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EXECUTIVE SUMMARY

Introduction

Work zone safety remains a persistent concern in the United
States, with 20%-30% more crashes occurring in work zones than
on normal roads. Color patterns are an effective way to provide
visual information for drivers, especially in work zones. Although
existing studies have explored the root causes of work zone
crashes, identified color-related factors, and proposed relevant
countermeasures, they have not investigated how color patterns
impact drivers’ perceptions and overall safety in work zones.
Therefore, this study aimed to fill this research gap by system-
atically investigating color patterns using human information
processing theory to improve the overall safety and perception of
Indiana Department of Transportation (INDOT) work zones.
The methodology used in this study covered included the
following: (1) a literature review to summarize current efforts
related to work zone crashes as well as color-related factors;
(2) a crash data analysis to identify representative work zones
in Indiana; (3) a crash data analysis using the natural language
processing (NLP) method to explore color-related root causes
of Indiana work zone crashes; (4) interviews and a literature
review to propose color-related countermeasures that reduce work
zone crashes in Indiana; and (5) a driving simulation experiment
to evaluate the effectiveness of proposed countermeasures in
representative work zones.

Findings

According to crash data and literature, the color-related root
causes of work zone crashes in Indiana are the following: (1) poor
visibility and brightness of color for work zone elements (e.g.,
traffic signs, channelizing devices, pavement markings, etc.);
(2) insufficient color contrast between work zone elements and
the overall environment, especially in the areas of road geometry
change (e.g., turn directions, intersections with traffic lights) and
road surface conditions change (e.g., slippery roads); and (3) a
lack of change in color for work zone elements in dangerous areas
(e.g., entering the work zone, transition area, road geometry
change, and road surface conditions change).

According to driving simulation experiment results, the effec-
tiveness of the following proposed countermeasures was identified.

1. For the lane closure scenario, a fluorescent orange sign with
orange LEDs was the most effective countermeasure. It
attracted greater attention from drivers from longer distances
(with mean differences of 164 feet and 153 feet more than the
original design during daytime and nighttime, respectively).
The sign also maintained drivers’ cognitive workload during
both the daytime and the nighttime, and it improved drivers’
steering behaviors during the day by shifting vehicles to the
left when there was a lane closure work zone in the right lane.
A fluorescent orange sign with an orange beacon counter-
measure was also effective in attracting greater attention from
drivers and from longer distances at night (with a mean

difference of 185 feet more than the original design). The sign
also maintained drivers’ cognitive workload and focus during
the daytime. The two countermeasures were also more
effective according to drivers.

2. For the shoulder work scenario, a fluorescent orange sign
with orange LEDs was also the most effective counter-
measure. It attracted greater attention from drivers and from
longer distances (with a mean difference of 515 feet than the
original design). The sign also maintained drivers’ cognitive
workload more at night. It was ranked as the most effective
countermeasure based on drivers’ self-evaluation. A fluores-
cent orange sign with an orange beacon countermeasure also
helped attract drivers’ attention from longer distances during
the nighttime (with a mean difference of 431 feet more than
the original design).

3. Time scenarios (with major differences in lighting conditions)
had a significant impact on drivers’ attention and cognitive
workload under both lane closure and shoulder work
scenarios, which emphasizes the importance of considering
time scenarios when proposing and applying countermeasures
to improve work zone safety.

Recommendations

Based on these findings, several recommendations are provided
for lane closure and shoulder work scenarios.

® For the lane closure scenario, a fluorescent orange sign with
orange LEDs countermeasure is recommended as the most
effective solution to significantly impact drivers’ perception
and cognition stages during the daytime and the nighttime
and to impact the action stage exclusively during the
daytime. Moreover, a fluorescent orange sign with an orange
beacon countermeasure is also recommended as an effective
solution due to the significant impacts on the perception
stage during the nighttime and the cognition stage during the
daytime.

® For the shoulder work scenario, a fluorescent orange sign
with orange LEDs countermeasure is also the most effec-
tive countermeasure because of its significant impact
on drivers’ perception and cognition stages at nighttime.
A fluorescent orange sign with an orange beacon counter-
measure also attracts drivers’ attention from longer distances
at nighttime.

® Since time scenarios (with major differences in lighting
conditions) significantly influence drivers’ attention and
cognitive workload under both lane closure and shoulder
work scenarios, when proposing and adopting the counter-
measures, time scenarios should be considered to improve
their effectiveness and reduce potential distractions.

