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CHAPTER 1 INTRODUCTION
1.1 Background

Wrong-way driving (WWD) crashes occur when a driver drives in the opposite direction of traffic
flow and collides with a right-way vehicle. Although WWD crashes are infrequent compared with
other types of crashes, they usually have a high likelihood of fatal or severe injuries. According to
an overview of WWD crashes in the United States by Baratian-Ghorghi et al. in 2014, WWD
crashes have not declined over the years compared with the overall trends of fatal 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 and nearly 77 percent of fatal WWD crashes (Copelan,
1989). Researchers in Indiana determined that out of 77 WWD crashes, 42 involved driving under
the influence (DUI) (Scifres et al., 1974). A Washington State Department of Transportation
(WSDOT) study found that 50 percent of the 30 WWD crashes on the 1-82 Yakima-to-Tri-Cities
corridor study were alcohol- or drug-related (Moler, 2002). Based on a study (Zhou et al., 2016)
investigating contributing factors for WWD on high-speed divided highways, a driver who is DUI

is almost four times more likely to be involved in WWD crashes than sober drivers.

WWD engineering countermeasures by the California Department of Transportation (Caltrans)
focused on improving signage, pavement markings, and geometric design elements. Early research
results indicated that low-mounted DO NOT ENTER (DNE) signs paired with WRONG WAY
(WW) signs were an effective countermeasure. The WWD crash rate was significantly reduced in
California after implementing these research recommendations in the 1970s and 1980s. An early
Caltrans study recommended using oversized DNE signs for locations with a history of WWD
problems (Copelan, 1989). The Manual on Uniform Traffic Control Devices (MUTCD) also
recommends using large DNE and WW signs at multi-lane exit ramps or on one-way streets. A
study by Texas Transportation Institute (TTI) developed guidelines for potential countermeasures
to reduce the frequency and severity of WWD crashes in Texas (Cooner et al., 2004a, 2004D).
Recent studies by Zhou et al. (2012, 2014a, and 2016) developed guidelines for emerging
engineering countermeasures and logistic models to predict the likelihood of WWD crashes based
on factors of driver condition, geometric features, traffic control devices (TCDs), and
environmental variables. In 2013, the first National WWD Summit provided insights into

candidate countermeasures and their effectiveness based on case studies (Zhou et al., 2014b).
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Recently, a study (Yang et al., 2019) developed a new pavement marking called directional rumble
strips (DRS). Researchers believe that directional rumble strips (DRS) may be the only
countermeasure capable of directly alerting severely intoxicated wrong-way (WW) drivers with
sounds and vibrations. Field implementation results have shown that some DRS patterns can
significantly reduce the frequency of WW driving incidents and improve self-correction rates. In
addition to DRS, many state DOTs have recently implemented WW signs with LED border lights
or Rectangular Rapid Flashing Beacons (RRFB), which have shown promise in improving self-
correction rates and are favored by drivers according to focus group surveys. However, there is a
lack of research on the effectiveness of these emerging countermeasures on severely intoxicated

WW drivers.

Driving simulator-based studies offer several advantages over other methods of investigating the
effectiveness of WW-related countermeasures on alcohol-impaired drivers. They allow for the
manipulation of countermeasures while holding all other factors constant, providing a better
understanding of their effectiveness. Additionally, they are relatively low-cost compared to other
methods, and participants are exposed to a lower risk level. Allen et al. (/975) conducted a pilot
study using a driving simulator to test the effect of alcohol on driving performance. The study
included eighteen drivers aged 21-65 at BAC of 0, 0.06, and 0.11., and the results showed that
alcohol caused more extensive lane and heading deviations, resulting in increased detection and
reaction times on discrete tasks. A study (Boot et al., 2015) explored several potentially more
sensitive metrics to detect driver confusion at interchange decision points in the driving simulator.
It was discovered 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 various WW-related
countermeasures on severely intoxicated drivers. This research project will be carried out by

achieving the following five sub-objectives:

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 have a history 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 report contains six chapters:

1.

Chapter 2 concisely overviews WWD crash statistics, contributing factors,
countermeasures, and past driving simulator-based studies.

Chapter 3 presents a detailed description of the driving simulator study plan, including
participant recruitment, driving simulator scenario development, lab experiment design,
and procedures.

Chapter 4 describes the methods for collecting and analyzing driving simulators and eye-
tracking data.

Chapter 5 documents the evaluation results of the effectiveness of TCD(s).

Chapter 6 summarizes the key findings and the 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
alcohol-impaired WW drivers, including 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 simulator-based studies. Finally, the fourth
part provides an overview of the laboratory session procedures involving alcohol, which includes
participants' recruitment, screening, sampling, administration of alcohol during the sessions, and

the cognitive test's administration.

2.1 WWD Crash

Over the past few decades, many national and state studies have explored contributing factors to
WWD crashes. Table 2.1 summarizes the results of the identified contributing factors to WWD
crashes by past studies. For instance, Fitzsimmons et al. (20/9) employed an ordinary logistic
model, using 11 years (2005-2015) 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 al. (2018) found that driver age, driver condition, roadway surface condition,
and lighting condition are significantly associated with the injury severity of the WWD crash using
the random parameters ordered probit model. Pour-Rouholamin et al. (2016b) found similar results
using the ordered logit model, generalized ordered 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 head-on collisions, male drivers, and off-peak hour are over-represented in
fatal WWD crashes. Pour-Rouholamin et al. (2016a) applied Firth’s penalized-likelihood logistic
regression to analyze Illinois’s five-year WWD crash data. The analysis revealed that driver age,
time of day, driver residency, and driver condition could best describe the characteristics of WWD
crashes. Ponnaluri et al. (20/6) 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. Kemel (2015) conducted a logistic regression analysis of WWD crashes on divided
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roads in France. The results revealed that nighttime conditions, non-freeway roads, older drivers,
impaired drivers, passenger cars, and older vehicles are the contributing factors to WWD 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 drivers, non-Hispanic, and

Native Americans are more likely to be involved in fatal WWD crashes.



Table 0.1 A Summary of Contributing Factors to WWD Crashes

Federal and State Reports

State Method Study Year Roadway Type Contributing Factors
Nationwide o o Entrance/exit ramps Drunk Qriver, driving while ‘Fhe igtoxicated or impaired,
(NTSB, 2012) Descriptive statistics 2004-2009 | and controlled-access | older driver (70 or more), driver license statuses, 6:00
’ highways p-m.—6:00 a.m.
Haddon matrices, logistic 20092013 | F 25-34 years old, older driver, male driver, DUI driver,
AZIZbamat 017 regression model feeway passenger car, corner radius more than 80 ft
ou et al, a;
(Zhou et al., 2017b) Ezéis;)srilorgzﬁlr(i)ze;sl, logistic 2009-2013 Divided highway g:ri gicslcsar driver, male driver, DUI driver, passenger car,
Florida Month (January through April, June, and July) weekend,
(Kittelson & Associates, | Descriptive statistics 2009-2013 | Freeway head-on crashes, impaired drivers, darkness, younger
2015) drivers
Texas . . 7:00 p.m.—12:00 p.m., younger driver (16-24 years), male
(Finely et al,, 2014) Descriptive statistics 2007-2011 | Freeway drivelrj, impaired c};rivery & ( years)
Iowa Interstate highway, urban area, dark condition, younger
(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,
Ilinois Causal tables, Haddon 2004-2009 | Freewa driver physical condition, driver
(Zhou et al., 2012) 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, midnight—5:59 a.m., month
(Braam, 20006) Descriptive statistics 2000-2005 | Freeway (February and June), two-quadrant parclo interchange, full
diamond interchanges
California o o Darkness, intox.icated driyer, time of the day, urban area,
(Copelan, 1989) Descriptive statistics 1983-1987 | Freeway interchanges with short sight distance, interchange types,
’ ramp types, five-legged intersections near the exit ramp

Journal Article

Author

Method

Study Year

Roadway Type

Contributing Factors




Fitzsimmons et al.

DUI driver, lighting condition, 55 years and older, uses

(2019) Ordinary logistic model 2005-2015 | Divided highway old safety equipment
2009-2013
Jalayer et al. Random parameters for AL. Controlled-access Driver age, driver condition, roadway surface condition,
(2018) ordered probit model 2004-2013 | highway lighting condition
for IL
Das et al. Data mining (“Eclat”) . .
(2018) algorithm 2010-2014 | All road types Head-on collision, male drivers, off-peak hours
Pour-Rouholamin et al Firth's penalized- Driver age, time of day, driver condition, and driver
" | likelihood logistic 20092013 | Interstate highway . £¢ Y, ’
(2016a) . residency
regression
. . 2009-2013 . " . .
. Ordered logit, generalized Driver age, condition, seatbelt use, time of day, airbag
Pour-Rouholamin et al. . . for AL. Controlled-access . . e
ordered logit, partial . deployment, type of setting, surface condition, lighting
(2016b) . 2004-2013 | highway e
proportional odds for IL condition, type of crash
Ponnaluri A binomial logistic Driver age, driver condition, lighting condition, driver
. & 2003-2010 | Freeway and arterial | seatbelt use, license state, facility type, number of vehicles
(2016) regression model . .
involved in the crash
Kemel -y ) . Nighttime hours, non-freeway roads, older drivers,
(2015) Logistic regression model | 2008-2012 ) Divided road impaired drivers, older vehicles, passenger cars
Lathrob ef al Chi-square, Fisher’s Darkness, intoxicated drivers, older drivers, male drivers,
p ' extract test, Wilcoxon 1990-2004 | Interstate highway passenger cars, November, non-Hispanic and Native

(2009)

rank-sum tests, z-tests

Americans




2.2 WW-related Countermeasures

The MUTCD provides states and agencies with standards and guidance on WW-related TCDs. As shown
in Figure 2.1, at least one DO-NOT-ENTER (DNE) sign, at least one WW sign, and at least one ONE
WAY sign for each direction must be placed at an off-ramp terminal (MUTCD, 2009). The additional ONE-
WAY signs, WW signs, and WW arrow pavement markings may be used to supplement the signs and

pavement markings (MUTCD, 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

Motes: Modify as appropriate
for multi-lane crossroads

Figure 2.1. Application of Regulatory Signing and Pavement at an Exit Ramp Termination to Deter

Wrong-Way Entry (MUTCD 2009)

Many state DOTs have developed additional guidelines on WW-related TCDs for ramp terminals at
different interchanges. Table 2.2 lists existing guidelines developed by ten state DOTs.



