs. It consists of the workspace, the traffic space, and the buffer 

space”. 

● Termination area: “The termination area is the section of the road where 

road users return to their normal driving route. If posted, the termination area 

extends from the downstream end of the work area to the last TTC device, 

such as END ROAD WORK signs”. 
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2.4. Lane Closure on Two-Lane Road 

 

 

Figure 1 Lane Closure on a Two-Lane Road Using Flaggers (MUTCD, 2009) 
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2.5. Legal Uses and Restrictions of Cell Phones while Driving. 

 

In Puerto Rico, while driving, the use of smartphones is prohibited by the law. Except for 

some circumstances: 

● When the vehicle is completely stopped, and traffic is not obstructed, drivers can 

use a smartphone without a hands-free mode. 

● When calls or communications are made to law enforcement or related agencies, 

drivers can use a smartphone. 

● Drivers can use a smartphone in medical or safety emergencies, in situations of 

immediate risk to life, health, or property damage, when using GPS or when 

starting or ending a call. 

It should be noted that the law does not apply to drivers of official vehicles who are 

attending emergencies (Esq Migdalia Millet 2012; “Puerto Rico Vehicle and Traffic Law 

'[Law 22-2000, as amended]” 2017) (14). 

2.6. Empathy  

 

Empathy is the natural capacity that human beings develop in interacting with other 

people (3). It is the ability to understand what other people need, feel and think to the 

point of feeling as if those needs and thoughts were their own (4). Empathy is a 

fundamental axis for successful social interactions (3). Many studies have shown that 

empathy increases understanding and encourages pleasant social behaviors. A study 

related to homeless populations was conducted to determine if empathy varies when 

people know the situation from the narrative and experience. The study used  VR and 

compared behaviors. The results concluded that the people who had the experience with 

VR signed more petitions supporting initiatives towards homeless people than those 

without the VR experience (5). VR in 2015 was named the "ultimate empathy machine" 

as it allows people to experience any situation, even from another person's point of view 

(6). 

The interest in VR as an empathy-promoting instrument has increased to the point that 

there are many productions of immersive virtual environments (IVE), which are 

computer-generated 3D environments where people can move freely in environments 

designed exclusively to increase empathy. These settings give people the opportunity to 

experience a specific situation from another person's perspective (7). Other studies show 
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that taking another person's perspective can effectively promote empathy and achieve 

successful social interactions (8,9). For instance, in 2018, a study by Stanford University 

revealed that VR environments could help make people more compassionate compared 

to other media (10). 

2.7. Driving Simulators and Virtual Reality (VR) 

 

Driving simulators are a research tool used to evaluate drivers' behavior in multiple 

research fields, psychology, transportation, medicine, human factors, computing, 

education, training, and other driving activities (20). Driving simulators have been used 

to evaluate scenarios with different events, e.g., physical damage or potential crashes, 

and eliminate the level of danger by not exposing individuals. Using driving simulators,  

researchers can anticipate, evaluate, and provide possible solutions to road safety 

problems by analyzing the behavior of subjects in the face of simulated events and 

existing conditions. In addition to driving simulators, the research project presented in this 

report also uses a VR simulator. 

 

The use of VR provides a unique experience to people because it allows the participant 

to play various roles and personifications. VR can provide a role-playing situation with 

almost complete sensory immersion in a controlled environment. The VR system 

characteristics include immersion, allowing the user to experience activities from an 

internal perspective, and reactiveness, respective to observable variations based on the 

user’s actions (21).  

These simulation technologies have become a valuable tool in transportation research to 

study human factors and behavior; the most remarkable examples are driving simulators 

that reproduce customized scenarios and manage the parameters under investigation 

(22). 
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3. Research Methodology 

 

The research methodology consists of six tasks. The first task was the literature review that 

included relevant information on driving distractions and their impacts, construction work 

zones on rural two-lane highways, empathy, and the use of driving simulators. The second 

task was the approval of the Institutional Review Board (IRB) for the simulation study. The 

third task was developing the scenario of a two-lane rural road, similar to the existing road 

conditions of the PR-108 highway, located in the western region of Puerto Rico. The design 

of the scenario included the closure of one of the traffic lanes using suitable temporary traffic 

control devices, with the design of the TTC plan following the guidelines provided by the 

