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CHAPTER 1 INTRODUCTION
1.1 Background

Wrongway driving (WWD) crashes occur when a driver drives in the opposite direction of traffic
flow andcollideswith a rightway vehicle. Although WWD cragls areanfrequent compared with

other types of crashes, they usualvea high likelihood of fatabr severenjuries. According to

an overview of WWD crashes in the United StadigBaratianGhorghiet al.in 2014 WWD
crashes have ndeclinedover the years compared with the overall trendsad traffic crashes.
Though WWD crashes are rare and random, past research consistently indicated that these crashes
were related to alcohol. Copelan reported that impaired drivers on California freeways accounted
for almost 60 percent of all WWD crashes aearly77 percent of fatal WWD crasheSdpelan

1989. Researchers in Indiana determined that out of 77 WWD crashes, 42 involved driving under
t he i npueScidreset 4l.D19714) A Washington State Department of Transportation
(WSDOT) study found that 50 percenttbie 30 WWD crashean the 82 Yakimato-Tri-Cities
corridor study were alcohobr drugrelated Moler, 2002. Based on a studyfiou et al. 2019
investigating contributing factors for WWD on higpeed divided highways, a driver who is DUI

is almostfour times more likely tde involved inWWD crashes thasoberdrivers.

WWD engineeringcountermeasures by the California Department of Transportation (Caltrans)
focused onmprovingsignage, pavement markings, and geometric design elements. Early research
results indicated that loomounted DO NOT ENTER (DNE) signs paired with WRONG\Y

(WW) signs were an effective countermeasure. The WWD crash rate was significantly reduced in
California after implementing tlseresearch recommendations in the 1970s and 1980sarly
Caltrans study recommendeding oversized DNE signs for locations withhéstory of WWD
problens (Copelan 1989. The Manual on Uniform Traffic Control Devices (MUTCD) also
recommends using large DNE and WW signs at rhatie exit ramps or on oneay streetsA

study byTexas Transportation Institute (TTI) developed guidelfoepotential countermeasures

to reducethe frequency and severity of WWD crashes iexa (Cooneret al, 2004, 2004b.

Recent studiedy Zhou et al. 2012, 2014, and 201% developed guidelines foemerging
engineering countermeasures and logistic modgisetictthe likelihood of WWD crashes based

on factors of driver condition, geometric features, traffic control devi@&sSDs), and
environmental variables. In 2013, the first National WWD Summit provided insighis

candidate countermeasures and their effectiveness basemserstudiesZzfiou et al., 2014b

1



Recently, a studyvang et al.2019 developed a newavement markingalled directional rumble

strips (DRS). Researchers believe that directional rumble strips (DRS) may be the only
countermeasure capable of directly alerting severely intoxicated wapdWW) drivers with

sounds and vibrations. Field implementation results have shown that some DRS patterns can
significantly reduce the frequency of WW driving incidents and improvecsetéction rates. In
addition to DRS, many state DOTs have recemtiglemented WW signs with LED border lights

or Rectangular Rapid Flashing Beacons (RRFB), which have shown promise in improwving self
correction rates and are favored by drivers according to focus group surveys. However, there is a
lack of research on thefettiveness of these emerging countermeasures on severely intoxicated
WW drivers.

Driving simulatorbased studies offer several advantages over other methods of investigating the
effectiveness of WWelated countermeasures on alceingbaired drivers. They allow for the
manipulation of countermeasures while holding all other factorstaoty providing a better
understanding of their effectiveness. Additionally, they are relativelyclost compared to other
methods, and participants are exposed to a lower risk lsNeh et al.(1975 conducted a pilot

study using a driving simulator to test the effect of alcohol on driving perform@iheestudy
included eighteen drivers aged-@3 at BAC of 0, 0.06, and 0.11and the results showed that
alcohol caused more extensive lane and heading deviations, resulting in increased detection and
reaction times on discrete tasks.study Boot et al, 2015 exploredseveralpotentially more
sensitive metrics to detect driver confusion at interchange decision points in the driving simulator.
It was dscovered that the effectiveness of countermeasures at interchange decision points can be
improved by increasing their salience and number. This can help to reduce confusion among

drivers and ensure they enter the correct highway entry point.

1.2 Objectives
The overarching goal of the project is to assess the efficacy of variousrefst&d
countermeasures on severely intoxicated drivers. This research project will be carried out by

achieving the followindive subobjectives:

1. Determine which advanced engineering countermeasures hold the potential to discourage

severely intoxicated drivers from driving in the wrong direction.



Create driving simulator scenarios that incorporate the selected engineering

countermeasures.

Recruit participants who havéhestory of driving under the influence of alcohol for driving

simulator experiments.

Conduct laboratory experiments to quantify the impact of countermeasures on drivers who

are sober versus those who are under the influence of alcohol.

Develop recommendations for the implementation of countermeasures at locations that

have a track record of WWD events involving severely intoxicated drivers.

1.3 Report Organization

This reportcontains six chapters

1.

Chapter 2 concisely overviews WWD crash statistics, contributing factors,
countermeasures, apdstdriving simulatorbased studies.

Chapter3 presents a detailed description of the driving simulator splay including
participant recruitment, driving simulator scenario development, lab experiment design,
andprocedures.

Chapter4 describs themethods for collecting and analyzidgving simulatos and eye
tracking data.

4. Chapters documentgheevaluatiorresults of the effectiveness of TCD(s).

5. Chapter6 summarizethe key findings anthe recommendations



CHAPTER 2 LITERATURE REVIEW
This chapter presents a comprehensive summary of the literature review conducted, which is
divided into four parts. The first part focuses on the characteristics of WWD crashes caused by
alcohotlimpaired WW driversincluding age group, gender, BAC level, and other relevant factors.
The second part covers the various countermeasures that have been proposed to address WWD
and the methods used to evaluate their effectiveness. The third part discusses the procedure
involved in developing scenarios and tasks for driving simulaésed studies. Finally, the fourth
part provides an overview of the laboratory session procedures involving alcohol, which includes
participants' recruitment, screening, sampling, administrafi@icohol during the sessions, and

the cognitive test's administration.

2.1 WWD Crash

Over the past few decadesanynational andstate studiebave explored contributing factors to
WWD crashesTable 2.1summarizeghe resultof the identified contributing factors to WWD
crashes by past studidsor instanceFitzsimmons et al.2019 employed an ordinary logistic
model, using 11 years (2008015) of crash data to characterize WWD crashes on a divided
highway in Kansas The authors identified factors such as driving under the influence (DUI),
lighting conditions, driver age, and the usage of safety equipment as contributing factors to WWD
crashes. Jalayer et a0(8 foundthat driver age, driver condition, roadway surface ciorli

and lighting condition are significantly associated with the injury severity of the WWDwsagh

the random parameters ordered probit mddelirRouholamiret al. 0161 found similar results

using the ordered logit model, generalizadered logit model, and partial proportional odds
model. Das et al.2018 used the Eclat algorithm to analyze WWD crashes in Louisiana. The
results showed that heaa collisions, male drivers, and gdeak hour are ovaepresented in

fatal WWD crashesPourRouholaminetal.20169 app !l i ed Flikelihobddogistip e nal i
regressionto analyzd | | i n oyea W%D drastvdata he analysis rezaled that driver age,

time of day, driver residency, and driver condition could best describe treetrastics of WWD
crashes.Ponnaluri et al. 2016 conducted a study in Florida to explore significant factors
associated with WWD crashes and fatalities. Results of the binomial logistic regression model
revealed that driver age, driver condition, lighting condition, facility type, license state, driver
seatbelt use, and the number of vehicles involved in the crash are significantly related to fatal

WWD crashes. KemégR015)conducted a logistic regression analysis of WWD crashes on divided

4



roads in France. The results revealed that nighttime conditiondreemay roads, older drivers,
impaired drivers, passenger cars, and older vehackethe contributinfactors toWWD crashes.
Lathrop et al. 2009 analyzed WWD fatal crashes in New Mexico between 1990 and 2004. The
results indicated that darkness, intoxicated drivers, older drivers, male driveidispanic, and

Native Americans are more likely to be involvedatal WWD crashes.



Table 0.1 A Summary of Contributing Factors to WWD Crashes

Federal and State Reports

Zhou et al., 2017b

Haddon matrices, logistic

regression model

2009 2013

State Method Study Year Roadway Type Contributing Factors
Nationwide o . Entrance/exit ramps | Drunk d_river, driving whilah(_-:‘into_xicated or impaired,
(NTSB, 201p Descriptive statistics 2004 2009 | and controlleeaccess| older driver (70 or more), driver license statuses, 6:00
' highways p.mi6:00 a.m.
Haddon matrices, logistic . 25i 34 years old, older driver, male driver, DUI driver,
/(Azlﬁbamat L 2017 regression model 20092013 | Freeway passenger car, corner radius more than 80 ft
ou et al, a

Divided highway

The olderdriver, male driver, DUI driver, passenger car
darkness

Florida Month (January through April, June, and July) weeken
(Kittelson & Associates Descriptive statistics 2009 2013 | Freeway headon crashesimpaired drivers, darkness, younger
2015 drivers
Texas _ . . 7:00 p.mi 12:00 p.m., younger driver (184 years), male
(Finely et al., 201} Descriptive statistics 2007 2011 | Freeway driver, impaired driver
lowa Interstate highway, urban area, dark condition, younge
(Savolainen et al.| Descriptive statistics 2008 2017 | All roadways driver, older driver, male driver, impaired driver, driving
2018 alone
Alcohol impairment, driver age group, driver gender,
[llinois Causal tables, Haddon 20042009 | Ereewa driver physical condition, driver
(Zhou et al., 201p matrix, significant test y skills/experience/knowledge, time of day, interchange
type, area type
Younger driver, older driver, alcohol involvement,
North Carolina . . . interstate route, rural area, midnight9 a.m., month
(Braam, 200% Descriptive statistics 20002005 | Freeway (February and June), twgquadrant parclo interchange, fu
diamond interchanges
California Darkness, intoxicated driver, time of the day, urban are
Descriptive statistics 19831987 | Freeway interchanges with short sight distance, interchange typ
(Copelan,1989 . . ; .
ramptypes, fivelegged intersections near the exit ramp
Journal Article
Author ‘ Method Study Year Roadway Type Contributing Factors




Fitzsimmonset al.