Table 0.2 Guidelines on WW-related TCDs by 10 State DOT's

Year

State

Guidelines

2015

Florida

1. Include MUTCD “optional” signs: (second DNE sign, second WW sign, ONE WAY sign)
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 on-ramp median nose where applicable

6. Include a straight arrow and route Interstate shield pavement marking in left-turn lanes

7. Include a straight arrow and ONLY pavement message (FDOT, 2015, and 2019)

2015

Arizona

1. Use DNE sign and WW sign assembled on the same

post

2. Use large-sized signs: DNE 48 x 48 in., and WW 48 x 36 in.

3. The minimum mounting height is 3 ft.

4. Strips of red retroreflective sheeting may optionally be placed on the signpost (4DOT, 2015)

2015

Connecticut

1. Mount larger-sized signs at exit ramps (48-in. 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 ramps (Athey Creek Consultants, 2016)

2015

Wisconsin

(a) Larger-sized DNE and WW signs

(b) Stop bar and type-4 pavement arrows

(c) Dotted pavement markings line extensions through the intersection

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

(a) Additional WW sign mounted below the DNE sign at 3-ft. mounting height

(b) Reflective strips on WW and DNE signposts

(c) A freeway entrance sign

(d) Dynamic (flashing) WW signs (WisDOT, 2015)

2016

Ohio

1. Two WW signs assembled on the same post with a low-mounted 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 dual-directional route marker signs at the end of ramps

5. Include a yellow-painted island between the entrance and exit ramp

6. Additional signs followed MUTCD minimum requirements

The DNE sign may be angled 45 degrees toward the left-turning vehicle (Ohio DOT, 2016)

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 degrees from the crossroad to face the potential
WW drivers (Michigan DOT, 2011)

2017

North
Carolina

1. Low mounting height, reflective strips, dynamic signs, larger-sized signs, turn prohibition signs,
etc.

2. WW pavement marking arrows, lane extensions, stop line, delineate median, etc.

3. Channelizing island, median, corner radius, median barrier, roundabout, lighting

(UNC Highway Safety Research Center, 2017)

2018

Oregon

1. Additional guidance regarding low-mounted installations for WW entrance signing on the
interstate freeways
2. The standard for low-mounted installations (Oregon DOT, 2018)




2019

1. The DNE (R5-1) sign and WW (R5-1a) sign shall be used at the exit end of a one-way road or
ramp to inform motorists that an entrance thereto is prohibited.

2. At intersections where the left-turn lane treatment results in channelized offset left-turn lanes
(e.g., a parallel or tapered left-turn lane between two medians), the size of the DNE (R5-1) sign or
WW (R5-1a) sign, if used, should be of the next higher roadway classification, to reduce the
potential for WW maneuvers by road users turning left from a stop-controlled, 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 WW
movements on freeway or expressway exit ramps, a DNE sign(s) and/or a WW 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 sign to
the elevation of the near edge of the pavement.

4. A stop beacon shall be used only to supplement a STOP sign, DNE sign, or WW sign (Caltrans,
2019).

2019

1. Signing and Delineation

DNE and WW signs, ONE WAY signs, turn restriction signs, red-backed raised pavement
markers (RPMs), directional pavement arrows, yellow edge line on the left and white edge line
on the right side of exit ramps, and pavement marking extension lines.

Washington | 2. Intelligent Transportation Systems (ITS)

3. Geometric Design

Separate on-and off-ramp terminals, reduced off-ramp terminal throat width, increased on-ramp
throat width, intersection balance, visibility, and angular corners on the left of off-ramp terminals
(WSDOT, 2019).

According to Table 0.2, common guidelines for additional WW-related countermeasures are

summarized below:

Signage

Size: Oversized signs (DNE sign, WW sign, or both) must be implemented on the roadside
to ensure better visibility. The 48 x 48-in. DNE signs were commonly included in
guidelines for those ten state DOTs. However, there is no uniform size for the WW sign.
Mounting height: Low-mounted signs (DNE, WW, or both) were recommended. The
recommended height of the sign varies from 3 to 5 ft. For example, due to winter snow
accumulation, the 5 ft. DNE and WW signs were contained in Connecticut DOT’s
(CTDOT) guidelines (Athey Creek Consultants, 2016).

Retroreflective tape: Five (5) out of 10 state DOTs recommended applying retroreflective
tape on the signpost. Four states set this guideline as standard, while one state regarded it
as optional. However, there is no uniform requirement for retroreflective material.
Assembled sign: Three state DOTs included the assembled sign in their guidelines;
however, different states will assemble different signs on the same post. For example,
ADOT put a DNE and WW sign on the same post (ADOT, 2015), whereas the Ohio DOT
assembled two WW signs on the same post (Ohio DOT, 2016).
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Pavement Markings

e Pavement marking extension line: Six out of 10 state DOTs recommended applying
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 application conditions. For example, FDOT required two (2) or four (4) dotted
guideline striping at the intersections between exit ramps and crossroads (FDOT, 2015,
FDOT, 2019). However, in Connecticut, the extension line is only applied at signalized
intersections with adjacent entrance and exit ramps (Athey Creek Consultants, 2016).

e Lane use arrows: Lane use arrows on the ramps are another common practice by several
states. States often had different requirements for lane-use arrows.

e Route shield signs: Most states recommended route shield signs on arterials and stop bars

on the off-ramp.

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
before-and-after data. A survey study conducted by Pour-Rouholamin et al. (20/4) gave an
overview of the effectiveness and level of acceptance for over ten engineering countermeasures,
including WW-related signage, pavement markings, geometric modification, and ITS
technologies. An ENTERPRISE Transportation Pooled Fund Study by Athey Creek Consultants
(2016) recommended grouping these countermeasures into two categories: preventative and
reactive countermeasures. Preventative countermeasures refer to those that can prevent the vehicle
from entering the WW. Reactive countermeasures are those that can warn WW drivers. Table 2.3
summarizes the past evaluation study results of the traditional and emerging WW-related TCDs

in these two categories.
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Table 0.3 Evaluation Results of the Traditional and Advanced WW-related TCDs

Preventative Countermeasure

State | Type of TCDs Data Evaluation Method | Effectiveness Reference
CA | Lower-mounted Signs WWD | Before-and-after 90% reduction in Leduc, 2008
Specific requirements for sign incident | study WWD incident
installation frequency
GA | Countermeasure combo (trailblazers, WWD | Before-and-after 97% reduction in Campbell and
low-mounted WW signs, stop bar, incident | study WWD incident Middlebrooks,
yellow ceramic buttons frequency 1988
TX | Directional arrows WWD | Before-and-after 90% reduction in Chrysler and
incident | study WWD incident Schrock, 2005
frequency
TX | Sign and Pavement marking WWD | Before-and-after The number of WWD | Ouyang, 2013
improvement (repainting, striping incident | study incidents decreased
additions, and WW sign on signal mast significantly after
arms) improvements
FL | Newly-develop signing and pavement | Survey | Survey Very positive Lin et al.,
marking (S&PM) standards data effectiveness on 2018
arterials
AL | Pavement markings improvement WWD | Before-and-after 63% reduction in the | Chang et al.,
(repainting, striping additions, and stop | 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 | Before-and-after More than 90% come | Chang et al.,
incident | study back rate for WWD 2019
incidents
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AL | Directional rumble strips WWD | Before-and-after Improve self- Zhou et al.,
incident | study correction rates and 2020
reduce WWD
incidents while
offering good visual
attentiveness and
applicability
FL | Rectangular flashing beacon (RFB) 911 Before-and-after 48.5% reduction in Al-Deek et al.,
WW Sign calls study 911 calls, 52.9% 2019
and reduction in WWD
citation citations, and 44.1%
reduction in
combined WWD 911
calls and citations
WWD | Before-and-after 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 data | incident frequency
Detection-triggered LED lights around | WWD Effective for
WW signs crash Survey mitigating WWD
Detection-triggered blank-out signs L Effective for
that flash “WW?” Survey | Driving simulator | mitjgating WWD
Wigwag flashing beacons data Effective for
mitigating
WWD
Delineator along exit -ramps The least effective
countermeasures
FL | Red Rectangular Rapid Flash Beacons | WWD | Before-and-after 60% — 85% self- Ozkul and
(RRFBs) incident | study correction rates Lin, 2017
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HI

Red Retroreflective Raised Pavement
Markings (RRPMs)

WWD
incident

Field observation

Before-and-after
study

RRPM helped drivers
realize when they
were going in the
wrong direction.
Replacing
supplemental RRPMs
with supplemental
arrows constantly
improved the self-
correct rates

Miles et al.,
2014
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The evaluation methods by different agencies mainly focused on before-and-after studies of
WWD crashes or incidents, driving simulations, surveys, field tests, and investigation of agency
records. For preventative WWD countermeasures, five states have made the improvement or
enhancement of traditional DNE or WW signs and pavement markings for deterring WWD
incidents, which showed a significant reduction in WWD incidents by up to 97% (Leduc, 2008,
Lin et al., 2018; Ouyang, 2013, Chang et al., 2019; Campbell and Middlebrooks, 1988). In
addition, LED borders for DNE and WW signs and directional arrows on exit ramps were effective
in deterring WWD incidents (Lin et al., 2018). Finaly, the raised/vertical longitudinal channelizing
devices and geometric modifications for exit-ramp terminals can prevent WWD incidents

(Ouyang, 2013).

As for reactive WWD countermeasures, transportation agencies tended to apply more advanced
countermeasures to reduce WWD incidents, 911 calls, WWD citations, and the combined 911 calls
and citations efficiently (Kayes et al., 2019; Al-Deek et al., 2019 & Lin et al., 2018). The reactive
countermeasures like red RRFBs, wigwag flashing beacons, LED WW signs, detection-triggered
blank-out signs that flash “WW” and detection-triggered LED lights around WW signs have been
proven significantly effective for improving self-correction rates. The RRPMs are less effective
than other advanced countermeasures (Lin et al., 2018), which can be considered a supplemental
countermeasure. The traditional reactive countermeasures, such as a WW sign combined with a
WW arrow and directional rumble strips (DRS), can also effectively reduce WWD incidents
(Chang et al., 2019). Compared with the WWD countermeasures mentioned above, the delineators

along exit ramps were considered the least-effective countermeasures (Lin et al., 2018).
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2.4 Past Driving Simulator-Based Studies

Within the last decade, vehicle driving simulators have been widely accepted and adopted to
conduct transportation research to evaluate drivers’ reactions to roadway and roadside treatments.
Yan et al. (2007) used a driving simulator to measure the effect of a “SIGNAL AHEAD” pavement
marking countermeasure with a varied speed limit, treatment type, and yellow phase onset distance.
The results suggested that the pavement markings reduced the uncertainty region from 17 meters
to 10 meters at intersections with a 30 mph speed limit and from 31 meters to 16 meters at
intersections with a 45 mph speed limit. The countermeasure also reduced the number of red-light
running incidents by 65%. In another study, the effectiveness 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 within the experiment showed that the sites with warning lights had

significantly more crashes than those without (McAvoy, et al., 20006).

A report by Robinson et al. discussed a driving simulator study as part of the evaluation of a
complex at-grade rail crossing project in Ottawa, Canada. This scenario mimicked the at-grade rail
crossing with a 32-degree skew angle, the widening of the roadway, an at-grade rail crossing, and
a transitway extension at a 30-meter 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,
and eye movements using a sophisticated eye-tracking camera. Forty-eight 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 signals (Robinson et al., 2007).