MUTCD and the VR scenario recreated so that the driver can assume the role of a worker in 

a construction work zone on a highway. This was done for the driver to experience the risks 

associated with road safety to which the worker inside the work zone on the highway is 

exposed and finally assess whether the driver felt or had no empathy for the worker. The 

fourth task was data collection, a total of 24 subjects between 18 and 70 years old, with a 

valid driver's license and more than 18 months of driving experience, were recruited to 

assume the role of the worker in the construction zone of a road in the VR device and to drive 

in the simulator. The drivers' awareness of the risks associated with road safety faced by the 

construction zone worker was evaluated using the VR device. The driving simulator was used 

to assess the driver's behavior in terms of speed, lateral position, and reaction time in the 

two-lane highway work zone. In addition to the data collected using the driver simulator, a 

researcher noted the subjects' reactions as they drove in each scenario. Focusing on the 

reactions before, during, and after the subjects' encounters with each of the two work areas 

presented per scenario. The fifth task consisted of carrying out the statistical analysis of the 

driver’s behavior in both situations, both for VR and for the driving simulator. Finally, the sixth 

task was to write the final report that includes all the findings related to the study. 
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Figure 2 Research Methodology 

 

3.1 Driving Simulator Equipment 

 

The driving simulator located at the UPRM consists of a portable cockpit simulator with 

three main components: driving cockpit, visual display, and computer system. The 

driver's cab contains the car seat, steering wheel, gear lever, two turn signals, and the 

accelerator and brake pedals. The base is made of wood and has six wheels for mobile 

applications. The visual screen consists of three overhead projectors and three screens 

that generate 120 degrees of visibility on the road with a resolution of 1080p. And finally, 

the computer system uses a laptop and desktop computer with SimCreator / SimVista 

simulation software from Real Time Technologies, Inc. (RTI) and an audio system that 

simulates vehicle and surrounding noises. 

3.2 Experimental Design  

 

Four experimental scenarios will be created using a roadway of a four-lane freeway. The 

scenarios will show the roadway conditions and an active GPS navigation application 

with visual and auditory instructions to the drivers. In the scenarios without traffic, a 

worker will encroach the 3.8 m right lane and the 3.0 m deceleration lane perpendicular 

to traffic at a walking speed of 1.07 m per second.  
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Independent Variables 

 

Table 1 Independent Variables 

Variable 
Name 

Factor or 
Block 

Numerical or 
Categorical 

Fixed or 
Random 

Levels 

Age Block Numerical Fixed 18-25,26-45,46-70 

Gender Block Categorical Fixed Female, Male 

Traffic Factor Categorical Fixed Yes, No 

Type of Work 
Zone 

Factor Categorical Fixed Right Lane, Left 
Lane, Right Should 

VR use Factor Categorical Fixed Yes, No 

 

Dependent Variables  

 

Five dependent variables, namely, mean speed, deceleration, speed variance, reaction 

time, and lateral position, were evaluated to assess and compare the drivers’ behavior. 

These variables were measured in the four areas that compose a work zone, namely: 

advanced warning area, transition area, activity area, and termination area. 

3.3 Scenarios Development 

3.3.1 Driving Simulator  

 

The existing two-lane rural highway PR-108, located in the western region of 

Puerto Rico, served as the base scenario for the driving simulator. The 

geometric and operational characteristics are: 

● length of highway section: 1.8 km  

● number of horizontal curve segments: 9  

● roadway cross-section width: 7.7 m  

● lane width: 3.2 m  

● posted speed limit: 35 mph 

Once the simulation begins, the driver will be located 1.2 km away from the 

beginning of the work zone. The four scenarios mentioned above were 

developed using a base road scene with the characteristics previously 
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presented. Figure 3 shows an example of the simulated cross-section 

scenario. 

 

Figure 3 View of the Simulated Roadway with Active GPS and Flagger Condition 

 

A segment preceding the work zone and two continuous work zones are 

presented in plan view sketches of the base scenario in Figure 4. These 

sketches illustrate the scenario with the corresponding work zone 

components. As shown in the pre-work zone in Figure 4(a), the first GPS 

message and posted speed limit are used to help the driver maintain a normal 

driving condition before reaching the advance and transition areas of the first 

one-lane closure work zone. The utilized workspace has a series of 

channelizing devices separating the available lane for vehicles coming from 

both directions, which in turn is defined by the presence of workers and the 

equipment located in the right lane. Both TTC plans in Figure 4(b) and Figure 

4(c) complied with the MUTCD TA-10. The only difference with the typical 

application is that the text messages in the signs are in Spanish instead of 

English due to the location of the simulated highway. 
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a) Pre – Work Zone alignment 

 

b) TTC Plan for the First Work Zone 
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c) TTC plan for the second work zone 

Figure 4 Plan View of the Roadway and Work Zone Conditions 

 

In scenarios where a GPS message was used for directions, four-voice 

instructions were provided to the driver in different locations, directing them 

towards an exit blocked by the work zones. The locations used in the 

simulation are shown in Figure 3. The instructions provided by the GPS are: 

• “Continue on PR-108 for a kilometer and a half.” 

• “After 300 meters, turn right towards Salto el Chino.” 

• “Turn right towards Salto el Chino.” 

• “Recalculating… head north on PR-108 towards Camino las      

Hortensias… after 300 meters turn right towards Camino las 

Hortensias.” 