This study proposed a comprehensive research method to
evaluate new countermeasures in work zones within a virtual
environment that considered drivers’ perception, cognition, and
action stages. It can be used to evaluate new countermeasures,
especially the ones that are not included in standards. The results
could provide preliminary evidence about the effectiveness of new
countermeasures before potential field tests.
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1. INTRODUCTION

Work zone safety remains a persistent concern in
the United States. Nationally, over 40,000 crashes
happened in work zones each year (Indiana Depart-
ment of Labor [IDOL], 2022). Between 1982 to 2019,
around 28,636 individuals lost their lives in U.S. work
zone crashes (Centers for Disease Control and Preven-
tion [CDC], 2024). Specifically, in 2020, there were 857
fatalities in work zone crashes, which increased by 1.4%
compared with 2019 numbers (Federal Highway Admini-
stration [FHWA], 2022). In Indiana work zones, 33
people were killed and more than 1,750 were injured in
2023, increased by 22.7% compared with 1,426 injur-
ies in 2022 (Indiana Department of Transportation
[INDOT], 2024). In particular, work zones have more
hazardous elements due to the conflict between con-
struction activities and traffic (Garber & Zhao, 2002;
Zhang et al., 2018), which led to 20%—-30% more crashes
compared with normal roads, and the rate increased to
87% during night work activity (Ullman et al., 2008).

Color conveys information visually during driving
(Lai, 2010). The Manual on Uniform Traffic Control
Devices for Streets and Highways (MUTCD) applied
various sign colors, such as orange signs for temporary
traffic control and fluorescent pink signs for incident
management to improve safety (FHWA, 2023b). In
particular, color patterns (i.e., the combination of colors,
color schemes) is an effective way to provide visual
information during driving (Lai, 2010; Proctor & Van
Zandt, 2018; Yi et al., 2012). Appropriate color patterns
could improve the efficiency of people’s information
perception and cognition and enable people to act quickly
when minimizing visual fatigue (Yi et al., 2012). The
color-coding theory from the psychology field also
indicates that the unique color of targets could aid
information identification and searching, which is unaf-
fected by the number of items with other colors (Christ,
1975; Proctor & Van Zandt, 2018). As work zones have a
high display density of elements from construction activity
and traffic to be interpreted by drivers (Garber & Zhao,
2002; Zhang et al., 2018), applying the color patterns
considering key work zone elements would be helpful.
However, too many colors may cause confusion and
distraction, resulting in increased response time (Lai,
2010). Therefore, it is necessary to understand work zone
safety from the color-related perspective, especially con-
sidering different work zone elements.

The researchers reviewed literature about work zone
safety, color patterns, and corresponding countermea-
sures. In particular, several reports from other state
Departments of Transportation (DOTs) were reviewed,
including Texas DOT (Schrock et al., 2004), WisDOT
(DuPont & DeDene, 2017), ITowa DOT (Shaw et al.,
2018), Michigan DOT (Zockaie et al., 2020), and
Kentucky DOT (Lammers-Staats et al.,, 2021). In
addition, FHWA'’s (2023b) Manual on Uniform Traffic
Control Devices (MUTCD) and related guidelines and
standards were reviewed to summarize the current
design of signs and devices in the work zones. However,

there is limited work considering the impact of color
patterns on the overall perception and effectiveness
of work zones, not to mention in INDOT work zones.
Therefore, this study aims to fill the research gaps by
systematically investigating color patterns considering
human information processing theory for improving the
overall safety and perception of the INDOT work zone.

2. PROBLEM STATEMENT

While existing studies have investigated the root causes
of work zone crashes, color-related factors in work zone
crashes, and different countermeasures to improve work
zone safety, there is a lack of studies exploring the color-
related root causes of work zone crashes and proposing
the color-related countermeasures to improve work zone
safety. Therefore, this study will address the gap by
answering the following research questions.

1. What are the color-related root causes of Indiana work
zone crashes?

2. What are current practices and efforts related to color
patterns to prevent work zone crashes?

3. How to develop color-related countermeasures to improve
the safety and perception of Indiana work zones?

INDOT has recognized the importance of color
patterns and other potential factors (e.g., lighting
elements, work zone layouts, locations of objects, etc.)
in improving work zone safety. Specific objectives of
this study include the following.

1.  Summarize the current practices and efforts related to
color patterns to prevent crashes in work zones.

2. Identify the representative work zones in Indiana.

3. Identify color-related root causes of Indiana work zone
crashes.

4. Propose color-related countermeasures to improve the
safety of Indiana work zones.

5.  Evaluate the effectiveness of the proposed color-related
countermeasures to improve work zone safety consider-
ing drivers’ perception, cognition, and action.