A study by Abbas et al. investigated driver perception of using a dynamic all-red interval extension
in urban and suburban settings. Other factors considered include the presence of cross traffic, the
extension being on a major or minor street, and the red-light runner being followed closely by
another vehicle. The results showed that the urban/suburban setting was the only significant factor,
and in urban areas, drivers were less likely to notice an extension and perceive red-light running

as more dangerous (4bbas et al., 20006).

In a study by Noyce and Knodler, a driving simulator was used to evaluate drivers’ comprehension

of flashing yellow arrows that were retrofitted to three-section and five-section 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
driver’s ability to comprehend the three-section signal, but the driver’s comprehension was
significantly lower for the inclusion of the flashing yellow arrow in the five-section cluster signal.
Additionally, qualitative measures showed that 28% of drivers preferred the flashing yellow arrow

in the middle section compared to 9% who preferred it in the bottom (Noyce and Knodler, 2014).

Besides the abovementioned studies, a few driving simulator studies were found that were highly
related to the WWD study. A study conducted by FDOT used the driving simulator to better
understand the effectiveness of countermeasures to prevent WW entries and crashes (Lin et al.,
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 (daytime scenarios) and 80 younger
drivers (nighttime scenarios) completed the study, and half of the younger drivers wore goggles to
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) used adriving simulator to evaluate ITS WWD countermeasures in Florida. A total of
189 drivers were recruited and equally assigned to five different scenarios. The participants were
asked to keep driving on the roadway, which simulated the environment after a highway off-ramp
to include certain flashing and standard WW signs until the roadway condition seemed unsafe. The
study found that Red Rectangular Rapid Flashing Beacons are the most effective countermeasure.
A study by Seitzinger et al. (2016) used a driving simulator to investigate how low-mounted signs
affected drivers under the influence of alcohol. Twenty-eight participants aged 19 to 61 (75% male
and 15% female) completed the study and wore goggles to simulate an impaired condition of an
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 intersections with signs mounted at 7ft and 3ft.
The results showed that low-mounted signs improved the driver’s reaction time and reduced the

likelihood of the driver missing the sign.

2.5 Research Gaps
The literature 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 TCDs to deter 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'

specifications and 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 wrong-way related TCDs 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, participant recruitment, testing countermeasures,
and scenario design. Finally, the lab testing procedure includes both familiarization and testing

sessions.

3.1 Lab Devices Overview

Driving simulators provide researchers with the ability to examine driving behaviors in a
controlled virtual environment. They provide a less expensive, repeatable, and safe alternative to
field experiments. The driving simulator enables the investigation of various aspects of driving
behaviors by highly intoxicated drivers. A National Advanced Driving Simulator (NADS)
MiniSim™ driving simulator and a Tobii Pro Glasses 2 wearable eye tracker were used in this

research.

The NADS MiniSim™ driving simulator is a PC-based driving simulator for which the NADS lab
has developed software and hardware at the University of lowa (NADS, 2022). It has an anodized
aluminum chassis with carpet, dashboard, steering wheel, pedals, and driver controls that
accurately mimic a real car from the driver’s perspective, facilitating a wide variety of research
applications. As shown in Figure 3.1, the NADS MiniSim™ driving simulator used in the lab
consists of five displays for different purposes. Three 50-inch TV monitors are installed on the
triple-floor standing monitor stand, giving the driver a 180-degree horizontal and 50-degree
vertical field of view of the simulated environment. Each display has a resolution of 1360Xx768
pixels and a refresh rate of 60Hz. The 12-inch display in front of the car seat is a virtual instrument
cluster that can provide drivers with information such as gear status and current speed. In addition,

a 24-inch operator display is set aside, positioned for laboratory test operation by researchers.
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50-inch displays

12-inch instrument cluster 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 person looks at in real-time. It helps researchers understand
how people interact with their environment, what catches their attention, drives their behavior, and
influences decision-making (TobiiPro, 2022). The system tracks corneal reflection and dark pupil
using a 50 Hz sampling rate. The Tobii Pro Glasses 2 wearable eye tracker incorporates a head
unit and recording unit, illustrated in Figure 3.2. The head unit is a highly sophisticated measuring
device. The head unit contains a high-definition scene camera that captures a full HD video of
what is in front of the participant and a microphone that picks up sound from the participant and
his surroundings. It also contains eye-tracking sensors to record eye orientation and infrared
illuminators (so-called IR illuminators) to illuminate the eyes to support the eye-tracking sensors.
The recording unit is a small computer that controls the head unit and connects with the head unit
using a cable. It records and stores eye-tracking data, sounds, and scene camera video on a
removable SD memory card. The recording unit carries a replaceable and rechargeable Li-ion

battery that supplies power to both the recording and head units.
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Head unit

Figure 3.2 Tobii Pro Glasses 2 Wearable Eye Tracker

3.2 Experimental Design

3.2.1 Target BrAC Level

When evaluating relevant alcohol and driving simulation studies, the highest reported target Breath
Alcohol Content (BrAC) researchers had dosed participants is 0.10 BrAC (Mets et al., 2011,
Helland et al., 2016, Huizinga et al., 2019, Finley et al., 2014, 2017; Subramaniyam et al., 2018,
Irwin et al., 2017) with a maximum observed BrAC of 0.12. As for laboratory-based alcohol
administration studies in general, the highest reported target BrAC is 0.12, with a maximum
observed BrAC of 0.15 (Stock et al., 2014, 2016; Wolff et al., 2016, Chmielewski et al., 2018; Zink
et al., 2019). Based on previous literature and considering that around 40% of fatal WWD crashes
due to alcohol intoxication in the U.S. occurred at or above a BrAC of 0.12, the target BrAC level
used for this study is 0.12.
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3.2.2 Recruiting and Screening Participants

Sample size estimates were based on an a priori power analysis conducted using G*Power (Faul
et al., 2007). Estimates were based on the planned within-subject (e.g., participants complete all
test conditions and serve as their own control group). A medium effect size was selected for this
study, which is commonly used in studies on the effects of alcohol intoxication on simulated
driving (Irwin et al, 2017). 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 on a desired power of .80 (e.g., 80% likelihood of accepting the
proposed research hypothesis if true), which is considered a strong statistical test and the standard
value used in experimental research. These parameters yielded a recommended sample size of 27
participants. Thus, the final sample size of 30 participants should 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 Review Board (IRB; #21-061 MR 2102) Two recruitment
methods were used to contact local participants. The university students were recruited through an
online research participation system operated by the Department of Psychological Sciences at
Auburn University. Individuals from the community were recruited via local print advertising and
posted on various social media platforms. Regardless 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 recruited male adult drivers, at least 21, since males are more likely to
engage in intoxicated WWD based on previous literature. Female participants were excluded from
the study due to the potential hazards of alcohol administration during pregnancy or breastfeeding
and to avoid possible confounds relating to hormonal changes/the menstrual cycle. Additionally,
there is no upper limit on age-related inclusion criteria, as data have indicated that older adults are

also overrepresented in WWD crashes.

Considering the relatively high BrAC level used for the study, potential participants are required
to fill out the online screening materials to identify participants who would not be adversely
impacted, with a target sample of heavy social drinkers. The screening materials required

participants to self-report frequency, duration, and amount of alcohol use within the last month.
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Then the highest approximate BrAC was calculated based on their weight and height. This method
has been utilized in past alcohol-related laboratory studies (Chmielewski et al., 2018). This ensured
that participants had been familiarized with the dose of alcohol administered in the laboratory
session to reduce the risk of adverse events in laboratory testing as well as increase the ecological
validity of our study. This study also excluded individuals who meet the criteria for alcohol use
disorder or have previously sought treatment and/or are currently in treatment relating to substance
use. The individuals who reported current or previous history of treatment for alcohol abuse were
also excluded from the study. The study also excluded individuals who reported visual
impairments, as well as any psychiatric and/or medical condition that the investigators deemed
could potentially interfere with the study procedures. Lastly, participants who self-report currently
taking a medication that interacts adversely with alcohol were also excluded from the study. All
of these exclusion criteria are common practice in laboratory-based alcohol administration studies

(Van Dyke and Fillmore, 2014, 2017, Chmielewski et al., 2018).

Individuals who met the criteria for the three-session study and expressed an interest in
participating were scheduled for a laboratory session at Auburn University. Participants were

compensated $200 for completing all study procedures.

3.2.3 Testing countermeasures

Six proposed countermeasures were selected for the study, including a standard WW sign (a),
DNE/WW signs on the same post (b), a WW sign with an LED border (c), a WW pavement arrow
with retroreflective raised pavement markers (RRPMs) (d), LaneAlert 2X (e), and directional

rumble strips (f), as shown in Figure 3.3.
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Figure 3.3 Testing Countermeasures

The standard WW sign (WW) (Figure 3.3(a)) followed the specifications listed in the MUTCD.
As illustrated in Figure 3.3(b), the DNE and WW sign on the same post (DNEWW) followed
CAMUTCD requirements, which are enlarged and low-mounted at 3ft. The WW sign with an LED
border (WWFlashing), as shown in Figure 3.3 (¢), had the same dimensions as the traditional WW
sign. Red LED lights are embedded on the sign border and will be triggered when the WW vehicle
is detected by inductive loops and a thermal camera. The RRPM pavement system adopted by
Caltrans uses enhanced pavement markings with the installation of RPMs along lane lines, stop
bars, and WW arrows to warn WW drivers. The LaneAlert 2X (LaneAlert) pavement marking
system followed Caltrans’ experimental design. Only WW drivers can see the red arrows and
warning messages on the pavement markings. The directional rumble strips (DRS) followed the

specification developed by the Alabama DOT study.

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

The TMT is used to assemble a road network from a library of 95 road/landscape segments called
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“tiles” and export a complete database to the ISAT. The ISAT is designed for building scenarios
based on the assembled database. Since the library did not contain the desired tiles for the study,
three basic tiles were modified based on the existing tiles, as illustrated in Figure 3.4. The roadway
tile (Figure 3.4 (a)) contains a rural roadway 24ft wide. All the land markings were removed to
avoid additional visual aids on the roadway. The T-intersection tile (Figure 3.4 (b)) is a three-leg
intersection at the center of the tile. The turn-around tile (Figure 3.4 (¢)) contains a large round
space that simulates a dead-end and allows the driver to turn around. The roadway network can be
assembled using the three tiles described above. The roadway network developed for this study
contains several T-intersections connected by a different number of straight roadway tiles. At the
end of a roadway segment, a turn-around around area was provided to guide WW drivers back to

the right way.