 

The research established a conflicting decision for the drivers to determine the 

effect of the GPS as a distraction. The GPS was not updated with information 

on road conditions; therefore, the voice message would still indicate the driver 

to take the exit that was blocked by the work zone. On the other hand, drivers 

without a GPS had already been given instructions to start driving and head to 

the exit which corresponds to the “Salto del Chino” road. The drivers had to 
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decide if they would follow the GPS instructions and take the exit, thus 

encroaching into the TTC workspace or ignore the GPS directions and 

continue driving along the road without taking the exit.  

 

3.3.2 Virtual Reality (VR) Simulation 

 

VR can provide a role-playing situation with almost complete sensory immersion in a 

controlled environment. The system characteristics include immersion, allowing the 

user to experience activities from an internal perspective, and reactiveness to 

observable variations based on the user’s actions (21). Simulation technologies have 

become a valuable tool in transportation research to study human factors and 

behavior; the most remarkable examples are driving simulators. Simulators allow the 

reproduction of standardized scenarios and manage the parameters under 

investigation (22). Pedestrian simulators that help envision virtual roadway scenarios 

from the perspective of pedestrians are currently being used as a powerful 

transportation safety research tool. Recent advances in VR technology now present 

opportunities for researchers to develop and carry out new realistic and engaging 

pedestrian studies that have significant safety, costs, or complexity implications (23). 

The essential elements of VR are interactive simulation, implicit interaction, and 

sensory immersion, as mentioned above. The user observes the environment through 

small monitors attached to a lightweight head-mounted device known as glasses. The 

technology provides the option of adding controls or handles for a more reliable 

experience. The fidelity of the VR devices refers to the accuracy with which actual 

sensory cues are reproduced (24). Nevertheless, current VR setups will differ from 

recreating perfect real-world scenarios because computer display technologies are 

still imperfect. Not all the perceptual and contextual cues needed to recreate a real-

world experience are known yet (24). These VR devices are usually promoted 

commercially for gaming and entertainment purposes, but they are also applied in 

medicine, architecture, defense, and art. The primary senses activated during the 

performance of a VR scenario are sight and hearing, allowing the user to experience 

roadway situations that, in real life, could be risky or even fatal. Even with the current 

limitations, VR technologies can study the human brain and its reactions to sensory 

and cognitive cues (24). Enabling pedestrians to encounter complex situations by 
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being immersed in a virtual environment would allow researchers to study human 

factors, the differences in behavior and performance between pedestrians, roadway 

safety issues, the effects of new road design strategies, or new traffic control devices, 

among other benefits.  

(23) used an HTC Vive VR headset and a Unity 5 virtual environment to recreate an 

urban downtown setting with two-lane streets and a four-leg intersection with 

pedestrian crosswalks. The objective of their study was to obtain objective and 

subjective measures of subjects crossing the intersection at one of the 5.5-meter-long 

crosswalks. The average walking speed found for the 26 subjects in their study was 

1.07 m/s. The experiment observed that the subjects were hit by a vehicle in 10.8% 

of the crossing simulation runs. They concluded the fidelity of VR simulation allows 

obtaining objective measures of pedestrian behavior, such as average walking 

speeds, that match those measured in real-world situations. 

 

Methodology 

 

The testing and training phase was initially made with the HTC Vive Pro Eye headset 

and a desktop computer readily available for the research team. The HTC Vive Pro 

Eye headset provides a detection area of up to 33 ft2 and includes eye-tracking and 

wireless capabilities. The specifications of the two VR headsets, gaming laptop, and 

desktop computer are provided in Section Equipment. 

The next step included the development and programming of the simulation scenarios 

created with the Unity 2019.4.2f1 platform. A base scenario that represented a 

construction zone segment in a rural context was created. Moving traffic was 

programmed in two directions in the simulation. The task required the subject to serve 

as a surveyor's assistant, carrying a stadia rod. The subject performed the activities 

that a survey technician would do to help a chief surveyor take measurements of the 

terrain's topography. The subject had to cross the open lane to perform their activities; 

therefore, they had to observe the gaps in the incoming traffic and cross the road 

safely to the other side. In addition, the subject was confronted with different typical 

sounds of construction areas that may affect their performance. That process was 

repeated four times at various points in the work zone.  
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Figure 5 Plan view of the simulated Virtual Reality scenario 

Scenarios Development 

The VR stage is based on the second construction zone configuration developed in 

the driving simulator. The characteristics and geometry of the virtual scenario are 

similar to a section of the existing two-lane rural highway PR-108 located in the 

western region of Puerto Rico. The stage consists of a two-lane rural segment 

covering an area of 300 square meters. Figure 5 shows a plan view of the simulated 