3. LITERATURE REVIEW

Based on the literature review, general root causes of
work zone crashes, color-related factors, and character-
istics of Indiana work zones were identified, and the
hypothesized color-related root causes for Indiana work
zone crashes were proposed, as shown in Figure 3.1. In
addition, color-related countermeasures were reviewed
and summarized.

There are many studies discussing the causes of work
zone crashes. Table 3.1 summarizes the general root
causes of work zone crashes, including speeding, traffic
controls, light conditions, roadway geometry, lane
changes, work zone vehicles/workers/objects, weather
and season, time of the day, traffic density, and sight
distance. Although some causes are related to color,
such as time of the day and poor light conditions, there
is a lack of studies interpreting the causes from the
color-related perspective.

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2025/11 1



Literature
Review

General root causes for work
zone crashes (Table 3-1)

Hypothesized color-related
root causes for Indiana work
zone crashes (Table 3-3)

Color-related factors for work
zone crashes (Table 3-2)

Characteristics of Indiana work
zones (Figure 3-2)

Figure 3.1 Process of literature review.

Color-related countermeasures
from literature review (Table 3-4)

TABLE 3.1
General Root Causes of Work Zone Crashes from the Literature Review
References
Bai & Li, 2006; Clark & Harb Sze & Song, McAvoy Schrock Zhang
General Root Causes Li & Bai, 2009 Fontaine, 2015 et al., 2008 2019 et al., 2011 et al., 2004 et al., 2018
Speeding 4 4 - - - - -
Inefficient/Inadequate Traffic v - — v - v —
Controls
Confusion About/Failure to Notice v v - v - v -
Traffic Controls
Poor Light Conditions v - v - — 4 -
Roadway Geometry 4 - 4 v 4 v
Lane Closure/ Changing/Narrowing - v v - v v v
Work Zone Vehicles/Workers/ - 4 - 4 v v -
Objects/etc.
Weather Condition/Season v - v - - v v
Time of the Day - - - v - - v
Traffic Density/Congestion - v - - v - -
Limited Sight Distance - 4 - - - - -
TABLE 3.2
Color-Related Factors of Work Zone Crashes from the Literature Review
Color-Related Factors References Explanations
Color Contrast Atchley & Dressel, 2006; Color contrast of hazard properties and environment impact the visibility,
Sheikholeslami et al., 2020 which may interact with ambient light (day or night) and driving speed
(Sheikholeslami et al., 2020). The insufficient color contrast between the
warning signs and the vehicles on which they are mounted cannot attract
the drivers’ attention (Atchley & Dressel, 2000).
Brightness and Visibility Carlson & Chrysler, 2004; “Ghost marking” (visible remnants of old pavement marking) will impact
of Color DuPont & DeDene, 2017; driving safety (DuPont & DeDene, 2017; Shaw et al., 2018). The greater
Hummer & Scheffler, 1999; conspicuity of signs leads to operational changes or fewer crashes
Sayer & Mefford, 2004; (Hummer & Scheffler, 1999). Retroreflective trim color of garments
Shaw et al., 2018 impacts the conspicuity and further influences drivers’ attention (Sayer
& Mefford, 2004). Colors of delineators may affect drivers’ detection
distances (Carlson & Chrysler, 2004).
Changes in Color Lammers-Staats et al., 2021; Drivers cannot be aware that they are entering a work zone because they
Jenssen & Brekke, 1998; get used to the color of signs, traffic control devices, pavement markings,
Meyer, 2002 etc. (Lammers-Staats et al., 2021; Jenssen & Brekke, 1998). The exit
ramp delineated by drums is difficult to identify for an interstate work
zone because of the same colors (Meyer, 2002).
2 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2025/11



Moreover, existing studies explored some color-
related factors in work zone crashes, as summarized
in Table 3.2. The factors include color contrast, bright-
ness and visibility of color, and changes in color. The
combination of general root causes and color-related
factors forms a basic understanding of work zone safety
from the color-related perspective. However, existing
studies only discussed one or two specific color-related
factors. Also, existing studies mainly collect data
through small-scale experiments in one specific work
zone within a short period of time, which limits the
application of results in different work zones at
different times. A larger scale of crash data is needed
to provide more widely applied color-related factors
compared with the existing experiments of selected
work zones during a short time period.