DUI driver, lighting condition, 55 years and oldases

(2019 Ordinary logistic model | 2005 2015 | Divided highway old safety equipment
2009 2013
Jalayeret al. Randomparameters for AL. Controlledaccess Driver age, driver condition, roadway surface condition
(2018 ordered probit model 2004 2013 | highway lighting condition
for IL
Daset al. Data mining : - :
(2018 algorithm 20102014 | All road types Headon collision, male drivers, offeak hours
. Firth's penalized . . . . .
PourRouholamiret al. likelihood logistic 20092013 | Interstate highway Drlyer age, time of day, driver condition, and driver
(201649 . residency
regression
2009 2013

PourRouholaminret al.

Ordered logit, generalizeq
ordered logit, partial

for AL.

Controlledaccess

Driver age, condition, seatbelt use, time of day, airbag
deployment, type of setting, surface conditilghting

(2016h proportional odds fzooroli 2013 | highway condition, type of crash
Ponnaluri A binomial logistic Driver age, driver condition, lighting condition, driver
. 9 2003 2010 | Freeway and arterial | seatbelt use, license state, facility type, number of veh
(2019 regression model : X
involved in the crash

Kemel Logistic regression model| 2008 2012 | Divided road _nght_tlme h_ours, norlireeway roads, older drivers,
(2015 impaired drivers, older vehicles, passenger cars
Lathropet al Chisquar e, Fi Darkness, intoxicated drivers, older drivers, male drive

P ' extract test, Wilcoxon 19902004 | Interstate highway | passenger cars, November, fdispanic and Native

(2009

rank-sum testst-tests

Americans




2.2WW -related Countermeasures

The MUTCD provides states and agencies with standardgguidancen WW-related TCDsAs shown

in Figure 2.1, at least one D-NOT-ENTER (DNE) sign, at least one WW sigandat leastone ONE

WAY sign for each directiomustbe placedt an offramp termina(MUTCD, 2009. The additionaDNE-

WAY signs, WW signs, antWW arrow pavement markings may be used to supplement the signs and

pavement markingsMUTCD, 2009.

S

* -

Legend
=+ Direction of Travel
—= Wrong-Way Arrows
,="5"—-:_~.“-:._‘ Lane-Use Arrows
% Optional

Use stop line = |

if STOP sign
is installed

__/

—

T
Entrance Ramp

S~
=BG

Vot |- e | * Motes: Modify as appropriate
L u“ for multi-lane crossroads

Figure 2.1. Application of Regulatory Signing and Pavement at an ExRamp Termination to Deter
Wrong-Way Entry (MUTCD 2009)

Many state DOTs have developeadditional guidelineson WW-related TCDs for ramp terminals at

different interchange§.able 2.2 listexistingguidelines developed kgnstateDOTs.



Table 0.2 Guidelineson WW-related TCDs by 10State DOTs

Year

State

Guidelines

2015

Florida

1. I nclude MUTCD dAoptional o signs: (secon
2.Include NO RIGHT TURN and NO LEFT TURN signs

3. Use 3.5 x 2.5 ft. WW signs with 4 ft. mounted height. Apply the retroreflective strip on sign
supports

4. Include two to four dotted guideline striping for left turns

5. Include retroreflective yellow paint emamp median nose where applicable

6. Include a straight arrow and route Interstate shield pavement markingturkefanes

7. Include a straight arrow and ONLY pavement messkE(T, 2015;and2019

2015

Arizona

1. Use DNE sign and WW sigissembledn the same

post

2. Use largesized signs: DNE 48 x 48 irmndWW 48 x 36 in.

3. The minimum mounting height is 3 ft.

4. Strips of red retroreflective sheeting may optionally be placed on the sighps3T( 201%

2015

Connecticut

1. Mount largersized signs at exit ramps (48 DNE signs, 42 x 24 in. WW signs)
2. Low-mounted WW and DNE signs (5 ft., consideration of snow)

3. Applied red reflective delineator strips on the signpost

4. 24-in. wide stop bar applied

5. As for the locations with adjacent on/off ramps:

(a) Applied the pavement marking extension lines at signalized locations

(b) Double yellow centerline between the rampthey Creek Consultants, 2016

2015

Wisconsin

(a) Largersized DNE and WW signs

(b) Stop bar and typd pavement arrows

(c) Dotted pavement markings line extensions through the intersection

2. The following strategies are optional and shall only be used abwiside ramp locations that
exhibit problems with WW drivers entering the freeway:

(a) Additional WW sign mounted below the DNE sign 4t. 3nounting height

(b) Reflective strips on WW and DNdignposts

(c) A freeway entrance sign

(d) Dynamic (flashing) WW sign3NisDOT, 201p

2016

Ohio

1. Two WW signs assembled on the same post with anhmwunted height (3 ft.)

2. Red reflective tape shall be added to the STOP sign, DNE sign, and WW sign

3. Include pavement marking extension line to guide drivers onto the right way

4. Include dualdirectional route marker signs at the end of ramps

5. Include a yellowpainted island between the entrance and exit ramp

6. Additional signs followed MUTCD minimum requirements

The DNE signh may be angled 45 degrees towartefhéurningvehicle Ohio DOT, 201%

2017

Michigan

1. The mounting height of DNE and WW signs shall be 4 ft.

2. Red reflective sheeting shall apply to the signposts.

WW and DNE signs should be turned around 20 degreesthe crossroad to face thetgntial
WW drivers Michigan DOT, 2011

2017

North
Carolina

1. Low mounting height, reflective strips, dynamic signs, lagieed sigs, turn prohibition signs,
etc.

2. WW pavement marking arrows, lane extensiong btee, delineate median, etc.

3. Channelizing island, median, cormadius, mediatarrier, roundabout, lighting

(UNC Highway Safety Research Center, 2017)

2018

Oregon

1. Additional guidance regardirigw-mountednstallations for WW entrance signing on the
interstate freeways
2. The standard for lommounted installationgdregon DOT, 2018




2019

1. The DNE (R51) sign and WW (R8.a) sign shall be used at the exit end of awag road or
ramp to inform motorists that an entrance thereto is prohibited.

2. At intersections where the Iefiirn lane treatment results in channelized offsettleft lanes
(e.g., a parallel or tapered kftrn lane between two medians), the size of the DNE1RSgn or
WW (R5-1a) sign, if used, should be of the next highedway classification, to reduce the
potential for WW maneuvers by road users turning left from aatogrolled, intersecting minor
roadway.

California 3. Where there are no parked cars, pedestrian activity, or other obstructions such as snow or
vegetation, and if an engineering study indicates that a lower mounting height would address
movements on freeway or expressway exit ramps, a DNE sign(s) anilt sign(s) that is
located along the exit ramp facing a road user who is traveling in the wrong direction may be
installed at a minimum mounting height of 3 ft., measured vertically from the bottom of the sig
the elevation of the near edge of the pagat.

4. A stop beacon shall be used only to supplement a STOP sign, DNE sign, or W\tadigams,
2019.

2019

1. Signing and Delineation

DNE and WW signs, ONE WAY signs, turn restriction signs;tradked raisedavement
markers (RPMs), directional pavement arrows, yellow edge likedaft and white edge line
on the right side of exit rampandpavement marking extension lines.

Washington | 2. Intelligent Transportation Systems (ITS)

3. Geometric Design

Separate o@and offramp terminals, reduced efdmp terminal throat width, increased-@mp
throat width, intersection balance, visibiligndangular corners on the left off-rampterminals
(WSDOT, 201p

According toTable 0.2, common guidelines for additional WWélated countermeasures are

summarized below:

Signage

T

)l

Size:Oversized signs (DNE sign, WW sign, or bati)stbe implemented on the roadside

to ensure better visibility. The 48 x 48 DNE signs were commonly included in
guidelines for thoseenstate DOTs. However, there is no uniform size for the WW sign.
Mounting height:Low-mounted signs (DNEWW, or both) were recommended. The
recommendedheight of the sign varies from 3 to 5 ft. For examplige to winter snow
accumulation, the 5 tt DNE and WW signs were contained
(CTDOT) guidelinegAtheyCreek Consultants, 2016

Retroreflective tapeFive (5) out of 10 state DOTs recommended applying retroreflective
tape on the signpost. Four states set this guideline as standardynéstateregarded it

as optional. However, there is no uniform requirenf@ntetroreflective material.