VR scenario. The vehicular flow is reduced to one lane within a construction zone that 

is 100 meters long. Figure 6 shows the main section of the construction area. Given 

the spatial limitations of the virtual simulator, the working area of each subject consists 

of a 6 square meter area. The subject performs the task right in the middle of the 

traffic-controlled construction area. Figure 7 shows the area of interest and vehicular 

flow from the subject’s point of view. 
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Figure 6 Area of interest for the subject's tasks 

 

Figure 7 Area of interest and vehicular flow from the subject’s point of view 
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Equipment 

The UPRM research team has the HTC Vive Eye Pro VR headset, shown in Figure 

8. This new VR headset, released to consumers in 2019, is an expanded version of 

the HTC Vive Pro headset and includes native, built-in eye-tracking capabilities. The 

basic setup consists of the VR headset, two handles, and two sensors, but this system 

has expansion capabilities to improve the VR simulation. The headset also comes 

with detachable headphones to reproduce sounds inside the VR simulation. 

 

Figure 8 HTC Vive Eye Pro Headset, Controllers, and Base Stations 

The headset has foveated rendering capabilities that produce higher fidelity VR 

images while requiring less processing power by rendering the parts of the scene that 

the subject is looking at in high resolution while lowering the resolution on images 

located on the peripheral vision (Hollister, 2019). Besides providing better resolution 

for the VR graphics and eye-tracking capabilities, the HTC Vive Pro Eye VR headset 

can add more sensors to expand the detection box to an area of 32.8 ft x 32.8 ft. Also, 

the headset can add a mountable antenna to replace the cable that communicates 

with the computer. This option eliminates the mobility restriction and safety concerns 
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of the connecting cable. The larger detection area allows the experiment to expand 

the rural roadway context. Table VR2 presents the technical specifications for the 

HTC Vive Eye Pro VR headset. 

Table 2 Technical Specifications of the HTC Vive Eye Pro VR Equipment. 

Screen Dual OLED 3.5-in diagonal  

Resolution 1440 x 1600 pixels per eye (2160 x 1200 pixels combined)  

Refresh 
rate  

90 Hz  

Field of 
view 

110 degrees  

Audio Hi-Res-certified headset, Hi-Res-certified headphones (removable), 
high-impedance headphone support, and enhanced headphone 

ergonomics 

Safety 
features  

Chaperone play area boundaries and front-facing camera  

Sensors  SteamVR Tracking, G-sensor, gyroscope, proximity, eye comfort 
setting (IPD) and eye-tracking  

Connection
s  

USB-C 3.0, DP-1.2, Bluetooth  

Eye Relief  Lens distance adjustment 

Controllers SteamVR Tracking 2.0, Multifunction trackpad, Grip buttons, dual-
stage trigger, System button, Menu button, and Micro-USB charging port 

Room-scale Up to 32.8 ft x 32.8 ft using four SteamVR Base Station 2.0 

Base 
Stations 

Includes two 2.0 base stations, and two more were acquired to achieve 
the area's full capacity 

 

 

One desktop computer and one gaming laptop computer were available to set up the 

VR simulator and conduct the experiments. The desktop computer is a Rave-PC 

model with an Intel Core i7-4770S processor, 16 GB of RAM, and an NVIDIA GeForce 

GTX 1080 graphics processor with 8 GB. 
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4. Analysis of Driving Simulation 

4.1. Subjects 

 

Twenty-four subjects participated in the study, all with a valid motor vehicle driver's 

license in Puerto Rico and with an age range of 18 to 70 years. The study followed the 

ethical standards of the Institutional Review Board (IRB) of the UPRM. 

All subjects participated in 4 different scenarios. At the beginning of the simulation, they 

received visual instructions on where to go. Upon reaching the work zone, the driver had 

to decide between continuing or stopping to assess whether a vehicle was approaching 

from the opposite direction. In the flag bearer scenarios, the participant had to wait for 

the order to pass through the area. Within each stage, approximately 1.6 km away, a 

destination sign tells the driver which exit to take. The work zone blocks this exit on 

purpose. The driver must recognize the changes in the road by the presence of the work 

zone and decide whether to continue (the most correct and safest decision) or encroach 

the work zone (the wrong and dangerous decision). In scenarios where a GPS gives 

directions to the driver without considering the temporary modification of the road through 

the work zones, the driver receives sound instructions to take the exit, simulating that 

the GPS is not updated with information on existing road conditions. Since the workspace 

blocks the exit, the driver is faced with the dilemma of whether to encroach the 

workspace to take the exit indicated by the GPS. The expected correct behavior would 

be to continue the road and look for alternative ways to get to your destination. 

 

4.2. Experimental Results and Data Analysis  

4.2.1.  Observational study  

 

After collecting the necessary information for the study, the data is analyzed in detail 

using the Power BI program. In addition, the observational data were recorded in 

Excel to be used in the analysis. 