(a) ® ©

Figure 3.4 Three Basic Tiles Used for Scenario Development: (a) Roadway Tile; (b) T-Intersection
Tile; (¢) Turn-Around Tile

Besides the roadway network development, testing countermeasure models also needed to be
either modified or created. DNE and WW signs in the driving simulator object library have smaller
sizes and higher mounting heights than Caltrans’ standards. They were modified to meet Caltrans’
standards. 3D models were created for three testing countermeasures (LaneAlert 2X, WW
pavement arrows, and DRS) not available in the ISAT library. The developed models were
converted into the open flight file (.fIt), the top view file (.dxf), and the % view model file (.bmp)
and then saved in the object’s library with the texture image in the driving simulator. After coding
the countermeasures (dimensions, color, texture, etc.) on the backend of the driving simulator, the
three countermeasure models worked as planned in the driving simulator. The procedures for

developing 3D models are illustrated in Figure 3.5.
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3D Model Development File Conversion Coding Model Information Apply in ISAT

Figure 3.5 Procedures for Creating Countermeasure Models

Since WWD usually happens at night, the nighttime condition was applied for the driving
simulator scenario development. Four scenarios were developed for this study for different
purposes. The training scenario aims to familiarize participants with the driving simulator.
Participants were not informed of the experiment's purpose. In the training scenario, no proposed
testing countermeasures were implemented on the road/roadside, and no other vehicles were
presented on the roadway. Participants were given instructions on the TV monitors on how to make
left/right turns, speed up, slow down, and turn around, which helped the drivers familiarize
themselves with the maneuvers used in the testing session. Three testing scenarios were developed
for this study, each of them containing several T-intersections. One side of the T intersection is
used to simulate the off-ramp with the countermeasures. The participants can make a left/right turn
in the correct direction when facing the WW-related countermeasures. The first testing scenario is
aimed at evaluating the effectiveness of individual countermeasures. In this scenario, each
proposed countermeasure was randomly placed at a T-intersection and directly faced the drivers,
as illustrated in Figure 3.6. Several blank T-intersections with no countermeasures were included
to prevent drivers' self-learning. Participants can make a U-turn back to the roadway network if
they enter the wrong way. As shown in Figure 3.7, the second testing scenario aims to test whether
the current countermeasures in the CAMUTCD are more effective than those in the national
MUTCD. This scenario had a similar roadway layout to the first testing scenario, but with two
different sets of countermeasures. The countermeasures were placed according to specifications in
the MUTCD and the CAMUTCD. The third testing scenario analyzes the effectiveness of WW

sign and pavement marking combinations. In this scenario (Figure 3.8), the driver encountered
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two types of WW signs (standard WW sign and WW sign with flashing LED border) and three
types of pavement markings (wrong-way arrow with RRPM, LaneAlert 2X, and DRS). This

scenario examines the effectiveness of six different sign/marking combinations in deterring WWD

movements.
W sign WW sign
with LED with LED
Border \ / Border /
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Figure 3.6 Testing Scenario One
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Figure 3.7 Testing Scenario Two
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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 in-person lab sessions. The familiarization session is always the first session
that requires attending, and participants were randomized to experience the alcohol and non-
alcohol sessions in a counterbalanced order. The study did not employ a true placebo condition or
make any attempt to deceive participants into believing they consumed alcohol in the no-alcohol
dosing session. Therefore, participants in the current study were aware of when they did and did
not receive alcohol at the time of dosing. In some studies, a placebo group is helpful in eliminating
potential expectancy effects of receiving alcohol on driving and performance-related tasks (e.g.,
Kenntnre-Mabila et al., (2015a, c, e; Mets et al., 2011; Weafer 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, 1993). Given the relatively high BrAC used in the current study and the stark
differences in perceived intoxication between 0.00 and the target doses, a true placebo would not
be effective in deceiving participants into believing that they have consumed alcohol and were
deemed unnecessary. This also allowed research staff and participants to 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 confounds in driving performance related to first exposure to
the driving simulator and other kinds of devices. During this session, participants were provided
with and signed the informed consent. After that, the researchers verified inclusion criteria
(relevant drinking history, driver's license status, age, etc.), which were self-reported by
participants during the screening process and collected relevant demographic information. Two
eye tests - standard visual acuity test and color blindness - were prepared for participants to ensure

they had at least a minimal level of acceptable vision (20/40 and not color blind).

Participants were next given an opportunity to get familiar with all the devices used in the testing
session. First, participants learned how to blow the breathalyzer. After that, participants were
required to wear the eye-tracking system and complete the training scenario on the driving
simulator. Finally, participants became familiarized with the Go/No-Go and Grooved Pegboard
task, which were commonly applied in previous alcohol and driving simulator studies (Van Dyke
& Fillmore, 2014, 2017). The Go/No-Go test is used to assess inhibitory control, which has been
shown to be related to impulsive decision-making and behaviors. The Grooved Pegboard Task is
a behavioral task used to assess motor coordination. Both tasks served as a validity check for the
study. The results can be used to compare the driving simulator performance, motor control, and

inhibitory control between alcohol and non-alcohol sessions.

3.3.2 Testing sessions

The testing sessions contained the non-alcohol dosing session and alcohol dosing session. As a
requirement for both sessions, participants were required to abstain from alcohol and all other
drugs for 24 hours and food for 4 hours prior to each testing session. Sessions began with collecting
a breath alcohol measurement to 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 consumption. The alcohol dose was calculated based on body
weight and administered as one part absolute alcohol (95% alc/vol) mixed with three parts
carbonated lemon/lime flavored soda. Participants consumed each dose in 10 minutes. The target
0.12 BrAC was typically reached 60—70 min after consumption. BrACs were sampled every 10

minutes until participants were within 0.01 of the target BrAC, at which time testing began. In the

29



no-alcohol condition, participants consumed the same volume of liquid as the alcohol dose session

to standardize the procedure across both sessions, but with no alcohol in the beverage.

For both alcohol and non-alcohol sessions, the participants were required to complete three testing
scenarios in counterbalance order with the eye-tracking glasses. The real-time BrAC level was
measured at the beginning of each scenario. After completing driving simulator tasks, they
completed the Go/No-Go 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 ride for them (e.g., Uber or other services) to take the participant
home. In either case, research personnel escorted the participant to the parking lot to ensure that
the participant had entered the correct vehicle. Before leaving the laboratory, participants were
able to lounge in a room with access to video games, television and streaming services, and a

comfortable chair to sit in. Food and beverages were also provided.
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CHAPTER 4 DATA COLLECTION AND ANALYSIS

This chapter provides detailed information regarding data collection and analysis methods used to
evaluate the effectiveness of TCD(s) on driving behaviors. Two types of data were collected for

this study, including eye-tracking data and driving-simulator data.

4.1 Data Collection
4.1.1 Eye-Tracking Data

The eye-tracking device used in this study recorded the participant's gaze with a sampling rate of
50 Hz, meaning it captured 50 individual gaze points per second. The gaze points show where the
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, indicating that the eyes are locked on an object (Farnsworth,
2022). The eye-tracking device can deliver the video output data containing the driver’s fixation
point denoted as a red circle for each scenario during each session. As a result, a total of 210 videos

were collected in the study.

After that, 180 videos, excluding training session videos, were transferred into the data analysis
software named 7obii Pro Lab (Tobii AB, 2014) for further data reduction, which then contained
more than 1,500 minutes of videos. The TCD(s) included in the video data can be regarded as
dynamic stimuli since they constantly change (from small to large and from far to close). As a
result, mapping procedures were conducted to aggregate participants’ fixation points on the static
snapshots that contain the target TCD(s). During the mapping procedures, two criteria need to be

determined for the study:

e Time of Interest (TOI) allows researchers to organize the recorded data according to
intervals of time during which meaningful behaviors and events take place (Tobii Academy,
2022). For this study, the TOI was defined as a period that starts when the TCD can be first
seen on TV monitors and ends when the participant makes either a correct (a left/right turn
going the right way) or wrong (a straight movement going the wrong way) decision. The
researchers ensured that each TOI has a similar period within each scenario. Table 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 o1
NONALC ALC
DNEWW 27.94 28.48
wWw 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
. WWFlashing+DRS 15.37 14.71
WWFlashing+LaneAlert2X 14.35 15.46
WWFlashing+RRPM 14.55 15.25

e Area of Interest (AOI) allows researchers to define areas of the stimulus based on research
needs (Tobii Academy, 2022), and by doing this, the eye movement on a defined area can
be calculated precisely. For this study, the AOI was defined as a single TCD or a

combination of 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 software. The 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 Illustration of Mapping Fixation Points on Snapshot Images.

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 variables such 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 participant. Figure 4.2 illustrates an example of the output of fixation data in the

defined seven AOI regions.
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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 Eye-Tracking Data Output

4.1.2 Driving Simulator Data

The MiniSimTM V2.3 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 saved as .daq files 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 example of driving simulator data output in .csv format.
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Figure 4.3 An Example of the Driving Simulator Data Output

Each .csv file represented one trip by one participant under a specific scenario and condition. As

a result, 180 excel files (excluding the training session) containing driving data by 30 participants

for three scenarios under both intoxicated and sober conditions were manually exported. As

illustrated in Figure 4.3, each file contains 11 variables, such as real-time coordinates, brake force,

and speed. Each 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 in the raw dataset.
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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 statistics were used to summarize general
information about the participants, such as age and BrAC levels. A heatmap is a visual
representation of data that uses color-coding to show the intensity of values. In this study, a
heatmap was used to visualize the drivers' fixation points, allowing researchers to see where drivers
were looking on the screen during the simulation. A chi-square test is a statistical test used to
compare the observed distribution of data with the expected distribution. In this study, a chi-square
test was used to compare the distribution of fixation points in the seven regions between sober and
alcohol-impaired conditions. MOEs, or measures of effectiveness, are used to evaluate the
effectiveness of TCD(s). In this study, three MOEs were used: the number of WWD events,
fixation durations, and brake response. These measures were used to assess the impact of different
TCDs on driving behavior. T-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 alcohol-impaired conditions. The detailed methods are

described below.

4.2.1 Descriptive Statistics

Descriptive statistics can be regarded as the initial step for data analysis, which aims to provide an
understanding of the basic features of the dataset (Sheshkin, 2007). Descriptive statistics were used
to summarize the general demographic information on participants, such as age, race, visual acuity,
and actual BrAC level, with the calculation of mean value, standard deviation (SD), and maximum
and minimum values. Results from the Grooved Pegboard and Go/No-Go tasks, used to assess the

behavioral effects of the administered alcohol, were also presented.

4.2.2 Distribution of Drivers’ Fixation Points

The drivers’ fixation points collected by eye-tracking device were used to compare the forward
driving scene under sober and alcohol-impaired conditions. The researchers defined 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 snapshot. A heatmap was then generated for sober and alcohol-impaired

conditions, respectively. The heatmap aggregates the fixation points of all 30 participants in a static
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image over a certain period (7obii Connect, 2022). It uses a scheme of different colors to depict
the number of fixations on different AOIs (Tobii Connect, 2022). Colors were used on the heatmap

to illustrate the number of fixations.