Assembled signThree state DOTs included the assembled sign in their guigeline
however, different states will assemble different signs on the same post. For example,
ADOT putaDNE and WW sign on the same po&DOT, 201%, whereas the Ohio DOT
assembled two WW signs on the same pOsi¢ DOT, 201%

10



Pavement Markings

f Pavement marking extension linSix out of D state DOTsrecommendedapplying
pavement marking extension lines between ramps and crossroads to guide drivers in the
right direction. However, there are no uniform requirements on the line type, the number
of lines, or apptationconditions. For example, FDOT required two (2) or four (4) dotted
guideline striping at the intersections between exit ramps and crosskaxd3,(2015;
FDOT, 2019. However, in Connecticut, the extension line is only applied at signalized
intersections with adjaceenhtranceand exit rampsAthey Creek Consultants, 2016

1 Lane use arrowsLane use arroswon the rampsreanother commopracticeby several
states. gatesoftenhad different requirements faneusearrows.

71 Route shield signdviost statesecommendedoute shield signen arterialsand stop bars

on the offramp

2.3 Evaluation of WWD Countermeasures

Although many agencies applied different kinds of WWD countermeasures, the evaluation of
WWD countermeasures can be difficult due to the randomness of WWD crashes and the lack of
beforeandafter data.A survey stug conducted byPourRouholamin et al(2014 gave an
overview of the effectiveness and level of acceptance for over ten engineering countermeasures,
including WWrelated signage, pavement markings, geometric modification, and ITS
technologiesAn ENTERPRISE Transportation Pooled Fund StbgyAthey Creek Consultants

(2016 recommendedyrouping these countermeasur@s®o two categoriespreventative and
reactive countermeasur@&sgeventativeountermeasures refer taethatcan prevent the vehicle

from entering the WWReactive countermeasures are thibe¢canwarn WW driversTable 2.3
summarizes thpastevaluationstudyresults of the traditional aremergingWW-related TCDs

in these two categories.
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Table 0.3 Evaluation Results of the Traditional and Advanced WWrelated TCDs

Preventative Countermeasure

State| Type of TCDs Data Evaluation Method| Effectiveness Reference
CA | Lower-mounted Signs WWD | Beforeandafter 90% reduction in Leduc, 2008
Specificrequirements for sign incident| study WWD incident
installation frequency
GA | Countermeasure combo (trailblazers WWD | Beforeandafter 97% reduction in Campbell and
low-mountedWW signs, stop bar, incident| study WWD incident Middlebrooks,
yellow ceramic buttons frequency 1988
TX | Directional arrows WWD | Beforeandafter 90% reduction in Chrysler and
incident| study WWD incident Schrock, 2005
frequency
TX | Sign and Pavement marking WWD | Beforeandafter The number of WWD| Ouyang, 2013
improvement (repainting, striping incident| study incidents decreased
additions, and WW sign on signal mg significantly after
arms) improvements
FL | Newly-develop signing and pavemern Survey | Survey Very positive Lin et al.,
marking (S&PM) standards data effectiveness on 2018
arterials
AL | Pavement markings improvement | WWD | Beforeandafter 63% reduction in the | Chang et al.,
(repainting, striping additions, and st( incident| study number of WWD 2019
bar) incidents
Reactive Countermeasure
State TCDs Data | Evaluation Method Effectiveness Reference
AL | WW sign combined with WW arrow | WWD | Beforeandafter More than90% come | Chang et al.,
incident| study back rate for WWD | 2019
incidents
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AL | Directional rumble strips WWD | Beforeandafter Improve self Zhouet al.,
incident| study correction rates and | 2020
reduce WWD
incidents while
offering good visual
attentiveness and
applicability
FL | Rectangular flashing beacon (RFB) | 911 Beforeandafter 48.5% reduction in | Al-Deeket al.,
WW Sign calls study 911 calls, 52.9% 2019
and reductionin WWD
citation citations, and 44.1%
reduction in
combined WWD 911
calls and citations
WWD | Beforeandafter 77% reduction in Lin et al.,
incident| study WWD incident 2017
frequency
FL | LED WW sign WWD | Field testing 14% reduction in Lin et al.,
incident WWD 2018
Crash/incident datg incident frequency
Detectiontriggered LED lights aroun¢ WWD Effective for
WW signs crash | Survey mitigating WWD
Detectiontriggered blankout signs o . Effective for
that fl ash #aWwoy |Survey Drivingsimulator | mitigating WWD
Wigwag flashing beacons data Effective for
mitigating
WWD
Delineator along exHramps The least effective
countermeasures
FL | Red Rectangular Rapid FlaBeacons | WWD | Beforeandafter 60%7i 85% self Ozkul and
(RRFBs) incident| study correction rates Lin, 2017
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HI

Red Retroreflective Raised Pavemer
Markings (RRPMs)

WWD
incident

Field observation

Beforeandafter
study

RRPM helped drivers
realize when they
were going in the
wrongdirection.
Replacing
supplemental RRPM;s
with supplemental
arrowsconstantly
improved theself

correctrates

Miles et al.,
2014
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The evaluation methods by different agenamsinly focused on beforandafter studies of
WWD craslesor incidents, drivingsimulations survey, field tess, and investigation of agency
records. Fompreventative WWD countermeasures, five states have made the improvement or
enhancemenbf traditional DNE or WW signs and pavement markings for deterring WWD
incidents, which showed a significant reduction in WWD incidégtap to 97% educ, 2008;

Lin et al., 2018; Ouyang, 2013; Chang et al., 20C3mpbell and Middlebrooks, 1988n
addition, LED bordesfor DNE and WW signanddirectional arrows on exit ramps were effective

in deterring WWD incidents (Lin et al., 2018)jnaly, the raised/vertical londinal channelizing
devices and geometric modifications for eramp terminals can prevent WWD incidents
(Ouyang, 2018

As for reactive WWD countermeasures, transportation agencies tended to apply more advanced
countermeasures to reddd®VD incidents 911 calls, WWD citationgndthe combined 911 calls

and citations efficientlyKayes et al., 2019; ADeek et al., 2019 & Lin et al., 20L& hereactive
countermeasures liked RRFBs, wigwag flashing beacons, LED WW sigletectiontriggered
blankout signs t hat f Hraggehed HEWNMbts asound WY signe ave ibeeem
provensignificantly effective for improving selforrection ratesThe RRPMs areless effective
thanother advanced countermeasuras ¢t al., 2013, which can beonsidered a supplemental
countermeasure. The traditional reactive countermeasuels as a WW sign combined with a

WW arrow and directional rumble strips (DR$pan also effectively reduce WWD incidents
(Chang et al., 2019 Compared with the WWD countermeasures mentioned above, the delineators

along exit ramps were considered the ledfgctive countermeasurdsiif et al., 2018.
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2.4 PastDriving Simulator -Based Studies

Within the last decade, vehicle driving simulators have beeely accepted and adopted to

conduct transportationreseatclto e v al uat e dnmadway and adside reatments n st «
Yanetal(200hused a driving simulator to measure the
marking countermeasure wigtvaried speed limit, treatment ty@nd yellow phase onset distance

The results suggested thhetpavement markings reduced the uncertainty region from 17 meters

to 10 metersat intersectionswith a 30 mphspeed limitand from 31 meters to 16 metaas
intersectionsvith a45 mphspeed limit The countermeasuedsoreduced the number of réight

running incidents by 65%. In another study, the effecess of steady burn warning lights was
evaluated through driving simulator experiments and field tests. The simulator scenarios were
created to mimic a work zone with and without steady burn warning lights. A comparison of the
number of crashes withinhé experiment showed that the sites with warning lights had

significantly more crashes than those withddtAvoy, et al., 2006

A report by Robinson et al. discussed a driving simulator study as part of the evatdaiion
complex atgrade rail crossing project in Ottawa, Canada. This scenario mimickeegtaglatrail

crossing with a 32legree skew angle, the widening of the roadway, -gmneate rail crossing, and

a transitway extension at a-Bfeter offset from the rail crossing. The simulator measured the
velocity, stopping accuracy, the probability of drivers stopping when the light changes and they
are in the dilemma zone, the maneuver type used when a truck was stalled beyond the crossing,
andeye movements using a sophisticatedtegeking camera. Fortgight participants of varying

ages completed the study. Overall, the results helped with the final development and optimization

of the placement of the guidance and warning signs and sigrason et al., 2007

A study by Abbas et al. investigated driver perceptiamsaiga dynamic alred interval extension

in urban and suburban setts@ther factors considered include the presence of cross traffic, the
extension being oa major or minor street, and the rdéidht runner being followed closely by
another vehicle. The results showed thaurban/suburban setting was the only significant factor,
and in urban areas, driwawvere less likely to notice an extension and perceivdigéd running

as more dangergsuAbbas et al., 2006

Il n a study by Noyce and Knodler, a driving sir
of flashing yellow arrowthat were retrofitted to thregection and fivesection cluster signals. A
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total of fifty-six participants completed the study. Participants were presented with 12 intersections
with different signal setups. The study found that there was not a significant difference in the
driverds ability -$ectcioaonmprehgmndl ,t hleutt hrlee dri
significantly lower for the inclusion of the flashing yellow arrow in the-eetion cluster signal.
Additionally, qualitative measures showed that 28% of drivers peefere flashing yellow arrow

in the middle seabn compared to 9% who preferriégdn the bottom floyce and Knodler, 2014

Besides th@bovementioned studies few driving simulator studies wermauindthat were highly

related to the WWD studyA study conducted by FDOT used the driving simulatobdtter
understandhe effectiveness of countermeasures to prevent WW entries and cilasheisd(.,

2017. In this study, the participants were asked using the driving simulator to take an entrance
ramp on the left to a destination city facing either the minimum WW countermeasure combination
or the enhanced WW combination. A total of 40 older drivers (daysicenarios) and 80 younger
drivers (nighttime scenarios) completed the study, and half gbtlneger driversvoregoggleso

simulate the impaired condition. The results indicate that a greater number and diversity of
countermeasures may assist in reducing the number of WWD. Another study conducted by Lin et
al. (2018 usedadriving simulator to evaluate ITS WWD countermeasures in FloAdatal of

189 driverswere recruitedind equally assigned to five different scenarios. The participants were
asked to keep driving on the roadway, which simulated the environment after a highwayff

to include certaiflashingand standard WW sigruntil the roadway condition seemed unsafe. The
study found that ReRectanglar Rapid Flashing Beacons are thest effectivecountermeasure.