Figure 9 shows the percentage of participants who entered the lane in the opposite 

direction upon reaching the first construction zone without stopping. The horizontal 

axis shows the order in which the researchers ran the scenarios. In this case, the 

order is important. As can be seen, reflected in the figure, there is evidence of a 
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difference between the first time the drivers face the simulation and the subsequent 

executions. When the subjects drove through the work zone for the first time, 29% of 

those who reached the first work zone encroached the opposite lane without stopping. 

These subjects arrived at the work zone and, instead of stopping to check if a vehicle 

was coming from the other direction, they continued straight ahead. In the second 

work zone, only 21% encroached the highway work zone without taking adequate 

precautions. The percentage of drivers who encroached the work zone was much 

lower for subsequent runs. This indicates that drivers were driving as usual when they 

approached the first work zone for the first time without noticing the signs. Still, they 

were more cautious in subsequent runs, noting that oncoming traffic was not going to 

stop because they were encroaching their lane. The learning curve was fast in most 

cases. However, some subjects still encroached the opposite lane without stopping 

even in their fourth run. 

 

 

Figure 9 Percentage of Drivers encroaching the Opposite Lane Without Stopping 

The three most common reactions of drivers once they faced the work zone include 

first to continue without stopping as shown in Figure 9;  second, to crash with the 

vehicle coming from the opposite direction when encroaching the lane; and finally, the 

third reaction was at the moment that drivers realized that they encroached the 

opposite lane and a vehicle was coming, they stopped and backed up. The 

percentage of drivers who crashed when encroaching the opposite lane adjacent to 

the work zone is shown in Figure 10. The highest percentage (17%) of drivers who 

crashed with the vehicle coming in the opposite direction was the first time they ran 
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the scenario, but this figure decreases for the subsequent runs. However, this 

situation continued even when the subjects knew that a vehicle could be coming in 

the opposite direction. 

Figure 11 shows that 17% of drivers backed up when they entered the opposite lane, 

and a vehicle was coming from the opposite direction. In runs one and four, some 

subjects tried to encroach the opposite lane without adequate precaution, but their 

immediate reaction was to back up when they saw the vehicle coming from the 

opposite direction.  

 

Figure 10 Percentage of Crashes after encroaching the Opposite Lane 

 

 

Figure 11 Percentage of Reverse Maneuvers after encroaching the Opposite Lane 
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4.2.2. Average Speed  

 

The speed profile of the drivers through the first work zone in each of the evaluated 

scenarios is shown in Figure 12 (A, B, C, D), which correspond to scenarios 1, 2, 3, 

and 4, respectively. In scenarios 1 and 3, a flagger with a STOP / SLOW paddle is 

positioned at the beginning of the merging zone. The vertical line "A" in the figures 

specifies the visual point where the drivers perceive the work zone for the first time; 

this point is approximately 100 meters before the first drum. According to the figures, 

most drivers stop when they reach the work zone. However, one of the drivers did not 

stop even with the flagger and the TTC devices shown in the figures. 

Figures B and D, corresponding to scenarios 2 and 4, show that three drivers reduced 

their speed but did not stop completely. It should be noted that on some occasions, 

the drivers stopped at different points on the run before reaching the work zone.  

 

 

A. Average Speed Profile - Scenario 1 

 

A 
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B. Average Speed Profile – Scenario 2 

 

 

C. Average Speed Profile – Scenario 3 

 

 

A 

A 
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D. Average Speed Profile – Scenario 4 

 

Figure 12 Speed Profiles Along the First Work Zone. 

 

Figure 13 shows the speed profiles for the four scenarios in the second work zone. A 

line "B" within the figures indicates the point from which the start of the channeling 

devices or the flagger in the second work area is visible. Line "C" is the point from 

which you can see the sign indicating the exit to "Salto del Chino," which is the exit 

that drivers were instructed to take. The figures show that when the subjects observe 

the sign that indicates the destination to "Salto del Chino," they slow down. Some 

drivers stop, others enter the lane encroaching the workspace, but most drivers 

continue looking for an alternative route. It was observed that during the first run, 21% 

of the subjects encroached the second construction zone; in other words, they took 

the exit "Salto el Chino" as instructed at the beginning of the simulation.  

 

A 
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A. Average Speed Profile - Scenario 1 

 

Average Speed Profile - Scenario 2 
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B. Average Speed Profile - Scenario 3 

 

 

C. Average Speed Profile - Scenario 4 

Figure 13 Speed Profiles Along the Second Work Zone 

 

The average speed by gender is presented in Figure 14. As shown in Figure 15, there 

is no significant difference in average speed based on the driver´s gender.   
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Figure 14 . Average Speed by Gender 

 

Average speed profiles for each of the scenarios are presented in Figure 15. When 

drivers begin the trip, their average speed is below the posted speed limit of 35 mph. 