To compare the distribution of drivers’ fixation points under sober and intoxicated conditions,
seven regions were defined on the snapshot, and the percentage of total fixation points for each
region was calculated. Finally, a chi-square test was performed to examine if there is a statistical
difference in the distribution of fixation points between the two groups of drivers (sober vs.
intoxicated) by the following equation:

2 .2
X = iz Z§=1% Equation 4-1

Where,

2
X = Chi — square test statistic

Y;; = Observed fixation count
E;; = Estimated expected fixation count

The result of the chi-square test is used to measure the discrepancy between the observed and
expected fixation count statistics (Spiegelman et al., 2011). The greater the chi-squared value, the
more considerable the discrepancy between groups (Spiegelman et al., 2011). For this study, the
chi-square test was used to determine if the fixation points in the seven regions were dependent on

driver conditions at a 95% confidence interval.

4.2.3 Effectiveness of TCD(s)

To evaluate the effectiveness of TCD(s), three measures of effectiveness (MOEs) were identified:
1) the number of WWD incidents, ii) fixation durations and iii) brake response. These three criteria
were used in some past driving simulator studies. The detailed analysis method was summarized

as follows:
4.2.3.1 Number of WWD incidents

A WWD incident was defined as the driver not making a correct left/right turn at the T-intersection

and entering the wrong way after passing through the WW-related TCDs (DNE/WW signs, etc.).
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The number of WWD incidents was collected by reviewing the video data recorded by the eye-
tracking device. Several past studies used it as a single criterion to evaluate the effectiveness of
countermeasures (Lin et al., 2017; Seitzinger et al., 2015). This study used the number of WWD
incidents at each intersection as a critical MOE to evaluate the effectiveness of the TCDs installed

at that location.
4.2.3.2 Fixation durations

Fixation duration, fixation point order, pupil size, sight angle, and other eye movement parameters
have been applied to study the visual effect of the objects in many previous studies (Jacob and
Karn, 2003; Mele and Federici, 2012; Khan and Lee, 2019). Past studies found that fixation
duration, fixation frequency, and spatial distribution were significantly correlated with drivers’
performance in driving tasks (Reimer, 2009; Bian and Andersen, 2017). Specifically, more
complex cognitive activities are often accompanied by reduced eye movements, prolonged gaze

duration, and reduced spatial distribution of gaze.

For this study, both the total and average fixation duration were used for the evaluation of installed
TCD(s). The total fixation duration was defined as how long a participant spends on the object
during the defined TOI (Geisen and Bergstrom, 2017). The total fixation duration may consist of
single or multiple fixations on the same object. The longer total fixation duration indicates an area
that generates more interest (Burridge, 2014). In other words, the TCD(s) with longer total fixation
duration indicated that they generate more attraction to the drivers. The average fixation duration
refers to the average time for each fixation. Average fixation duration is associated with processing.
A longer average fixation duration suggests increased complexity (Tullis et al., 2013; Geisen et

al., 2017).

The data exported from the Tobii Pro Lab software contains the total and average fixation durations.
For this study, a small percentage of participants were excluded from the analysis because the eye-
tracking device did not correctly capture their eyeball movements, resulting in fewer or no fixation
point data. Table 4.2 lists the sample size (# of participants) collected for each TCD under sober
(NONALC) and intoxicated (ALC) driving conditions.

In this study, independent samples t-tests 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 samples t-test compares the means of two unrelated
datasets (Field et al., 2012). Before applying the t-test, a Shapiro-Wilk test should be conducted
to check the normality of the data. If the data did not satisfy the assumptions of normality, the non-
parametric test- the Mann-Whitney U test- should be used to replace the t-test. ANOVA is used to
compare the means among three or more groups. Tukey’s multiple comparison tests were

conducted to compare all possible pairs 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
Ww 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 several past studies to analyze the driver’s reaction
to specific TCDs (Lin et al., 2017; Seitzinger et al., 2015). The results suggest that the TCDs that

increase the brake response distance are more effective in improving safety. This study selected
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the hard brake response distance as the third MOE to evaluate the effectiveness of TCD(s). The
brake application status data with “1” (brake applied) and “0” (brake not applied) was first
downloaded from the driving simulator. The variable “brake force” was recorded as the force
applied on the brake pedal. This study analyzed the brake status and brake force between 1,000 ft
before the TCD(s) and 300 ft after the TCD(s). The percentage of drivers who applied the brake

can be calculated at different distances.

Based on the brake force data, the hard brake response can be estimated as 5% of the maximum
force (180 Ibs), which is approximately 10 lbs, according to past literature (Lin et al., 2017). As a
result, the hard brake distance is the corresponding distance that the driver applied a hard brake
before the TCD(s). The participants who did not use the hard brake were removed for further
analysis. Table 4.3 lists the sample size based on the hard brake status for each TCD(s) under both

conditions.
Table 4.3 Driving Simulator Data Sample Size for Each TCD(s)
Sample Size
Scenario TCD(s)
NONALC ALC

DNE/WW 22 22
WW 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 WWFlashing+DRS 22 22

Combination
WWFlashing+LaneAlert 23 23
WWFlashing+RRPM 23 23
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The paired-sample t-test and ANOVA test were applied to analyze the hard brake response distance
data to determine if there is a significant difference between sober and intoxicated drivers and
among TCD(s) under the same condition. Additionally, Tukey’s multiple comparison tests were

conducted to examine whether the groups' differences were significant.
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CHAPTER 5 RESULTS AND DISCUSSIONS
This chapter summarizes the results of the driving simulator study in three sections: i) general
information about participants, such as age and the BrAC level, ii) results on drivers’ fixation point
distribution for sober and intoxicated conditions; iii) results on the effectiveness of TCDs based

on the driving simulator and eye-tracking data.

5.1 General Information

Six hundred eighty individuals completed the online screening survey, and 83 were qualified and
contacted to participate in the lab session. Finally, 30 of them completed all three lab testing
sessions. Their average age was 25, with a standard deviation (SD) of 7. The ages ranged from 21

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

The target BrAC level for this study was set to 0.12 g/dL. Based on the online screening survey
results, the average self-reported BrAC for study eligibility was estimated as 0.19 g/dL, calculated
according to participants’ self-reported drinking activities. The researchers reviewed BrAC level
data measured immediately before each testing scenario started and computed the average BrAC

level for each scenario. Table 5.1 contains the descriptive statistics on the 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 scenarios 1, 2, and 3 were 0.109 g/dL, 0.107
g/dL,and 0.113 g/dL, respectively. The SD for each scenario was 0.04. The average BrAC level
for this study was very close to the target level. Table 5.1 also shows the 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 who became sick after the first dose of alcohol.

The Grooved Pegboard and Go/No-Go tasks were collected to validate the obtained BrAC results

by confirming behavioral differences between the alcohol and non-alcohol sessions. Both tasks
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were administered after the completion of all driving scenarios. Participants performed
significantly slower on the Grooved Pegboard in the alcohol condition (m = 88.08 s) compared to
training (72.25 s) and non-alcohol sessions (67.01 s), with p <.001, effect size = .492, observed
power = 1.00. Participants also had significantly slower reaction time on the Go/No-Go task in the
alcohol condition (m = 1158.05 ms) compared to training (1148.85 ms) and non-alcohol sessions
(976.24 ms), p < .001, effect size = .236, power = .947. The results on both tasks confirm that
participants’ fine motor coordination and reaction time were negatively impacted during the

alcohol sessions.

5.2 Fixation Point Distribution for Sober and Intoxicated Drivers

One past study found that alcohol-impaired drivers were more likely to focus on pavement surfaces
(Finley et al., 2014). In this study, the heatmap was developed to visualize drivers’ fixation point

distribution for both sober and alcohol-impaired conditions, as shown in Figure 5.1.

a) Non-alcohol Condition b) Alcohol Condition

Figure 5.1 Drivers’ Fixation Distribution Heatmap under a) Non-alcohol and b) Alcohol

The heatmaps aggregated the drivers’ fixation points to help visualize the fixation distribution
when there is no TCD installation. The colors such as red and yellow indicate the areas that
attracted more fixations. The figure reveals that alcohol-impaired drivers' concentration areas are

closer to the pavement surface than those of sober ones.

A three-step approach was applied to examine if there is a significant difference between alcohol-
impaired and sober drivers’ fixation distribution, including 1) defining seven regions in front of the

driver, i1) estimating the percentage of the fixation points in each region, and iii) conducting a chi-
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square test to determine if the distribution of fixation points in the seven regions are statistically

different between the two groups.

Figure 5.2 illustrates the seven regions in the driver’s front view. Region 1 indicated the area in
front of the vehicle inside the headlight illumination area. Region 2 showed the area of the far
roadway horizon. Region 3 was above all other regions and included the sky area. Regions 4 and
5 included the area that contained left and right fixation points. Region 6 covered the vehicle’s

dashboard, and region 7 included the rear view mirror of the vehicle.

Leesicr S

. | Region5 |

Figure 5.2 Defined Seven Regions for Fixation Distribution Analysis
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a) Non-alcohol Condition b) Alcohol Condition

Figure 5.3 Percentage of the Fixation Point at Each Region Under a) Non-alcohol
Condition; and b) Alcohol Condition
In Figure 5.3, it can be observed that alcohol-impaired drivers had a reduced percentage of fixation
points at the far roadway horizon (Region 2) from 66.5% to 50%, while the percentage of fixation
points above the front pavement area (Region 1) increased significantly from 3.9% to 17.1%. This
suggests that intoxicated drivers tend to focus more on the pavement area in front of the vehicle,
which is consistent with a previous field testing study (Finley et al., 2014). Moreover, the
percentage of fixation points in regions 3, 4, and 5 was higher under alcohol-impaired conditions
(2.5%, 2.8%, and 2.6%, respectively) compared to sober conditions. This may be due to intoxicated
drivers' slow eye movement and recognition capability, leading to them needing more time to
check the surrounding condition, even without visual cues. This behavior was also observed in a
previous Texas-based study (Finley et al., 2014), which suggested that participants were searching

for signs.

The distribution of fixation points in the seven regions was analyzed using a bivariate chi-square
test to determine if it was dependent on the drivers' condition (alcohol-impaired or sober). The test
results showed that the chi-square value was 378.72 with six degrees of freedom and a p-value <
0.05, indicating a significant difference in the proportion of fixation points between alcohol-

impaired and sober driving conditions.
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5.3 Effectiveness for TCD(s)
In this study, three MOEs were analyzed to evaluate the effectiveness of TCD(s): the number of
WWD incidents, fixation durations collected by the eye-tracking device, and bard brake distances

collected by the driving simulator.