A study by Seitzinger et 2016 used a driving simulator to investigate how {owounted signs
affected drivers under the influence of alcofi@enty-eightparticipants aged 19 to 61 (75% male

and 15% female) completed the study and wore goggles to simulategpaired condition adn
estimated BrAC range of 0/17 to 0.20. Participants were asked to complete a scene that consisted
of a series of alternating left and right turns at 13 intersectionsswitis mounted atft and 3ft.

The results showed thatlemount ed si gns i mproved redicedhedr i ver

likelihood of the driver missing the sign.

2.5 Research Gaps
Theliterature review has revealed that driving under the influence (DUI) accounts for over 50%

of WWD crashes, with young and male drivers being the most involved, and most of these crashes
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occurring at night. Although the Federal Highway Administration (FHWA) and state DOTs have
developed and implemented various TCidsdeter WWD, their effectiveness on intoxicated
drivers is not yet established. Some previous studies have evaluated engineering countermeasures
for WWD using a driving simulator, but none of them tested the countermeasures with Caltrans'

specificationsaand used the real alcohol
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CHAPTER 3 DRIVING SIMULATOR EXPERIMENT DESIGN
This chapter describes a driving simulator experiment designed to understand the communication
methods for severely intoxicated drivers and the effectiveness of wayngelatedTCDs on
driving behaviors. The laboratory devices overview section provides detailed information on the
driving simulator and Tobii Pro Glasses 2 wearable eye tracker. The experiment design covers the
target breath alcohol concentration (BrAC) level, participacruitment, testing countermeasures,
and scenario design. Finallyetiab testing procedure includes both familiarization and testing

sessions.

3.1 Lab DevicesOverview

Driving simulators provideresearchers wittthe ability to examine driving behaviors in a
controlled virtual environmen® hey provide a less expensive, repeatabled safalternative to
field experimentsThe driving simulator enablethe investigation of various aspects of driving
behaviorsby highly intoxicated drivers A National Advanced Driving Simulator (NADS)
MiniSim™ driving simulator and a Tobii Pro Glasses 2 wearable eye traskerusedin this

research

The NADS MiniSinT™ driving simulator is a P@ased driving simulatdor whichthe NADS lab

has developed software and hardwatréhe University of lowaNADS, 2022 It has an anodized

aluminum chassis with carpet, dashboastberingwheel, pedalsand driver controls that
accurately mimic a r eal,facitatingf widemarietyhot resgarchv er 6 s
applications. As shown ifigure 3.1, the NADS MiniSimi™ driving simulator usedh the lab

consists of five display®r different purpges. Three 56inch TV monitors are installed on the
triple-floor standing monitor standyiving the driver a 180-degreehorizontal and50-degree

vertical field of view of the simulated environment. Each display has a resolution of 28%0

pixels and a refresh rate of 60Hz. Theidéh display in front of the car seatasirtual instrument
clusterthatcan provide driverwith information such as gear status and current speed. In addition,

a 24inch operator displaig set asidegpositionedfor laboratory test operatidsy researchers.
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50-inch displays

12-inch instrument cluster display X 24-inch operator display

Figure 3.1 Driving Simulator Displays

The Tobii Pro Glasses 2 wearable eye tracker gives researchers deep and objective insights into
human behavior by showing what a pertmoks at in reattime. It helps researchersiderstand

how people interact with their environment, what catches their attention, drives their behavior, and
influences decisionmaking(TobiiPro, 2023. The system tracks corneal reflection and dark pupil
usinga 50 Hz sampling ratelThe Tobii Pro Glasses 2 wearable eye tracker incorporates a head
unit and recording unitllustrated in Figure 3.2. The head unit is a highly sophisticated measuring
device. The head unit contaiasigh-definition scene cameithat captures full HD video of

what is in front of the participant and a microphone that pigksound from the participant and

his surroundings. It also contains etyacking sensors to record eye orientation arfchred
illuminators go-calledIR illuminatorg to illuminate the eyes to support the dgecking sensors.

The recording unit is a small computer that controls the head unit and conitedhe head unit

using a cable. It records and stores-egeking data, soundsnd scene camera video on a
removalle SD memory card. The recording unit carries a replaceable and rechargemiole Li
battery that supplies power to both the recordind head units
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Figure 3.2 Tobii Pro Glasses 2 Wearable Eye Tracker

3.2 Experimental Design

3.2.1 Target BrACLevel

When evaluating relevant alcohol and driving simulation studies, the highest reporteBreatet
Alcohol Content BrAC) researchers loadosed participants is 0.10 BrAG/éts et al., 2011,
Helland et al., 2016; Huizinga et al., 2019; Finley et al., 2014, 2@Libramaniyam et al., 2018;
Irwin et al., 2017 with a maximum observed BrAC of 0.12. As for laboratbaged alcohol
administration studiegh general the highest reported target BrAC is Q.Wdth a maximum
observed BAC of 0.15 Stock et al., 2014, 2016; Wolff et al., 2008imielewsket al., 2018; Zink
et al., 2019. Based on previous literature and consideriag éinound 40% of fatal WWD crashes
due toalcohol intoxication in the U.S. oceedator abovea BrAC of 0.2, the target BrAC level

used for this study is 0.12.
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3.2.2 Recruiting and Screening Participants

Samplesize estimates were based on an a priori power analysis conducted using GfRawer (

et al., 2007. Estimates were based on the planned wisliipject (e.g., participants complete all

test conditions and serve as their own control groiphedium effect sizevas selected for this
study, which is commonly used in studies on the effects of alcohol intoxication on simulated
driving (Irwin et al.,, 201%. Additionally, the medium effect size used for estimation is
conservative since the alcohol doses used in the study would likely produce more significant
effects.Calculations were based ordasiredpowerof .80 (e.g., 80% likelihood afccepting the
proposed research hypothesis if true), which is coresldestrongstatisticaltest and the standard
value used in experimental research. These parameters yielded a recommended sample size of 27
participantsThus, the final sample size of 30 participastieuld be more than sufficient to answer

the research question.

Before any study activities involving human subjects, an approved protocol was obtained through
the Auburn University Institutional RevieBoard (IRB; #21061 MR 2102) Two recruitment
methods were used to contact local participants. Thersity studergwererecruited through an

online research participation system operated byDiygartment of Psychological Sciences at
Auburn University. Individuals from the communityererecruited via locaprint advertisingand

posted on various social media platforiRegardless of the population or recruitment mechanism,

all participants were directed to an online screening survey that we used to assess the inclusion

and exclusion criteria described below.

As per the protocol, we recruitedale adult driversat least 21since mals are more likely to
engage in intoxicated WWD based on previous literaitgmale participantsereexcluded from
the study due to the potential hazardalobhol administration duringregnancy or breastfeeding
and to avoidpossibleconfounds relating to hormonal changes/the menstrual.cidtdtionally,
there is no upper limit on agelated inclusion criterias data have indicated that older adaits

also overrepresented WWD crashes

Considering the relatile high BrAC level used for the study, potential participants are required
to fill out the online screeing materials toidenify participants who would not be adversely
impacted, with a target sample bkavy social drinkersThe screening materials required

participantsto selfreport frequency, duration, and amount of alcohol use within the last month.
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Then the highest approximate BrA¥ascalculated based on their weight and height. This method
has been utilizeoh pastalcoholrelated laboratory studie€mielewsket al., 2018. Thisensure

that participants lthbeen familiarized with the dose of alcohol administered in the laboratory
session to reduce the risk of adverse events in laboratory testing as well as thereasiegical
validity of our study.This study also excludkindividuals who meethe criteria for alcohol use
disorder or have priously sought treatment and/or are currently in treatment relating to substance
use. The individualwho reportedcurrent or previous history of treatméat alcoholabusewere

also excluded from the study. The studiso excludeal individuals who repogd visual
impairments, as well as any psychiatric and/or medical condition that the investigatoesideem
could potentially interfere with the study proceduteastly, participants who setéport currently
taking a medication that interacts adversely with alcalesk alsoexcludedfrom the study. All

of these exclusion criteria are common pradtidaboratorybased alcohol administration studies
(Van Dyke and Fillmore, 2014, 2017; Chmielewedial., 2018.

Individuals who net the criteria for the thresession study and expredsan interest in
participatingwere scheduled for a laboratory session at Auburn University. Participasmes

compensate®200 for completing all study procedures.