Due to a steep horizontal curve of approximately 90 ° (see figure 4) at the beginning 

of each scenario, a reduction in average speed is noted due to the complexity of the 

curve. Afterward, there is a sequence of smoother, tangent curves before reaching 

the first work zone. This first workspace is shown in sections along with the signs 

corresponding to the anticipated zone and the beginning of the first work zone. There 

is a decrease in the average speed to 8 mph. It is important to note that individual 

drivers come to a complete stop. Still, because they stop at different points on the 

road before reaching the point where the lane is blocked, the average speed is 

significantly reduced, but it does not reach zero. 

After drivers pass the first work zone, the average speed increases to approximately 

28 mph. However, the second work zone is very close, so the speed reduction is quite 

noticeable, approaching at a speed of 5 mph, which is less than the average speed 

in the previous work zone (8 mph). After stopping in the second work zone and 

continuing their run, the drivers find the sign that indicates the exit to "Salto el Chino” 

is ahead. As shown in Figure 15, the average speed is slightly reduced due to the 

conflict faced by the driver that needs to decide whether or not to take the exit. Most 

of the subjects continued their run without taking the exit and increased their speed 

at the end of the construction work zone. 
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Figure 15 Average Speed Profiles per Scenario 

4.2.3. Position  

 

Figure 16 shows the trajectories of the vehicles related to the routes with GPS and 

without GPS. Figure 16 A corresponds to scenarios 1 and 2 without active GPS, and 

figure 16 B corresponds to scenarios 3 and 4 with active GPS. There were 24 subjects 

for each scenario (48 total runs), represented in each figure. Only 4% (one subject) 

left the road to encroach the workspace in both scenarios that did not have the GPS 

device active. In comparison, 21% of the subjects with active GPS encroached the 

workspace at least once. Therefore, in this case, the use of GPS has an additional 

negative effect, an increase of 17% corresponding to the runs in which the participants 

encroached the work zone caused by the distraction provided by the GPS. 
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A. Trajectories of the vehicles corresponding to the runs without GPS 

 

B. Trajectories of the vehicles corresponding to the runs with GPS 

Figure 16 Vehicle Trajectories at the Location of the Exit Road 

 

Figure 17 is divided into five figures (A, B, C, D, and E) and corresponds to the 

trajectory of the vehicles according to the coordinates registered in the simulator for 

the first work area of each scenario. The figures show how some of the drivers entered 

the opposite lane. Some of the drivers stopped before the lane closure, which was 

the desired behavior. However, other drivers did not stop, which caused them to 

encroach the opposite lane and therefore were faced with the following 
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consequences: crash, back up or go off the road. Figure 17 E shows how a driver 

performs some collision avoidance movements and applies reverse. In addition, in 

Figures 17 A, C, and D that some of the drivers, due to excessive speed, mishandle 

the horizontal curve located at the beginning of each scenario, causing them to 

encroach the opposite lane before reaching the work zone. 

 

  

A. Plan view of the first work zone - Scenario 1 
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B. Plan view of the first work zone - Scenario 2 

 

C. Plan view of the first work zone - Scenario 3 

 

 

D. Plan view of the first work zone - Scenario 4 
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1. Subject reversing to avoid collisions 

Figure 17 Plan View of the First Work Zone for the Scenarios 

 

The trajectories of the vehicles according to the coordinates registered by the driving 

simulator in the second work area are shown in Figure 18. In this area, the exit to 

"Salto el Chino" is located, which is the exit instructed to the driver to take when they 

start the driving simulation. These instructions in the scenarios with GPS are auditory 

and visual and in the scenarios without GPS are only visual. Some drivers encroached 

the workspace despite having the signaling and channeling of the lane that delimited 

the second construction zone and having passed through the first construction zone 

previously. Figures C and D show that when the GPS instructed the drivers to take 

the exit, and the TTC indicated that the exit was closed, they decided to follow GPS 

instructions and took the exit to "Salto el Chino," resulting in a hazardous situation. 
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A. Plan view of the second work zone - Scenario 1 

 

B. Plan view of the second work zone - Scenario 2 
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C. Plan view of the second work zone - Scenario 3 

D. 

D. Plan view of the second work zone - Scenario 4 

Figure 18 Plan View of the Second Work Zone for All Scenarios 
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4.2.4.  Empathy  

 

                                       

Illustration 1 Subjects in the virtual reality experience 

The VR experience involved observing gaps in oncoming traffic and cross safely to 

the other side of the road to perform surveying-related activities typically conducted 

by construction workers. During the crossing, the subjects listened to typical road 

noise conditions that simulated an actual construction site. Subjects had to cross the 

road four times to perform surveying measurements. At the end of the VR experience, 

subjects were asked to run the scenarios in the driving simulator. Afterward, subjects 

were asked about how these experiences modified their perceptions. The results 

indicate that 79% of the subjects perceive to have more empathy for the workers in 

the work zones after experiencing, through VR, their work environment. An additional 