5.3.1 Number of WWD Incidents

WWD INCIDENTS FOR SINGLE TCD
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Figure 5.4 WWD Events for Single TCD Scenario

Figure 5.4 presents the results of the number of wrong-way driving (WWD) events detected during
scenario one with single TCDs. A total of 62 WWD events were recorded, with 32 made by
alcohol-impaired drivers and 30 by sober drivers. Among the three types of signs tested, DRS had
the most WWD events due to its ability to generate sounds and vibrations to alert drivers of other
regulatory/warning signs. The other two pavement markings, RRPM (15) and LaneAlert 2X (11),
also had many WWD incidents. Notably, 67% of the WWD events related to these pavement
markings were made by sober drivers, possibly because alcohol-impaired drivers tended to focus
more on the pavement surface. In contrast, fewer WWD events were observed when drivers
encountered single signs, especially under sober conditions. Of the three proposed signs, the WW
sign had the highest number of incidents, with six out of ten being made by alcohol-impaired

drivers. The DNE/WW sign and the WW sign with a flashing border had fewer incidents.
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WWD INCIDENTS FOR MUTCD
AND CAMUTCD
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Figure 5.5 WWD Events for MUTCD and CAMUTCD

In Figure 5.5, the captured WWD incidents for scenario 2 (TCD combinations based on the
MUTCD and the CA MUTCD) are presented. The TCD combination recommended by the
MUTCD had a total of seven WWD events, with three incidents caused by sober drivers and four
by alcohol-impaired drivers. However, for the TCD combination recommended by the CA
MUTCD, no WWD incidents were recorded for sober drivers, and only two events were found for
alcohol-impaired drivers. This suggests that the CA MUTCD-recommended TCD combination is
more effective in preventing WWD events for both sober and alcohol-impaired drivers than the

MUTCD-recommended TCD combination.
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WWD INCIDENTS FOR SIGN & PAVEMENT
MARKING COMBINEATION
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Figure 5.6 WWD Events for Sign and Pavement Marking Combinations

For scenario 3, six sign and pavement marking combinations were used, and the number of WWD
events for each combination is shown in Figure 5.6. A total of nine WWD incidents were recorded
by alcohol-impaired drivers, while sober drivers did not produce any WWD events. Among the
nine WWD incidents by alcohol-impaired drivers, six of them occurred before the regular WW
sign, while only three occurred before the WW flashing sign. This indicates that the WW sign with
a flashing LED border had a greater potential to deter alcohol-impaired drivers from entering the

WW.

5.3.2 Fixation Duration

The effectiveness of TCD(s) was evaluated using the average and total fixation durations as MOEs.
The Shapiro-Wilk test was used to determine if the sample data followed a normal distribution.
Table 5.2 presents the p-values for the Shapiro-Wilk test conducted for three scenarios. The
sample data is considered to have a normal distribution if the p-values are greater than 0.05. The
p-values for total fixation durations are greater than 0.05, indicating that the sample data has a
normal distribution. The independent t-test and ANOVA test were used to compare the total

fixation durations between sober and intoxicated drivers. For average fixation duration, some p-
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values were less than 0.05, including RRPM and LaneAlert for sober drivers and DNEWW, WW,
DRS, and RRPM for intoxicated drivers. The Mann-Whitney U-test was used to compare the
average fixation duration on single TCDs between sober and alcohol-impaired driver groups,
except for the WW flashing sign. Moreover, the Kruskal-Wallis test was used for group

comparison, except for the sign group during non-alcohol conditions.

Table 5.2 Shapiro-Wilk Test Results for Each TCD(s)

P-value
Scenario Variable TCD
NONALC | ALC
DNEWW 0.117 0.267
WWwW 0.330 0.612
Total Fixation | WW Flashing 0.732 0.112
Single TCD .

Duration DRS 0.373 0.865
RRPM 0.244 0.055
LaneAlert 0.104 0.460
DNEWW 0.979 0.007
WwW 0.339 0.028

Average .
WW Flashing 0.145 0.515

Single TCD Fixation
_ DRS 0.128 0.005
Duration

RRPM 0.048 0.000
LaneAlert 0.004 0.087
MUTCD VS. | Total Fixation | MUTCD 0.379 0.189
CAMUTCD Duration CAMUTCD 0.227 0.763
WW-+DRS 0.207 0.350
Sign & WW-+LaneAlert2X 0.338 0.3214
Pavement Total Fixation | WW+RRPM 0.116 0.524
Marking Duration WW Flashing+DRS 0.659 0.641
Combination WW Flashing+LaneAlert2X 0.195 0.743
WW Flashing+RRPM 0.229 0.092

49



5.3.2.1 Scenario 1 Single TCD

Based on Table Table 5.3, it can be seen that the mean total fixation duration for each TCD varies
among non-alcohol and alcohol-impaired drivers. For non-alcohol drivers, the longest total
fixation duration was observed for DNEWW (8.24 seconds), followed by WWFlashing (6.09
seconds), WW (5.35 seconds), RRPM (4.20 seconds), LaneAlert (2.88 seconds), and DRS (2.52
seconds). On the other hand, for alcohol-impaired drivers, the longest total fixation duration was
observed for DNEWW (6.07 seconds), followed by WW (4.23 seconds), WWFlashing (4.20
seconds), DRS (2.47 seconds), LaneAlert (2.68 seconds), and RRPM (1.81 seconds).

The unpaired t-test results indicate that there are significant differences in total fixation duration
between non-alcohol and alcohol-impaired drivers for DNEWW, WWFlashing, RRPM, and
LaneAlert (p-value < 0.05). However, there is no significant difference in total fixation duration

between non-alcohol and alcohol-impaired drivers for WW and DRS (p-value > 0.05).

Based on the bar chart in Figure 5.7, it can be seen that DNEWW has the highest total fixation
duration for both non-alcohol and alcohol-impaired drivers, followed by WWFlashing, WW,
RRPM, LaneAlert, and DRS. Additionally, the difference in total fixation duration between non-
alcohol and alcohol-impaired drivers is larger for RRPM and DNEWW compared to other TCDs.

Table 5.3 Total Fixation Duration for Single TCD and T-Test Results

NONALC ALC
T Stat P-value
N Mean N Mean

DNEWW 27 8.24 26 6.07 2.80 0.0071%*
WWwW 27 5.35 25 4.23 1.77 0.0828
WWFlashing 27 6.09 25 4.20 2.92 0.0052*
DRS 24 2.52 20 2.47 0.11 0.9138
RRPM 22 4.20 23 1.81 2.75 0.0088*
LaneAlert 21 2.88 19 2.68 0.42 0.67941
Note: * means that the p-value is less than 0.05.
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Figure 5.7 Total Fixation Duration for Single TCD

The total fixation duration represents the amount of time that a driver spends looking at a TCD,
while the average fixation duration represents the average length of time that a driver fixates on a
TCD before shifting their gaze to another object. By examining both metrics, researchers can gain
insights into how much attention drivers are devoting to TCDs and how easily they are able to
comprehend them. Table 5.4 lists the number of observations, the mean value, and the Mann-
Whitney U test results to compare the average fixation duration between sober and intoxicated
drivers. The results suggest that intoxicated drivers have significantly longer average fixation
durations on all the signs and markings (except RRPM) than sober drivers. Figure 5.8 illustrates
the Mann-Whitney U-test results in Table 5.4 and an additional t-test for the WW flashing sign,
indicating a statistically significant difference in average fixation duration on flashing signs

between sober and impaired drivers.
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Table 5.4 Average Fixation Duration for Single TCD and Mann-Whitney U Test Results

NONALC ALC
\W4 P-value
N Mean N Mean

DNEWW 27 0.98 26 1.40 154.00 | 0.0003*
WwW 27 0.84 25 1.63 126.5 0.0001*
DRS 24 0.75 20 1.28 121.00 | 0.0043*
RRPM 22 0.82 23 1.11 202.50 | 0.2566
LaneAlert 21 1.07 19 1.87 98.50 | 0.0054*
Note: * means that the p-value is less than 0.05.
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Figure 5.8 Average Fixation Duration for Single TCD

The Kruskal-Wallis test is a non-parametric test used to determine if there are differences among
three or more groups. In this case, the test was used to compare the average fixation duration
among signs for intoxicated drivers and among signs and pavement markings for sober drivers.

Dunn's multiple comparisons test is a post-hoc test used to compare pairs of TCDs in each group
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after a significant Kruskal-Wallis result. The ANOVA (Analysis of Variance) test, on the other
hand, is a parametric test used to determine if there is a statistically significant difference among
three or more groups. In this case, the ANOVA test was conducted for the comparison among
signs for sober drivers. The results of the ANOVA test can provide information about which group
means are significantly different from each other. All of these tests are used to compare groups
and determine if there are significant differences among them. The choice of test depends on the

nature of the data and the research question being asked.

Table 5.5 lists the results of Kruskal-Wallis and Dunn’s multiple comparisons tests. The Kruskal-
Wallis test results indicated that there were no significant differences in average fixation duration
among signs under alcohol-impaired conditions (p-value = 0.167) and among pavement markings
under sober driving conditions (p-value = 0.1245). There was a statistically significant difference
among pavement markings under alcohol-impaired conditions (p-value=0.0064). It appears that
there is no significant difference among signs under sober conditions, according to the ANOVA
result (F=1.14 and p-value = 0.325). Additionally, Dunn's multiple comparison tests suggested that
the average fixation duration on RRPM is significantly different from LaneAlert for intoxicated

drivers (P-value = 0.0055).

Table 5.5 Results of Kruskal-Wallis Test and Dunn’s Comparison Test for Single TCD

Dunn's Multiple Comparison Test
Kruskal-
Condition | Group P-value Mean Rank P-
Wallis Stat Comparison
Diff Value
DNE WWwW -2.053 0.99
ALC Signs 3.645 0.167 | DNE WW Flashing 9.127 0.4199
WwW WW Flashing 11.18 0.2202
DRS RRPM -3.144 0.99
Pavement
NONALC 4.167 0.1245 | DRS LaneAlert -11.6 0.1392
Markings
RRPM | LaneAlert -8.451 0.4652
DRS RRPM 4.816 0.99
Pavement
ALC 10.09 0.0064 | DRS LaneAlert -12.6 0.0877
Markings
RRPM | LaneAlert -17.42 0.0055*
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Figure 5.9 Results of Kruskal-Wallis and ANOVA Tests for a) Signs; and b) Pavement
Markings

Figure 5.9 illustrates the Kruskal-Wallis and ANOVA test results. It was found that sober drivers
spend a similar average fixation time on signs (1.0 seconds on the DNE sign, 0.8 seconds on the
WW sign, and 0.9 seconds on the WW flashing sign). Intoxicated drivers had longer average
fixation durations on signs (1.4 seconds on the DNE sign, 1.6 seconds on the WW sign, and 1.2
seconds on the WW flashing sign). It should be noticed that WW flashing signs reduced the
average fixation duration for intoxicated drivers by 0.4 seconds compared to WW signs. Similar
trends were found for pavement markings. It should be noted that the average fixation duration for
the LaneAlert increased dramatically from 1.1 seconds for sober drivers to 1.9 seconds for

intoxicated drivers.
5.3.2.2 Scenario 2: MUTCD and CAMUTCD Signs

Table 5.6 lists the number of observations, the mean value, and the unpaired t-test results for TCD
combinations in scenario 2. Figure 5.10 compares the mean value of total fixation duration
between sober and intoxicated drivers. The results suggest that the CA MUTCD-required sign
combination increased both sober and drunk drivers’ entire fixation duration from 8.03 and 3.05
seconds on the MUTCD-required combination to 9.13 and 5.27 seconds. The unpaired t-test was

conducted, and the results indicate significant differences in the total fixation duration between
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alcohol-impaired and sober driving conditions for both the MUTCD and CA MUTCD-required

sign combinations (p-value = 0.0001).