3.2.3 Testing countermeasures

Six proposed countermeasunesre selected for the studwycluding a standard WW sigifa),
DNE/WW sigrs on the same poéi), aWW sign withanLED border(c), aWW pavement arrow
with retroreflective raised pavement markeRRPMs) (d), LaneAlert 2X(e), and directional
rumble stripqf), as shown inFigure 3.3.
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Figure 3.3 Testing Countermeasures

The standard WW sigfWW) (Figure 3.3(a)) followed the specifications listed in the MUTCD.
As illustrated inFigure 3.3(b), the DNE and WW sign on the same pdBtNEWW) followed
CAMUTCD requirements, which are enlarged and-toounted &3ft. The WW sign with an LED
border(WWFlashing) as shown irrigure 3.3 (c), had the same dimenswas the traditional WW
sign. RRALED lights are embedded on the sign border and will be triggeredtive@&iV vehicle

is detected bynductive loops and a thermal cameralThe RRPM pavement system adopted by
Caltransusesenhanced pavement markgwith the installation of RPMs along lane lines, stop
bars, and WW arrows to warn WW drivers. The LaneAlert 2X (LaneAlert) pavement marking
system followed Caltradsexpermentaldesign Only WW drivers can see the red arrows and
warning messages on the pavement markings.directional rumble strgg DRS) followed the
specificationdeveloped byhte Alabama DOTstudy.

3.2.4 Driving simulator scenario development
Two softwareprogramsthe Tile Mosaic Tool (TMT) and the Interactive Scenario Authoring Tool
(ISAT) provided by NADS miniSirtY, were used for the driving simulator scenario development.

The TMTis used to assemble a road network from a library of 95 road/landscape segments called
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Afitil eso and export a ¢he BATIedesigned fortbailbireyscenario® t h e
basedon the assembled database. Since the library did not contain the desired tiles folythe stud
three basic tilewere modified based on the existing tiles, as illustraté-igure 3.4. The roadway

tile (Figure 3.4 (a)) contains a rural roadway 24ft widkll the land markings were removéal

avoid additional visual aids on the roadway. That€rsection tile Figure 3.4 (b)) is a threeleg

intersection athe center of the tileThe turraround tile Figure 3.4 (c)) contains a large round

space that simulatesleadend and allowthedriver to turn around. The roadway network can be
assembled usinthe three tiles described above. The roadway network developed for this study
contains several-intersections conneatl by a different number of straight roadway tiles. At the

end ofa roadway segmena turraround around are@asprovided toguideWW drivers back to

the right way.

(@) (b) ©

Figure 3.4 Three Basic Tiles Used for Scenario Development: (a) Roadway Tile; (b}Ifitersection
Tile; (c) Turn-Around Tile

Besides the roadway network developmeéesting countermeasurenodelsalso needd to be

either modified or create®NE andWW signs in the driving simulator object library have smaller
sizes and higher mount i n @heywere mgoldified to meeteCaltraftsa | t r a |
standards.3D modelswere createdor three testingcountermeasurefaneAlert 2X, WW

pavement arrows, and DIR®ot availablein the ISAT library The develogd models were

converted into the open flight file (.flt), the tofew file (.dxf), andthe % view model file (.bmp)

and then saved intlieb | dilorarydngth the texture image in the driving simulator. After coding

the countermeasures (dimensions, color, texture, etc.) on the backend of the driving simulator, the
three countermeasuraodelsworked as planned in the driving simulator. The procedures for
developing 3D modelare illustrated irFigure 3.5.
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3D Model Development File Conversion Coding Model Information Apply in ISAT

Figure 3.5 Procedures forCreating CountermeasureModels

Since WWD usually happenat night, the nighttime conditionvas applied for the driving
simulator scenario development. Four scenarios were developed for thisfetudijferent
purposs. The training scenari@ims to familiarize participantswith the driving simulator.
Participans werenotinformedof the experiment's purpose. In the training scenario, no proposed
testing countermeasuregere implemented on the road/roadside, and no other vehvebzs
presented on the roadway. Particigamre giverinstructionson the TV monitor®n howto make
left/right turns, speed up, slow down, and turn around, whichetdhe drives familiarize
themselvesvith the maneuvergsed in the testing sessidrree testing scenarios were developed
for this study eachof themcontainingseveral TintersectionsOne side othe T intersectioms
usedto simulate the offamp with the countermeasures. Pagticipants can make a left/rigiin
in thecorrectdirection wherfacing theWW-relatedcountermeasureshe first testing scenario is
aimed at evaluatingthe effectiveness of individual countermeasur@ this scenario, each
proposed countermeasw@srandomly placed at a-ihtersection and directlifacedthedrivers
as illustrated irFigure 3.6. Several blank Tintersections with no countermeasunese included
to preventdrivers' selflearning. Participantsanmake a Uturn backto the roadway network
theyenterthewrong way As shown irFigure 3.7, the second testirggenario aimgo test whether
the current countermeassrm the CAMUTCD are more effective than tise in the national
MUTCD. This scenaridnada similar roadway layouto the first testing scenario, bwith two
differentsets ofcountermeasure3he countermeasuws&ere placed according to specificatiams
the MUTCD andthe CAMUTCD. The third testing scenarimalyzesthe effectiveness of WW
sign and pavement marking combinatioimsthis scenarioKigure 3.8), the driverencountered
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two typesof WW sigrs (standardVW sign andWW sign with flashing ED border)and three
types of pavement markings (wrem@y arrow with RRPM, LaneAlert 2Xand DRS). This
scenario examesthe effectiveness of six differesign/markingcombinationsn deterring WWD

movements.
WW sign WV sign
with LED with LED
Elcrdar’ \ ¥ Border DR{
)
DNE[WW) DNE[WW) 5
Sl‘.gn ,\ Y 5‘-;_‘"”" /LaneAleh 2x Dr\',_.e_\‘. ﬂstto p
Po
'\_aﬂsA lert 2x
Driver
Start Point
WWW Standard Sign
WW Pavement WW Pavement WW Standard Sign
—|— 1 Arrow RRPM Arrow RRPM
Figure 3.6 Testing Scenario One
MUTCD CAMUTCD CAMUTCD
Required N\ quu'red\ | Reauired
MUTCD
Required
Dri r
tart Point

Figure 3.7 Testing Scenario Two
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N |/ REPM /'ED oorder
+DRS
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+DRS
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with RREM with RRPIVI
Driver priver Stop
T3 Start Point eint

Figure 3.8 Testing Scenario Three

3.3 Lab Session Procedures

Based on the screening results, eligible individuals were invited to participate in the study and
asked to attend three-person lab sessions. The familiarization session is always the first session
that requires attending, and participantsre randomized to experience the alcohol and-non
alcoholsessions in a counterbalanced ordée study did not employtaue placebo condition or
make any attempt to deceive participants into believing they consumed alcohol iratce hrad

dosing session. Thereforgarticipants in the current study were awatevhen they did and did
notreceive alcohoht the time of dosing. In some studies, a placebo group is helpful in eliminating
potential expectancy effects of receiving alcohol on driving and perforaratated tasks (e.g.,
KenntnreMabila et al., 20154, c, e; Mets et al., 201Weafer et al., 2008; Laude & Fillmore,
2015; Marczinski & Fillmore 2009 however, placebo conditions tend to only be effective when
the active alcohol condition targets a lower BrAC (and produces less salient intoxication effects;
Martin & Sayette, 193). Given the relatively high BrAC used in the current study and the stark
differences in perceived intoxication between 0.00thedarget doses, a true placebo would not

be effective in deceiving participants into believing that they have consumed alcohoé@nd w
deemedunnecessaryThis also allowed research staff apdrticipantsto anticipate and plan for

the length of each session.
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3.3.1 Familiarization session

The first session is a familiarization session, which is common among alcohol and driving
simulation studies to avoid potential confounddriving performance related to first exposure to
the driving simulator and other kinds of dewdcBuring this session, participant&reprovided

with and siged the informed consent. After that, the researchensfied inclusion criteria
(relevant drinking history, drivér license status, age, etc.), whietere selfreported by
participants during the screenipgocess andolleced relevant demographic information. Two
eye tests standard visual acuity test and color blindnessreprepared for participants to ensure

they hadat leastaminimal level of acceptable vision (20/40 and not color blind).

Participantsverenext given an opportunity to gitmiliar with all the devices used in the testing
session. First, participantsarnedhow to blow the breathalyzer. After that, participawesre
requira to wear the eyracking system and complete the training scenario on the driving
simulator. Finally, participanteecameamiliarized with the Go/Ngso and Grooved Pegboard
task, which were commonly applied in previous alcohol and driving simulator sti@die<Dyke

& Fillmore, 2014, 201Y. The Go/NeGo test isused to assess inhibitory control, whicls baen
shown to be related to impulsive decisimaking and behaviors. The Grooved Pegboard Task is
a behavioral task used to assess motor coordination. Bothserskeslas a validity check for the
study. The results can be used to compare the driving simulator performance, motoy axahtrol

inhibitory control between alcohol and naftohol sessian

3.3.2 Testing sessions

The testing sessions contadthe noralcohol dosing session and alcohol dosing session. As a
requirement for both sessions, participantse required to abstain from alcohol and all other
drugs for 24 hours and food for 4 hours prior to each testing seSsgsions began witollecting

a breath alcohaheasuremertb ensure that no alcohol had been consumed prior to the session.
For the alcohol session, the participant's weight was measured at the beginning of the session to
calculate the amount of alcohol consumptidhe alcohol dosevas calculated based on body
weight and administered ame partabsolute alcohol (95% alc/vol) mixed with three parts
carbonated lemon/lime flavored soda. Participants condeaxch dose in 10 minuteBhetarget

0.12 BrAC was typicallyreached 6070 min after consumption. BrACsene sampled every 10
minutes until participantaere within 0.01 of the target BrACt whichtime testing beganin the
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no-alcohol condition, participantonsume the same volume of liquid as the alcohol dose session

to standardize the procedwerosshoth sessions, but with no alcohol in the beverage.