17% of the subjects indicated that they perceived themselves as having a high degree 

of empathy before the experiment. Out of all the subjects, 50% indicated that they 

would modify their driving behaviour when driving through construction work zones 

after participating in the study.  Forty-two percent (42%) of subjects indicated that they 

perceive that their driving through work zones is adequate; thus, there is no need to 

modify their behavior. Finally, 8% say they would not drive differently.        
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Figure 19 Virtual reality perception question 

 

 

Figure 20 Driving perception question 
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5. Comparison with drivers without the VR experience  

 

In 2020, our research team conducted a study to investigate the effects of distractions 

generated by audible GPS messages when approaching or entering the TTC advanced 

warning area on two-lane rural roads. The study did not include a VR component. It involved 

analyzing drivers' responses in four different scenarios: with and without the presence of 

flaggers and with and without GPS instructions to follow. In addition, an observational study 

was carried out to determine the subjects' reactions when approaching and crossing the work 

areas. In the scenarios with active GPS, two out of four audible prompts directed the 

participants to encroach the closed workspace due to the presence of TTC. Subjects had to 

decide to follow the GPS directions or ignore the GPS; 25% of the participants encroached 

the work zone, while 17% of the participants encroached the work zone in the scenarios 

without active GPS. In scenarios with flagging, the subjects, upon noticing their presence, 

stopped completely when they reached the construction area. Only two of 24 subjects did not 

stop, and in scenarios without flaggers, 8 of 24 subjects continued without stopping. In terms 

of lane position, when approaching the lane closure due to the construction zone, 46% of the 

participants stopped when they reached the closing of the work zone lane, and 54% 

continued driving in a straight line without noticing any signs in the work zone. Out of the 

subjects who continued without stopping, 38% continued to drive straight ahead and collided 

with oncoming traffic; 13% of the subjects who continued to drive when they noticed traffic 

coming in the opposite direction immediately backed up, and only one subject (4%) 

performed a different maneuver to avoid colliding with oncoming traffic. The information 

provided by the GPS can be contradictory when the TTC plan is present since it made the 

subjects doubt what decision to make (follow the GPS indications or not), which can result in 

a series of dangerous maneuvers by the drivers. In addition, the lack of real-time GPS 

updates in the short term on lane closure due to the TTC plan on the rural two-lane highway 

provided conflicting information to drivers, generating potential risks related to the 

participant's safety and other users of the road and workers in the construction zone.  

 

The present study replicates the scenarios but adds a VR experience that allows the subjects 

to put themselves in the construction workers' shoes and perform surveying tasks that enable 

them to experience the working conditions that construction workers typically face in work 

zones.  The goal is to evaluate if there are differences in behavior due to this immersive 

experience. The information obtained in both studies is presented, and the participants' 
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behaviors are compared using the following two configurations: with a VR experience and 

without it. 

 

The research team collected information by observing and measuring each participants' 

performance and behavior throughout each scenario. The following cases were observed 

and documented: the percentage of participants who encroached the lane in the opposite 

direction, the percentage of drivers who collided when encroaching the opposite direction, 

and the percentage of subjects who backed up when noticing that they had encroached the 

opposite lane with oncoming traffic. 

 

As shown in Figure 21, participants who did not have the VR experience encroached the 

opposite lane during the first work zone in their first run at a significantly higher rate (54%) 

than participants who had the VR experience (29%). The results also indicate that 

participants who had the VR experience performed better (21% encroached the opposite 

lane) than participants who did not have the VR  experience (35% encroached the opposite 

lane) during the second construction zone in the first run. In runs two and three, both 

construction zones also reflected a reduction in the percentage of drivers who had the VR 

experience compared to drivers who did not.  

 

Figure 21 Subjects who encroached the opposite lane without virtual reality and with virtual reality 

 

As shown in Figure 22, during the first work zone in the first run, the percentage of participants 

who crashed with incoming traffic was 38% for drivers without VR compared with 13% of 

drivers with VR.   
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Figure 22 Subjects that crashed when encroaching the opposite lane without virtual reality and with VR 

 

As shown in Figure 23, some of the drivers who encroached the opposite lane realized what 

they did and backed up. It can be observed that the percentage of drivers who backed up is 

similar with and without VR.  

 

Figure 23 Subjects who reversed when encroaching the opposite lane without virtual reality and with VR 

 

According to Figure 24, the highest average speed corresponding to the study without VR is 

close to 40mph. Compared to the study that included the VR experience, the highest average 

speed was lower than 35mph. 
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Figure 24 Average speeds of the scenarios without virtual reality and with virtual reality 

 

The positions of the subjects who encroached the construction zone to enter the exit "Salto 

el Chino" without the distraction of the GPS are shown in Figure 25. As seen in the study 

without VR, 17% of the subjects who drove through the scenes without active GPS continued 

their journey and entered the "Salto el Chino" exit, which closed due to construction. 