Table 5.6 Total Fixation Duration between MUTCD and CA MUTCD Signs

NONALC ALC
N Mean N Mean T Stat | P-value
MUTCD 28 8.04 26 3.05 6.16 <0.0001*
CA MUTCD 26 9.13 25 5.27 4.49 <0.0001*
Note: * means that the p-value is less than 0.05.
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Figure 5.10 Total Fixation Duration Between MUTCD and CA MUTCD Signs

Table 5.7 T-Test Results for the MUTCD and CA MUTCD Sign Comparison

Comparison T Stat P-Value
NONALC MUTCD CA MUTCD 1.053 0.2972
ALC MUTCD CA MUTCD 4.318 <0.0001*

Note: * means that the p-value is less than 0.05.
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Scenario 2 MUTCD vs. CAMUTCD
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Figure 5.11 T-Test Results for MUTCD and CA MUTCD Sign Comparison

Another unpaired t-test was conducted to examine if there is a significant difference in the total
fixation duration between the MUTCD and CA MUTCD-required sign combinations. The results
are listed in Table 5.7 and Figure 5.11. The results indicate a statistically significant difference in
total fixation duration between MUTCD and CA MUTCD combinations for intoxicated drivers;

however, no statistically significant difference in total fixation duration for sober drivers.
5.3.2.3 Scenario 3: Combination of TCDs

Table 5.8 lists the number of observations, the mean value of total fixation duration, and the
unpaired t-test results on the difference between the two driving conditions for all combinations of
TCDs. The overall results indicate that sober drivers had longer total fixation duration on all
combinations of TCDs than alcohol-impaired drivers, which is consistent with the previous results

for scenarios 1 and 2. The data analysis indicates that the WW flashing sign and DRS had the
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longest total fixation duration for intoxicated drivers. The WW flashing sign and RRPM

combination had the greatest total fixation duration for sober drivers. Figure 5.12 compares the

total fixation durations by sober and intoxicated drivers for each combination of TCDs.

Table 5.8 Total Fixation Duration for Sign and Pavement Marking Combinations

NONALC ALC
T Stat | P-value
N Mean N Mean

WW+DRS 22 2.77 18 2.14 1.87 0.0694
WW-+LaneAlert 23 2.70 19 1.80 2.53 0.0157*
WW+RRPM 26 2.31 24 1.58 2.00 0.0511
WWFlashing+DRS 25 3.28 23 2.92 0.74 0.4656
WWFIsfhing+LaneAlert 25 3.09 24 1.94 2.53 0.0148*
WWrFlashing+RRPM 25 3.44 26 2.75 1.54 0.1291
Note: * means that the p-value is less than 0.05.
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Figure 5.12 Total Fixation Duration for Sign and Pavement Marking Combinations
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The unpaired t-test was applied to examine if there is a statistically significant difference in the
total fixation duration between sober and alcohol-impaired driving conditions. The results suggest
that the difference is significant at a 95% confidence level for two combinations of TCDs (WW
sign and LaneAlert 2X combination and WW flashing sign and LaneAlert 2X combination), and
the p-value for a combination of WW sign and RRPM is very close to the 0.05. The rest of the
two WW flashing combinations had the longest total fixation durations but had no statistically

significant difference between the two driving conditions.

The one-way ANOVA test was conducted to determine if there is a statistical difference among
all three combinations in each group (WW sign and WW flashing sign). Tukey's multiple
comparisons tests were then applied to compare two combinations within each group. The results

of the ANOVA test and Tukey's multiple comparisons test are listed in Table 5.9 and Figure 5.13.

The ANOVA test results indicate statistically significant differences among combinations with
WW flashing signs under alcohol-impaired conditions (p = 0.0461). No significant difference in
total fixation duration was found among other combinations. Tukey's multiple comparisons tests
found a significant difference between the DRS and the LaneAlert with WW flashing sign

combinations for alcohol-impaired drivers (p-value=0.05).
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Table 5.9 Results of ANOVA Test and Tukey’s Comparison Test for Sign and Pavement

Combinations
Tukey's Multiple Comparisons Test
Condition Group F P-value Comparison Mean Diff P-
Value
DRS LaneAlert 0.07 0.9836
NONALC | WW 0.84 0.4352 | DRS RRPM 0.46 0.4663
LaneAlert | RRPM 0.39 0.5677
DRS LaneAlert 0.34 0.5141
ALC Ww 1.84 0.1677 | DRS RRPM 0.56 0.1428
LaneAlert | RRPM 0.22 0.7276
DRS LaneAlert 0.19 0.9215
NONALC | WWflashing | 0.25 0.7806 | DRS RRPM -0.16 0.9456
LaneAlert | RRPM -0.35 0.7619
DRS LaneAlert 0.98 0.05*
ALC WWflashing | 3.22 | 0.0461* | DRS RRPM 0.17 0.9134
LaneAlert | RRPM -0.82 0.117
Note: * means that the p-value is less than 0.05.
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Figure 5.13 Results of ANOVA Test and Tukey’s Comparison Test for a) WW Sign; and b)
WW Flashing Sign

5.3.3 Analysis of Brake Usage
The brake usage data recorded by the driving simulator were downloaded for each scenario for

further analysis. Figure 5.14 shows an example of brake usage when drivers approach the
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DNEWW and DRS TCDs for sober and alcohol-impaired conditions. The data shows that the

DNEWW sign and DRSs could increase brake usage distance by intoxicated drivers to 400 feet

from the intersection. Appendix I contains the braking usage data figures to visualize how

participants applied the brake when approaching the TCD(s). Table 5.10 summarizes the data on

where most drivers applied the brake for each TCD (s).

Brake Status Distribution Brake Status Distribution
Single Countermeasure | DNEWW, Condition: NONALC Single Countermeasure | DNEWW, Condition: ALC
00 10
85 L2
50 80
L) L5
50 0
0 0
5 F &3
-.E': &0
% 5
'u % 'T=. a8
i 0 R
T g x g4
30 30
1000 E-EC il;i‘ ':-T E‘El.' FIE'.‘- J-:.\:‘ .l:l": :l.:'.! '.l.:$ :l‘ -Z-:\:‘ -:l-:'.‘- =300 [:‘:':l.' ?El.' 5(}: '!-T E‘EC .‘E'.‘- 3!“:‘ 3:“‘: :EC '.EC :I‘ -Z.!‘:‘ -:EC 300
Destance fo counfermeasure (ff) Destance fo countermeasure (ff)
(a) (b)
Brake Status Distribution Brake Status Distribution
Single Countermeasure | DRS, Condition: NONALC Single Countermeasure : DRS, Condifion: ALC
10 10
L2 g5
80 80
L5 L5
0 0
0 0
= &3 F
& &
“ &0 “ &0
I i
£ as £ a
s ] R
T 35 ST
30 30
[:‘:':l.' ?El.' 5(}: '!-T E‘EC .‘EC 3!“:‘ 3:“‘: :EC '.EC :I‘ -Z.!‘:‘ -:EC 300 [:‘:':l.' ?El.' 5(}: '!-T E‘EC .‘E'.‘- l!“:‘ 3:“‘: :EC '.EC :I‘ -ZI!‘:‘ -:EC 300
Destance fo countermeasure (ff) Destance fo counfermeasure (ff)
(c) (d

Figure 5.14 Examples of Brake Usage for DNEWW Sign and DRS
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Table 5.10 Where Most of the Drivers Applied Brake

NONALC ALC
. Percentage of . Percentage of
Scenarios TCD (s) Distance to Drivers ;gvho Distance to Drivers vgvho
Countermeasure . Countermeasure .
(ft) Applied (ft) Applied
Brake Brake
DNEWW 219 53% 201 46%
WW 199 57% 167 60%

1 WWFlashing 215 60% 231 60%
DRS 176 63% 228 53%
RRPM 215 70% 200 57%
LaneAlert 2X 215 50% 186 43%
MUTCD 137 70% 208 63%

2 CAMUTCD 179 60% 200 63%
WW+DRS 219 53% 201 46%
WW+LaneAlert2X 215 60% 231 60%

3 WW+RRPM 215 70% 200 57%
WWFlashing+DRS 199 57% 167 60%
WWFlashing+LaneAlert2X 215 60% 231 60%
WWFlashing+RRPM 215 50% 186 43%
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As shown in Table 5.10, for scenario 1, the WW flashing sign and DRS increased the braking
distance from 215 ft. and 176 ft. by most sober drivers to 231ft. and 228 ft. by most intoxicated
drivers, respectively. For scenario 2, the CAMUTCD signs increased the braking distance by 30%
for most sober drivers compared to MUTCD signs. However, no significant change in the braking
distance was found for intoxicated drivers. For scenario 3, the results reveal that the
WW-+LaneAlert2X and WWFlashing+LaneAlert2X combinations had the longest braking

distance for intoxicated drivers (231 ft.) and sober drivers (215 ft.).

Additionally, hard-brake data were analyzed to identify if any TCDs can significantly increase
intoxicated drivers’ hard-brake response distance. The Shapiro-Wilk test was conducted to check
if the data sample has a normal distribution, which is the precondition for applying the t-test and
ANOVA test. Table 5.11 lists the p-values for each TCD or TCD combination based on the
Shapiro-Wilk test. It can be seen that all the p-values are larger than 0.05, which means the sample

of hard-brake distances follows a normal distribution.

Table 5.11 Shapiro-Wilk Test Results for Hard Brake Distances

. . P-value

Scenario Variable TCD NONALC ALC
DNEWW 0.189 0.139

A AV 0.073 0.154

. Hard Brake | WWFlashing 0.088 0.016
Single TCD |~ 1yitance | DRS 0398 | 0349
RRPM 0.157 0.374

LaneAlert 0.368 0.338

MUTCD VS. | Hard Brake | MUTCD 0.895 0.681
CAMUTCD Distance | CAMUTCD 0.086 0.999
WW+DRS 0.240 0.197
Sion & WW-+LaneAlert2X 0.083 0.9729

ign

Pavement Hard Brake WWH+RRPM 0.290 0.709
Marking Distance | WWFlashing+DRS 0.267 0.647
Combination WWFlashing+LaneAler2X | 0.587 | 0.730
WWFlashing+RRPM 0.583 0.113

Table 5.12 lists the sample size, mean value of hard brake distance, and paired t-test results for
scenario 1. The results show that the WW flashing sign, DRS, and RRPM TCDs increased hard

brake distances for intoxicated drivers compared to sober drivers by 10%, 16%, and 12%,
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respectively. No change in hard brake distance was found for the WW sign and LaneAlert 2X

TCDs. The Paired-Samples t-test results indicate no statistically significant differences in hard

brake response distance between sober and intoxicated drivers for all six single TCDs in scenario

1.