For both alcohol and nealcoholsessios, the participantsvererequired to complete three testing
scenariosn counterbalance ordevith the eyetracking glassesThe realtime BrAC levelwas
measured at the beginning of each scenakfter completing driving simulator tasks, they
completel the Go/NeGo Task and the Grooved Pegboard Task to assess inhibitory control and

measure motor coordination, respectively.

For safety reasons, after completing all required procedures, participants were required to stay in
the lab for approximately 5 hours after consumption of their alcohol dose and until their BrAC was
below .03. Participants would then have the option of leaving the lab with a friend or by having
the research personnel obtain a ffiolethem (e.g., Uber or other servisé¢o take the participant

home. In either case, research personnel escorted the participant to the parkiegdaoteihat

the participanhad entered the correct vehiclBefore leaving the laboratory, participanigere

able tolounge ina roomwith access tosideo gamestelevisionand streamingervices and a

comfortable chair to sit ifrzood andeverages erealsoprovided
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CHAPTER 4 DATA COLLECTION AND ANALYSIS

This chapter provides thled information regarding data collectiandanalysismethodsusedto
evaluate the effectiveness of TCD@) driving behaviorsTwo types of data were collected for
this study includingeyetracking data and drivingimulator data.

4.1 Data Collection
4.1.1 EyeTracking Data

The eyetracking device used in thgtudy recorded the participant's gaze with a sampling rate of

50 Hz, meaning it captured 50 individual gaze points per sedtiedgaze points show wrethe

eyes are looking. If a series of gaze points are very close to each other in time and/or space, the
cluster of gaze points forms a fixation, indicatihgtthe eyes are lockemhan object Farnsworth,

2022. The eyetracking devicecandeliver the videmutputdatac ont ai ni ng t he dr i v
point denoted as a red cirétg each scenario during each session. As a result, a total of 210 videos

were collected in the study.

After that, 180 videgsexcluding training session videosere transferred into the data analysis
software namedobii Pro Lab(Tobii AB, 2014 for further data reduction, whidchencontaired

more than 1,500 minutes of videos. The TCDxsjuded in the video data can be regarded as
dynamic stimuli sincehey constantly change (from small to large and from far to clo&s)a
resul t, mapping procedures were conducted to
snapshots that contain the targ€D(s).During the mapping procedures, two criteria need to be
determined for the study:

1 Time of Interest(TOI) allows researchers to organize the reedrdata according to
intervals of time during which meaningful behaviors and events take flabg Academy,
20232. For this study, the TOI was defined as a period that starts when the TCDfranh be
seen on TV monitors and ends when the participant makes @ttbenect (a left/right turn
going the right waypr wrong & straight movemengoing the wrong way) decision. The
researchexensuré that each TOI has a similar period within each scendiadle 4.1 lists

the average TOI for proposed TCD(s) under different conditions.
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Table 4.1 Average TOI for Proposed TCD(s) under Different Conditions

Scenario TCD Tol )
NONALC ALC
DNEWW 27.94 28.48
ww 21.28 20.94
WWFlashing 22.34 21.51
! DRS 13.36 12.41
RRPM 19.29 17.24
LaneAlert 17.95 17.24
MUTCD 26.90 25.86
? CAMUTCD 24.10 24.01
WW+DRS 13.01 13.43
WW+LaneAlert2X 13.06 13.42
WW+RRPM 13.73 14.50
3 WWHFlashing+DRS 15.37 14.71
WWFlashing+LaneAlert2X 14.35 15.46
WWEFlashing+RRPM 14.55 15.25

1 Area of Interest (AOIl) allows researchers to define areas of the stimulus based on research
needs Tobii Academy, 2032and by doing this, the eye movement on a defined area can
be calculated precisely. For this study, the AOI was defined as a single T@D or

combimtionof TCDs.

Figure 4.1 provides an example of automatically mapping fixation points on the DNE/WW sign
from the original video on the left to the right image using softwilre.researchers reviewed all
automatically mapped fixation points and manually corrected any points that were not accurately
mapped by the software.
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Figure 4.1 lllustration of Mapping Fixation Points on Snapshotimages

Once all fixation points within the defined Time of Interest (TOI) were mapped, the data matrices
could be exported for selected participant conditions and Areas of Interest (AOIs). The software
exported data in Excel format, containing several variahleb as total interval, total fixation

count, total fixation duration, and more. For each variable, a table was generated on the results for
each AOI and participanEigure 4.2 illustratesan example othe output of fixation data in the
defined seven AOdegions
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A B 5 D E F G H I ] K L M N Q P
1 Normal
Total
Time of Total

Total Fixation Duration  Participant Conditions| Regionl Region2 Region3 Regiond Region5 Region7 Region6 | Average Median sum Interest Recording
2 Duration Duration
3 |Recording002 ’9 ALC 13.87 30.78 294 1.50 1.48 6.62 9.60 4.78 57.59 85.57 507.64)
4 Recording002 '25 ALC 18.99 50.65 0.44 0.74 2.40 7.90 13.52 5.15 81.11 597.94 644.01
5 Recording002 '11 ALC 6.18 53.35 0.34 138 1.02 0.74 9.31 10.33 138 72.32 88.73 615.20
6 |Recording002 '19 ALC 0.58 0.10 0.74 0.12 0.18 0.34 0.18 1.72 58.21 755.50
7 |Recording002 '20 ALC 9.01 36.26 0.78 0.64 0.14 27.54 12.40 4.90 74.38 83.09 730.03
8 |Recording002 'B ALC 7.92 43.18 0.34 3.40 4.02 3.00 7.00 10.12 3.40 70.84 83.33 688.70
9 |Recording002 '5 ALC 5.60 61.78 3.18 24.19 3.60 72.56 74.02 437.26|
10 |Recording003 ’23 ALC 17.71 35.77 0.10 0.54 8.12 16.45 8.12 82.23 100.68 500.95
11 |Recording003 ’18 ALC 6.02 52.91 1.66 1.56 0.22 15.91 13.11 3.99 78.67 89.33 560.04
12 Recording003 ’21 ALC 2.80 88.19 9.93 33.64 9.93 100.92 104.68 848.06
13 |Recording004 ’29 ALC 21.13 38.60 0.84 1.20 1.06 1.04 9.13 10.43 1.20 73.00 97.40 500.33
14 |Recording004 17 ALC 5.26 70.66 0.26 0.26 0.43 20.15 16.18 2.87 97.06 106.90 882.79
15 |Recording004 r13 ALC 65.22 0.36 0.26 16.77 20.65 8.57 82.61 85.19 600.93
16 Recording004 r24 ALC 9.61 45.05 0.34 0.84 24.33 16.03 9.61 80.17 93.31 648.73
17 |Recording004 '14 ALC 2.62 47.51 0.30 0.88 1.96 1.10 17.85 10.32 196 72.22 82.07 866.27
18 Recording005 r1 ALC 3.48 24.85 0.80 32.26 15.35 14.16 61.39 67.96 745.01
19 |Recording005 ’16 ALC 5.98 54.95 242 212 0.36 1.28 10.33 11.06 242 77.44 100.90 501.12
lolﬁecordingODS '2 ALC 2.20 43.72 104 0.60 10.61 11.63 2.20 58.17 87.45 742.82
21 |Recording006 '6 ALC 11.49 46.33 012 1.36 3.82 12.62 3.82 63.12 82.63 558.32
22 |Recording006 '10 ALC 19.97 31.60 4.60 1.20 6.12 12.70 6.12 63.48 84.75 447.60|
23 |Recording007 '7‘ ALC 5.92 29.26 134 0.78 14.63 10.39 3.92 51.93 84.33 527.69
24 |Recording007 '2? ALC 57.33 0.26 1.52 0.40 6.08 13.16 152 63.78 94.29 434.97|
25 |Recording008 '22 ALC 20.67 41.06 2.16 172 0.40 9.13 12.52 53.65 75.14 101.72 563.27,
26 |Recording009 ’15 ALC 36.50 8.26 0.44 1.36 0.22 4.54 8.5 2.95 5131 61.12 725.78
27 |Recording009 ’4 ALC 2.14 9.11 4.00 0.62 2.08 2.28 0.22 2.92 214 20.45 55.63 381.16
28 Recording009 ’3 ALC 5.02 46.65 0.16 0.32 15.89 13.61 5.02 68.04 81.25 537.19
29 Average 11.93 43.03 1.02 141 1.22 1.07 11.52 13.15 4.83 67.45 86.26 613.51
30 Share of Total Time (%) 17.00 61.35 0.70 1.60 1.11 1.16 17.08
31 Percentage Fixated (%) 86.15 96.15 46.15 76.92 61.54 73.08 100.00
32 Variance 160.77 388.96 1.46 2.03 1.04 0.61 63.79 39.29 1041 421.24 152.78  19805.68
33 Standard Deviation (n-1) 12.68 19.72 1.21 143 1.02 0.78 7.99 6.27 3.23 20.52 13.88 140.73
34

Figure 4.2 Sample of the EyeTracking Data Output

4.1.2 Driving Simulator Data

The MiniSImTMV2.3 software was programmed to collect data on the vehicle's position, velocity,
acceleration rate, brake force, and more. Data were collected at a rate of 60 Hz for each scenario,
resulting in 60 data points in one second. All data files were savel@diles by the driving
simulator. To extract the data, the ISAT software was used to open the .daq files and export data
to a .csv file. Users could then select variables to export to an Excel file from the data export menu.