Compared with the study that included the VR experience with 4% of subjects took the exit. 

 

Figure 25 "Salto el Chino" position without GPS distraction. Without virtual reality and with virtual reality 

 

When the subjects drove through the scenarios that had the GPS active, 25% of the study 

participants without the VR  experience entered the “Salto el Chino” following the instructions 

provided by the GPS. In comparison, 21% of the subjects who participated in the study with 

VR encroached the highway construction area to enter the exit indicated by the GPS. 
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Figure 26 "Salto el Chino" position with GPS distraction. Without virtual reality and with virtual reality 
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6. Conclusions and Recommendations  

6.1 Conclusions  

 

This research study concentrated on examining  the effect of exposing drivers to the 

work hazards that construction workers typically encounter in work zones and how it 

influences their behavior while driving through work zones. The study compares driver 

behavior between drivers that were sensitized using virtual reality (VR) and a driving 

simulator to drivers who were not sensitized using VR.  

 

The primary conclusions of this research study are summarized bellow: 

 

1. When a comparison was made of the participants who had completed both the 

VR experience and the driving simulation to those with only the driving simulation, 

it showed that the VR experience allowed participants to contextualize the risks 

commonly faced by construction workers. Being able to put themselves in the 

construction workers' shoes allowed them to realize the importance of following 

safety precautions. Having the VR experience before the driving simulator 

develops empathy from the participants towards the construction workers, 

resulting in a safer driving experience for both drivers and construction workers.   

 

2. Participants without VR had a significantly higher percentage of drivers 

encroaching the opposite lane during the first work zone in the first run.  

 

3. The percentage of participants who crashed with incoming traffic in runs two and 

three was significantly higher for drivers without VR than drivers with VR. Based 

on these results, it can be concluded that the use of VR has a positive impact on 

driving behavior.  

 

4. In both configurations, namely with and without VR, the first-time participants that 

encountered a highway work zone are more likely to encroach the opposite lane 

when compared to subsequent runs. Based on this finding, it can be concluded 

that prior experience with work zones in the driving simulator leads to an increased 
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awareness of the challenges presented by this situation, resulting in an 

adjustment in driving behavior to avoid committing the mistake of encroaching the 

opposite lane without taking adequate precaution. 

 

5. Similar to the behavior modification observed for drivers in the lane invasion 

situation, drivers learned to take precautions in subsequent runs to avoid crashing 

with vehicles coming in the opposite direction.  

 

6. A group of drivers are cautious when crossing the work zone and stop at the 

beginning of the lane closure. However, as soon as they realize that their vehicle 

has entered the opposite lane and vehicles are coming in the opposite direction, 

they decide to back up. This hazardous situation occurs more frequently during 

the first run but appears at a lower percentage in subsequent runs. This leads us 

to conclude that many drivers are still risking their lives and the lives of other 

drivers and construction workers by not taking adequate precautions.  

 

7. Based on the results of the scenarios with and without flaggers, it can be 

concluded that the use of TTC along with flaggers in highway construction work 

zones increases compliance with work zone regulations. The use of GPS in 

construction zones without real-time updates to current road conditions creates a 

hazardous situation by making drives hesitate to follow GPS instructions or follow 

what the TTC is indicating.  

6.2 Recommendations 

 

Based on the conclusions that resulted from this research study, it is evident that 

empathy is a powerful emotion that can be simulated and can be used to raise awareness 

of road drivers in work zones, reducing operating speed and potentially saving the lives 

of highway crew workers.   

 

It is recommended that in order to increase driver compliance in TTCs interventions  be 

designed to raise awareness about the importance of being able to put yourself in 

another person's situation.  This can be achieved through the use of VR. This study 
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highlights the advantage of using VR to raise awareness of hazards to which drivers and 

construction workers are exposed. The increased awareness leads to behavior 

modification, resulting in a safer work environment for drivers and construction workers. 

 

Based on the research findings, it is also recommended that the Puerto Rico Vehicle and 

Traffic Law (Law 22.) be ammended to restrict the use of GPS in highway temporally 

work zones unless the information provided by the GPS is updated to reflect where 

construction work is being performed. This offers positive guidance to drivers traversing 

a work zone which leads to safety improvements.  

 

6.3 Future Research  

 

The current research study has demonstrated the benefits of using VR to promote 

empathy with the construction workers in work zones to improve driver behavior when 

facing this kind of situation along their routes. VR experiences would be used in the future 

to sensitize drivers in hazardous driving conditions.  

In the short term, it is recommended to explore additional simplified empathy-building 

strategies to improve driver behavior in highway construction work zones that could be 

incorporated directly as a requirement  to obtain or renew the drivers’ license.  
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