Table 5.12 Paired T-Test Results on Hard Brake Distance for Scenario 1

NONALC ALC TStat | povalue % Of

N Mean N Mean Change
DNEWW 22 244 22 244 -0.02 0.98 0%
WW 21 266 21 262 0.17 0.87 0%
WWFlashing | 20 253 20 279 -0.88 0.39 10%
DRS 14 228 14 265 -0.79 0.45 16%
RRPM 19 259 19 290 -1.43 0.17 12%
LaneAlert 17 258 17 256 0.07 0.95 0%
Note: * means that the p-value is less than 0.05.

Table 5.13 Results of ANOVA Test and Tukey’s Comparisons Test for Scenario 1

P Tukey's Multiple Comparisons Test
Condition | Group F val;Ie C ; Mean P-
omparison Diff | Value
DNE | WW 22 |0.6285
WW
NONALC | Signs 0.4281 | 0.6537 | PNE | Flashing S R
WW
WW | Floching 13 |0.8588
DNE | WW -18 | 0.8233
WW
ALC Signs 0.68 | 0.5105 | PNE | Flashing 35 04782
WW
wW Flashing -17 0.8357
. DRS | RRPM 31 | 0.5895
NONALC N?;rekffgn: 0.5909 | 0.5578 | DRS | LaneAlert 230 0.619
RRPM | LaneAlert 1 0.9992
, DRS | RRPM 25 | 0.6912
ALC avement | , 1543 | (5758 | DRS | LaneAlert 9 0.957
Markings
RRPM | LaneAlert 34 0.4669

According to Table 5.12, under non-alcohol conditions, drivers have the longest hard brake

response distance when facing the WW sign (266 ft) and have the shortest hard brake response
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distance when facing the DNEWW sign (244 ft). As for alcohol conditions, it was found that
intoxicated drivers had the longest hard brake distance when facing the WW flashing sign (279 ft)
and had the shortest hard brake distance when facing the DNEWW sign (244 ft). As for the
pavement markings, intoxicated drivers had the longest hard brake distance when facing RRPMs,
followed by DRSs and the LaneAlert TCD. However, there is no significant difference in the hard
brake distance among sign and pavement marking groups for both sober and intoxicated conditions,

as shown in Table 5.13.

Table 5.14 Paired T-Test Results on Hard Brake Distance for Scenario 2

NONALC ALC

N Mean N Mean T Stat p-value
MUTCD 23 239 23 269 -1.45 0.16
CAMUTCD | 23 250 23 246 0.26 0.80
Note: * means that the p-value is less than 0.05.

Table 5.14 lists the sample size, mean value, and the paired t-test results on hard brake distance
for scenario 2. The paired t-test results indicate no significant difference in the hard brake response

distance between alcohol-impaired and sober drivers when facing these two types of combinations.

Table 5.15 Paired T-Test Results for MUTCD and CAMUTCD Combination

MUTCD CAMUTCD TStat | p-value
N Mean N Mean
NONALC 23 239 23 250 -0.46181 0.65
ALC 23 269 23 246 1.096964 0.28
Note: * means that p-value is less than 0.05.

Table 5.15 lists the paired t-test results to compare the difference between the MUTCD and
CAMUTCD-required TCDs. The results reveal no significant difference regarding the hard brake

response distance between the two combinations for sober and intoxicated drivers.
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Table 5.16 Paired T-Test Results on Hard Brake Distance for Scenario 3

NONALC ALC
N Mean N Mean T Stat | p-value
WW+DRS 26 231 26 232 -0.04 0.97
WW+RRPM 23 242 23 246 -0.14 0.89
WW-+

LaneAlert2X 24 233 24 242 -0.76 0.45
WWFlashing+DRS | 22 238 22 278 -1.54 0.14

WWFlashing+RRPM | 23 235 23 290 -2.71 0.01*

WWFlashing+
LaneAlert2X 23 281.17 23 305.30 -1.19 0.25
Note: * means that the p-value is less than 0.05.

Table 5.17 Results of ANOVA Test and Tukey’s Comparison Test for Scenario 3

P. Tukey's Multiple Comparison Test
Condition Group K value Comparison Me}an P-Value
Diff
DRS RRPM -11 0.8836
NONALC | WW 0.1251 | 0.8826 | DRS LaneAlert -2 0.996
RRPM LaneAlert 9 0.9225
DRS RRPM -14 0.7922
ALC WWwW 0.2306 | 0.7947 | DRS LaneAlert -10 0.8819
RRPM LaneAlert 44 0.9832
DRS RRPM 41 09831
NONALC g:;’hmg 3.043 | 0.0545 | DRS | LancAlert 43 01143
RRPM LaneAlert -46 0.0743
DRS RRPM -12 0.8765
ALC g:;’hmg 0.627 | 0.5374 | DRS | LancAlert 27| 05078
RRPM LaneAlert -15 0.8024

Table 5.16 lists the sample size, the mean value of hard brake distance, and the paired t-test results
to compare the two groups of drives for scenario 3. T-test results reveal that only the WW flashing
sign with RRPMs significantly increased the hard brake distance for intoxicated drivers at a 95%
significant level. Table 5.17 lists the ANOVA test results of hard brake distance among sign and
pavement marking groups. The results show no significant difference in the hard brake distance

between the WW and WW flashing sign groups under both driving conditions.
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Table 5.18 Paired T-Test Results on WW and WW Flashing Sign

WW Sign WW Flashing Sign
T Stat | p-value
N Mean N Mean
NONALC | 75 242 75 256 -1.2574 0.11
ALC 71 257 71 275 -1.5945 0.05*

Note: * means that the p-value is less than 0.05.

Table 5.18 summarizes the results of an additional paired t-test conducted to determine whether

there was a significant difference between the WW sign group and the WW flashing sign group.

The analysis revealed that alcohol-impaired drivers exhibited a significant increase in their hard

brake distance when presented with the flashing WW sign.
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CHAPTER 6 CONCLUSION

The aim of this research project was to assess the effectiveness of WW-related TCDs on

intoxicated drivers (BrAC level 0.12) using a driving simulator experiment. The study collected

data on the number of WWD incidents, total/average fixation durations, and brake usage/hard

brake distance. The key findings are presented as follows:

* Alcohol-impaired drivers tend to focus more on the pavement area in front of the vehicle,
with a significant increase in the percentage of total fixation points on this area (from 4%

by sober drivers to 17% by alcohol-impaired drivers).

* Drivers had fewer WWD incidents when facing a single WW-related sign than a single
pavement marking. WW signs compliant with the CA MUTCD had fewer WWD events
than those required by the MUTCD for both alcohol-impaired and sober drivers. WW signs
with LED flashing borders resulted in approximately 50% fewer WWD entries by

intoxicated drivers compared to traditional WW signs.

* Sober drivers spent more time on WW-related TCDs than alcohol-impaired drivers, a
finding consistent throughout all scenarios. Scenario 1 (single TCDs) showed that drivers
typically had a longer total fixation duration on signs than on pavement markings. Scenario
2 results indicated that intoxicated drivers' total fixation durations on CA MUTCD sign
combinations were statistically significantly longer than on MUTCD signs. Scenario 3
results suggested that WW flashing signs typically caused a longer total fixation duration
than traditional WW signs. WW flashing signs combined with DRSs and RRPMs caused

the longest total fixation durations by alcohol-impaired drivers.

* Results of the average fixation duration analysis showed that (1) for single TCDs, drivers
typically had longer average fixation durations under alcohol-impaired conditions than
sober driving conditions, suggesting that intoxicated drivers may need more time to
understand a single TCD; (2) the average fixation duration on WW flashing signs was
significantly shorter than WW signs for intoxicated drivers, implying that the flashing
border made the WW sign easier to understand by impaired drivers; and (3) intoxicated
drivers had a significantly longer average fixation time on the LaneAlert2X than the RRPM,
suggesting that drivers need more time to understand the LaneAlert2X than the RRPM.
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* Brake usage analysis found that (1) WW flashing signs and DRSs increased the braking
distance for most intoxicated drivers, and (2) CA MUTCD signs increased the braking
distance by 30% for most sober drivers compared to MUTCD signs. WW+LaneAlert2X
combinations and WWFlashing+LaneAlert2X TCD combinations caused the longest

braking distance for intoxicated drivers (231 ft.) and sober drivers (215 ft.).

* Results of the hard brake response distance showed that (1) only the WW flashing sign
with RRPMs significantly increased the hard brake distance for intoxicated drivers at a 95%
significant level, and (2) the WW flashing sign can significantly increase intoxicated

drivers' hard brake response distance compared to the WW signs.

The study is the first attempt to use actual alcohol in a driving simulator study of the effectiveness
of WW-related TCDs. However, some limitations and future studies are identified, such as the
limited BrAC level, the small sample size, and the driving scenarios' potential improvements.
Future studies could apply more measures of effectiveness to driver behavior, such as speed change

point, acceleration/deceleration rates, among others.
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Appendix I: Braking usage distributions

Scenario 1

Brake Status Distribution
Single Countermeasure : DNEWW, Condition: ALC
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Scenario 2

Brake Status Distribution
Combined Countermeasure: CAMUTCD, Condition: ALC
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Combined Countermeasure: MUTCD, Condition: ALC
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Brake Status Distribution
Combined Countermeasure: WWFlashing+LaneAlert2X: NONALC
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Brake Status Distribution
Combined Countermeasure: WWFlashing+RRPM, Condition: NONALC

¥

Brake Percentage (%)

000 500 800 700 600 500 400 300 200 100 0 -100 22000 -300
Distance to countermeasure (ft)

Brake Status Distribution
Combined Countermeasure: WWFlashing+RRPM, Condition: ALC

S00 800 700 G600 300 400 300 200 100 0 -100 -200 -300
Distance to countermeasure (ft)

92



Brake Percentage (%)

Brake Percentage (%)

Brake Status Distribution
Combined Countermeasure: WW+LaneAlert2X, Condition: NONALC

000 500 800 700 600 500 400 300 200 100 0 -100 -200

Distance to countermeasure (ft)

Brake Status Distribution
Combined Countermeasure: WW+LaneAlert2X, Condition: ALC

-300

000 500 800 700 G600 300 400 300 200 100 0 -100 -200
Distance to countermeasure (ft)

-300

93



Brake Percentage (o)

Brake Percentage (%)

Brake Status Distribution
Combined Countermeasure: WW-+RRPM, Condition: NONALC

000 SO0 300 00 600 500 400 300 200 100 o -1000 200
Distance to countermeasure (ft)

Brake Status Distribution
Combined Countermeasure: WW+RRPM, Condition: ALC

=300

000 SO0 300 00 600 500 400 300 200 100 o -1000 200
Distance to countermeasure (ft)

=300

94



	Structure Bookmarks
	STATE OF CALIFORNIA DEPARTMENT OF TRANSPORTATION 