Figure 4.3 shows an exampld driving simulator data outpum .csv ormat
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A B C D E F G H | ] K
SCC_Lane_ SCC_lane_ SCC_Lane_ SCC_Lane_ VDS_Eyep VDS _Eyep VDS _Eyep
Frame  CFS_Accelerator  CFS Brake - - - - . . . VDS Veh
~ T - — Deviation Deviation Deviation Deviation oint Pos oint_Pos oint_Pos ~

Number  Pedal_Position Pedal_Force - - - _Speed
. param 1 param 2 param3  param4 paraml param2 param 3
2 109005 0 121.3015028 1] u] 1] 0 -2527.797 -324.8471 B8.2265808 6.35E-05
3 105006 0 121.3015028 1] u] 1] 0 -2527.797 -324.8471 B8.2265808 6.35E-05
4 105007 0 121.3015028 1] u] 1] 0 -2527.797 -324.8471 B8.2265808 6.35E-05
5 105008 0 121.3015028 1] u] 1] 0 -2527.797 -324.8471 B8.2265808 6.35E-05
7] 105009 0 121.3015028 1] u] 1] 0 -2527.797 -324.8471 B8.2265808 6.35E-05
T 105010 0 121.3015028 1] u] 1] 0 -2527.797 -324.8471 B8.2265808 6.35E-05
g 105011 0 121.3015028 1] u] 1] 0 -8505.902 -2012.897 3.6923637 0.002853
9 105012 0 120.8432159 1 -0.7714214 12 0 -8505.902 -2012.897 3.6922459 0.002462
10 105013 0 121.3015028 1 -0.7714161 12 0 -8505.902 -2012.897 3.692155 0.002003
11 105014 0 120.8432159 1 -0.7714124 12 0 -8505.902 -2012.897 3.6920813 0.001538
12 109015 0 121.3015028 1 -0.7714111 12 0 -8505.902 -2012.897 3.6520252 0.001084
13 105016 0 121.3015028 1 -0.7714112 12 0 -8505.902 -2012.897 3.6919972 0.000656
14 105017 0 121.3015028 1 -0.7714117 12 0 -8505.902 -2012.897 3.691%835 0.000275
15 105018 0 121.3015028 1 -0.7714115 12 0 -8505.902 -2012.897 3.6919861 0.000186
16 105019 0 121.3015028 1 -0.7714103 12 0 -8505.902 -2012.897 3.652003 0.000475
17 105020 0 121.3015028 1 -0.771408 12 0 -8505.902 -2012.897 3.6920326 0.000753
18 105021 0 121.3015028 1 -0.7714045 12 0 -8505.902 -2012.897 3.6920729 0.000953
19 105022 0 121.3015028 1 -0.7714013 12 0 -8505.901 -2012.897 3.6521221 0.001189
20 105023 0 121.3015028 1 -0.7713978 12 0 -8505.901 -2012.897 3.6921786 0.001343
21 105024 0 121.3015028 1 -0.7713%944 12 0 -8505.901 -2012.897 3.6922405 0.001455
22 109025 0 121.3015028 1 -0.7713914 12 0 -8505.901 -2012.897 3.6523061 0.001527
23 105026 0 121.3015028 1 -0.7713889 12 0 -8505.901 -2012.897 3.6923736 0.001562
24 105027 0 120.8432159 1 -0.7713869 12 0 -8505.901 -2012.898 3.6924414 0.001562
25 105028 0 121.3015028 1 -0.7713856 12 0 -8505.901 -2012.898 3.6925081 0.00153
26 105029 0 121.3015028 1 -0.7713847 12 0 -8505.901 -2012.898 3.6925723 0.001471
27 105030 0 121.3015028 1 -0.7713842 12 0 -8505.901 -2012.898 3.6926329 0.001389
28 105031 0 121.3015028 1 -0.7713843 12 0 -8505.901 -2012.898 3.692689 0.001286
29 105032 0 121.3015028 1 -0.7713848 12 0 -8505.901 -2012.898 3.6927399 0.001168
30 109033 0 121.3015028 1 -0.7713856 12 0 -8505.901 -2012.898 3.6927349 0.001038
31 105034 0 121.3015028 1 -0.7713867 12 0 -8505.901 -2012.898 3.6928239 0.000859
32 109035 0 120.8432159 1 -0.7713857 12 0 -8505.901 -2012.898 3.6928572 0.000771
33 109036 0 120.8432159 1 -0.7713%47 12 0 -8505.901 -2012.898 3.6928349 0.000635
34 109037 0 121.3015028 1 -0.7713993 12 0 -8505.901 -2012.898 3.6925061 0.0004355
35 105038 0 121.3015028 1 -0.771403 12 0 -8505.901 -2012.898 3.6925206 0.000359

Figure 4.3 An Example of the Driving Simulator Data Output

Each .csv file represesd onetrip by oneparticipant under apecificscenario and conditiol\s

a result, 18@xcelfiles (excludng the training sessigrcontainingdriving data by30 participants

for three scenariosinder both intoxicated and sober conditiamsre manually exported. As
illustrated inFigure 4.3, each filecontainsl1 variablessuch as redime coordinates, brake force,

and speedEach row in the dataset represents one data point collected every 0.017 seconds (60
Hz). The total number of data points collected for each participant depends on their trip duration.

For this study, a total of 5,506,580 data points were collected iawhdataset.
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4.2 Data Analysis Method

Descriptive statistics are a type of statistical analysis used to summarize and describe the main
features of a dataset. They are used to provide an overview of the data and to identify any patterns,
trends, or anomalies. In this study, descriptive siegistvere used to summarize general
information about the participat such as age and BrAC levek. heatmap is a visual
representation of data that uses caloding to show the intensity of values. In this study, a
heatmapvas used to visualize the drivers' fixation points, allowing researchers to see where drivers
were looking on the screen during the simulatidrchi-square test is a statistical test used to
compare the observed distribution of data with the expected distribution. In this studggeaanta

test was used to compare the distribution of fixation points in the seven regions between sober and
alcohd-impaired conditionsMOESs, or measures of effectiveness, are used to evaluate the
effectiveness of TCD(s). Ithis study, three MOEs were used: the number of WWD events,
fixation durations, and brake response. These measures were used to assess the impaxcttof differ
TCDs on driving behavioil -tests and ANOVA tests are statistical tests used to compare the means
of two or more groups. In this study, these tests were used to compare the fixation durations and
brake response between sober and alewhphired conditions.The detailed methods are

describedelow.

4.2.1 DescriptiveStatistics

Descriptive statistics can be regarded as the initial step for data analysis, which aims to provide an
understanding of the basic features of the dat&betshkin, 20Q7Descriptive statistics &reused

to summarize the genexdgmographienformationon participantssuch as age, race, visual acpity
andactual BrAC levelwith the calculation of mean value, standard deviation (SD), and maximum
and minimum valuefResultsfrom the Grooved Pegboard aBo/No-Go tasls, used to assess the

behavioralkffects of the administered alcoholergalso presented.

422Di stri bution of Driverso6 Fixation Points
Thedr i ver sé6 f i xat i eyatraggimgdavitewerecuseld tcentparaethd forlvard

driving scene undesoberand alcohcimpaired conditionsThe researchedefined a TOI with no

visual cue and TCDs on the roadway and then mapped fixation points for all participants under the
same condition into one snapshitheatmap wathengenerated fosoberand alcohcimpaired

conditions respectivelyThe heatmap aggregatesftiation pointsof all 30 participants in a static
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imageover a certain periodlr'obii Connect, 2022 It uses a scheme of different colors to depict
thenumberof fixationsondifferent AOIs (Tobii Connect, 2022 Colorswereused on the heatmap
to illustrate thenumberof fixations.

To compare the distribution of driverso6 fixat
seven regions were defined on the snapsirat thepercentage of total fixation points for each

region was calculated. Finallg, di-square test was performéal exanine if there is a statistical

difference in thedistribution of fixation points betweeinthe two groups of drivers (sober vs.

intoxicated)by the following equation:

v B B — Equation 4-1

Where,

U 6M i Qo6dowowndQ o

d 00 QIrO@ma®ns ¢ o

0  Oi 0'Q4tH6eRQIBODD -6 ¢ O

The result of thechi-square test is used to measure the discrepancy between the observed and
expected fixation count statisticSgiegelman et al., 201.1The greater the clsiquared value, the

more considerablthe discrepancy between grou@@piegelman et al., 201.1For this study, the

chi-square test was useddetermine ithe fixation poinsin the seven regionseredependent on

driver conditionsat a 95% confidence interval.

4.2.3 Effectivenes®f TCD(S)

To evaluate the effectiveness of TCD{hyee measures of effectiveness (MOESs) were identified:
i) the number of WWDncidents ii) fixation durations and iii) brake response. These three criteria
were used irsomepast driving simulator studie$he detailed analysimethod wasummarized

as follows:
4.2.3.1 Number of WWIihcidens

A WWD incidentwas defined as the driveot making a correct left/right turn at thantersection
and enteringhe wrong wayafter passinghroughthe WW-relatedTCDs (DNE/WW signs, etc.)
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The number of WWDncidentswas collectedby reviewing the video datacordedby the eye
tracking deviceSeveral past studiasedit as asingle criterionto evaluate the effectiveness of
countermeasurdgin et al., 2017;Seitzinger et a).2015) This study used the number of WWD
incidents at each intersectiana criticalMOE to evaluate the effectiveness of the TCDs installed

at that location.
4.2.3.2 Fixation durations

Fixationduration fixation point order pupil size, sight angle, and other eye movement parameters
have been applied to study the visual effecthef objects irmmanyprevious studiesJacob and

Karn, 2003; Mele and Federici, 2012; Khan and Lee, 30P&st studies found that fixation
duration, ixation frequency, and pat i al di stribution were signi
performance in driving task@Reimer, 2009; Bian and Andersen, 2D13%pecifically, more

complex cognitive activities are often accompanied by reduced eye movements, prolonged gaze
duration, and reduced spatial distribution of gaze.

For this studyboththe totaland averagéxation durationwere used fotheevaluation of installed
TCD(s). The totafixation durationwasdefined as how long participant spends on tlabject
during the defined TOIGeisen and Bergstrom, 201 The totalffixation durationmay consistof
singleor multiplefixations on the same objecthe longer total fixation duration indicatesarea
that generatesmoreinterest (Burridge, 2014). In other words, the TCD(s) with longer total fixation
duration indicéedthat they generatmore attraction to the drivers. The average fixation duration
refers to the average time for each fixatidmerage fixation duration is associated with processing
A longer average fixation durati®uggestsncreaseccomplexity {Tullis et al, 2013 Geisenet

al., 20179.

The data exported from the TobridA_absoftwarecontairsthetotaland averagéxation duratiors.
For this studya small percentage pérticipants were excluddotbm the analysibecause theye

tracking device did not correctly capture their eyeball movements, resulfegeror no fixation
point dataTable 4.2 lists the sample siz@# of participants) collectefdr each TCD undesober
(NONALC) andintoxicated (ALC) drivingconditions.

In this study, independent sampldssts and the Analysis of Variance (ANOVA) tests were used

to compare the total fixation duration and average fixation duration on the TCDs by a group of
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drivers under two conditions. The independent samyilest tompares the means of two unrelated
datasetsHield et al., 2012 Before applying the-test, a ShapirdVilk test should be conducted

to check the normality of the data. If the data did not satisfy the assumptions of normality - the non
parametric testhe ManAaWhitney U testshould be used to replace thie$t. ANOVA is used to

compare the means among three or more groupsT uk ey 6 s mul tiple comp

conducted to compare all posgipairs of means and identify any difference between the two

means.
Table 4.2 Eye-Tracking Data Sample Size for Each TCD(s)
' Sample Size
Scenario TCD(s)
NONALC ALC
DNEWW 27 26
WwW 27 25
_ WWFlashing 27 25
Single TCD
DRS 24 20
RRPM 22 23
LaneAlert 21 19
MUTCD VS. MUTCD 28 26
CAMUTCD CAMUTCD 26 25
WW+DRS 26 26
WW+LaneAlert 26 27
Sign & Pavement
. WW+RRPM 26 27
Marking
o WWFlashing+DRS 26 27
Combination
WWFlashing+LaneAlert 26 27
WWFlashing+RRPM 26 27
4.1.3.3 Hard brake response distance
The hard brake response distance was used in

to specific TCDsl(in et al., 2017 Seitzinger et al2015. The results suggest that the TCDs that
increase the brake response distance are more effective in improving Baietstudy selected
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the hard brake response distaas¢he thirdMOE to evaluatethe effectiveness of TCD(sJhe
brake application statudatawi t h A 1 @ppliddb r ak e A GG applibdrwvaskfiest
downloaded fronthe driving simulator The variablefibrake forcé  wracserdedasthe force
applied on the brake peddhis studyanalyzed the brake status and brake foeteveenl,000 ft
beforethe TCD(s) and 300 ffterthe TCD(s).The percentage ariverswho appliedthe brake
can be calculatedlt different distances.

Based on the brake force datae thard brakeesponsean beestimatedas5% of the maximum
force (180 Ibs)which is approximately 10 lIbaccording to past literatureif et al., 2017. As a
result, the hard brake distance is the corresponding distance that the driver applieédrake

beforethe TCD(s). The participants who did nosethe hard brake were removed for further

analysisTable 4.3 lists the sample sizeased othehard brake statusr each TCD(s) unddyoth

conditions.
Table 4.3 Driving Simulator Data Sample Size for Each TCD(s)
_ Sample Size
Scenario TCD(s)
NONALC ALC
DNE/WW 22 22
WWwW 21 21
_ WWFlashing 20 20
Single TCD
DRS 14 14
RRPM 19 19
LaneAlert 17 17
MUTCD VS. MUTCD 23 23
CAMUTCD CAMUTCD 23 23
WW+DRS 26 26
WW-+LaneAlert 24 24
Sign & Pavement
_ WW+RRPM 23 23
Marking :
o WWHFlashing+DRS 22 22
Combination
WWFlashng+LaneAlert 23 23
WWFlashing+RRPM 23 23
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Thepairedsampld-testandANOVA testwere applied to analyzbe hard brake response distance
data todetermineif there is a significant difference between sober and intoxicated dawners
among TCD(s) under the same conditiddditionally, Tukey dés mul t swelee comp

conducted to examinghether the groups' differercgvere significant.
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CHAPTER 5 RESULTS AND DISCUSSIONS
This chapter summarizes the results of dneing simulatorstudyin three sections) general
informationabout participanisuch as age andthe BrAClevelr e sul t s on dri ver so
distribution forsoberandintoxicatedconditions iii) results on the effectiveness of TCDs based

on the driving simulator and eyeacking data.

5.1 General Information

Six hundred eightyndividuals completed the online screening sunaed 83 were qualified and
contacted to participate in the lab session. Finally, 30 of them completed all three lab testing
sessions. Theaverage age wa$2with a standard deviation (SD) of 7. Tagesranged from 21

to 59. The average visual acuity was 20/18.

The target BrAC level for this study was set to OF® 0 Based on the online screening survey
results, the average sedported BrAC for study eligibility was estimated as 0@ () calculated
according t o-rgpatedtdiinking pcivitiessThe researcheviewed BrAC level

data measured immediately before each testing scenario started and computed the average BrAC
level for each scenaridable 5.1 contains thelescriptive statistics aime overall BrAC level.

Table 5.1 Overall BrAC Level Descriptive Statistics

_ Target Level Average SD Minimum Maximum
Scenario .
(g/dL) (g/dL) (g/dL) (g/dL) (g/dL
1 0.12 0.109 0.04 0.012 0.177
2 0.12 0.107 0.04 0.017 0.173
3 0.12 0.113 0.04 0.007 0.179

As shown in the table, the average BrAC level for scendri@and 3 were 0.109¥Q () 0.107

"XQ {and 0.113CXQ prespectively. The SD for each scenario was 0.04. The average BrAC level
for this study was very close to the target leVable 5.1 alsoshowsthe maximum and minimum
BrAC levels obtained during the lab testing. It should be noted that the minimum BrAC level of

0.007 was for one participant whecamesick after the first dose of alcohol.

The Grooved Pegboard ar&lo/No-Go tasls were collected toalidatethe obtainedBrAC results

by confirming behavioral differences between #hehol and noralcohol sessions. Both tes
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were administeredafter the completion of all driving scenariosParticipants performed
significantly slower on the Grooved Pegboard in the alcohol condition (m = 88.08 s) compared to
training (72.25 s) and nealcohol sessions (67.01 s), with p < .001, effect size = .492, observed
power = 1.00. Participants also hagisficantly slower reaction time on the GoAGw» task in the

alcohol condition (m = 1158.05 ms) compared to training (1148.85 ms) aralcadtol sessions

(976.24 ms), p < .001, effect size.236, power = .947. The results on both tasks confirm that
participantsd fine motor coordination and re

alcohol sessions.

5.2 Fixation Point Distribution for Soberand Intoxicated Drivers

One past study fourttiatalcohotimpaired driversveremore likelyto focus on pavement surfaces
(Finley et al., 2013 In this studythe heatmapvas developetb visualized r i ver sé f i xat. i

distributionfor both sober and alcohohpaired conditionsas shown ifrigure 5.1.

Figure51Dr i ver sd0 Fi xat i on umers)tNonalbohd anadb) Alddl@mia t ma p

The heatmaps aggregated the driversodé6 fixatior
when there is no TCD installatioithe colors such as red and yellow indicate the areas that
attracted more fixations. The figure reveals #labhotlimpaireddrivers'concentration areage

closer to the pavement surface thiamse ofsober ons.

A threestep approach was applied to examine if there is a significant difference between alcohol
impairedandsoberd r i ver s 6 f i x at i oihdefthingsdvenregians im fomt ofthe nc | u ¢

driver, ii) estimaing the percentage of the fixation points in each regadiii) conducing a chi
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