To better understand the characteristics of Indiana
work zones, Indiana Crash Facts 2019 (Thelin et al.,
2020) was reviewed. Nine factors (as listed in the
following bullet points) are identified to filter the most
dangerous and representative work zones. For each
factor, the value that caused the most accidents was

Work zones of top interest

selected. For example, the construction type that had
the most accidents was lane closure. By considering all
the nine factors, the dangerous and representative work
zones can be selected as shown in Figure 3.2. Therefore,
a work zone that has lane closure, in a suburban area,
as an interstate road, during the day, with clear
weather, with dry road surface condition, and with
lane control between 3:00 pm to 5:59 pm during late fall
or winter, can most easily cause collisions (fatal, non-
fatal, and property damage) in Indiana.

® Construction type (the most): Lane closure

® Census locale (the most): Suburban

® Road class (the most): Interstate

® Light conditions (the most): Daylight

® Weather conditions (the most): Clear

® Surface conditions (the most): Dry

® Traffic control type (the most): Lane control

® Time of the year (the most): Late fall and winter
(October, November, and January)

® Time of the day (the most): 3 pm to 5:59 pm

Integrating the general root causes and color-related
factors from literature and characteristics of Indiana

Construction
type, census
locale, & road

class

Light,
weather, Time of the
surface, & year, & time
traffic of the day
control

Figure 3.2 Identification of work zones of top interest based on Indiana crash statistics.

TABLE 3.3

Hypothesized Color-Related Root Causes for Indiana Work Zone Crashes

General Root Causes & Color-Related
Factors from Literature

Hypothesized Color-Related Root Causes for Indiana Work Zones Crashes

Brightness and Visibility of Color

Poor brightness and visibility of color for work zone elements, such as the pavement markings,

traffic signs, and channelizing devices related to lane closure and lane control

Color Contrast

Insufficient color contrast between work zone elements (e.g., pavement markings/signs/

channelizing devices related to lane closure/control) and the overall environment

Changes in Color

Lack of changes in color for work zone elements (e.g., pavement markings/signs/channelizing

devices) in dangerous areas, such as entry and exit of work zones and working area

Weather/Season Condition

Yellow color for the late fall season and snow weather (white color) for the winter season

Time of the Day

Sunset time (yellow/red color of the sunset) and night construction (black background)

Lighting

Flash pattern, glare level, and illumination level of daylight (e.g., sunset time) and artificial
lights (e.g., at night)
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TABLE 3.4
Color-Related Countermeasures from the Literature Review

Countermeasures

References

Orange pavement marking to delineate a work zone
Fluorescent signs: yellow and green
Fluorescent orange sign
Safety garments with retroreflective trim
Signs are surrounded by a fluorescent yellow-green border
Alternate color scheme (orange, white, and green stripes)
for reflectorized drum
Lighting plan
Green lights to the warning system of winter maintenance trucks

Lammers-Staats et al., 2021; DuPont & DeDene, 2017; Shaw et al., 2018
Jenssen & Brekke, 1998

Hummer & Scheffler, 1999

Sayer & Mefford, 2004

Atchley & Dressel, 2006

Meyer, 2002

Anani, 2015
Zockaie et al., 2020

work zones from crash statistics, six hypothesized color-
related root causes specifically for Indiana work zone
crashes were identified and summarized in Table 3.3.
In addition, the researchers reviewed the literature
to identify the existing color-related countermeasures,
which are shown in Table 3.4, including the signs,
channelizing devices, pavement markings, lights, etc.

4. METHODOLOGY

Figure 4.1 shows the overall research methodology
of the study, including seven research tasks and three
deliverables.

The first part includes Tasks 1-3. Task 1 is a
literature review to summarize the current efforts
related to work zone crashes as well as color-related
causes and countermeasures, as shown in Session 3.
Task 2 (Session 5) aims to identify the representative
work zones in Indiana based on crash data, which

could help promote the understanding of Indiana work
zones and select the cases for driving simulation
experiments in Task 6. Task 3 (Session 6) aims to
identify the root causes of work zone crashes based on
Indiana crash data. Natural language processing (NLP)
method was applied to analyze the narratives in crash
reports. Based on the three tasks, deliverable one is the
identification of work zones of top interests and root
causes of work zone crashes in Indiana.

The second part includes Task 4 (Session 7). This
task aims to propose color-related countermeasures
based on the identified color-related root causes of
Indiana work zone crashes, literature review, and
interviews with experts in Indiana. Based on this task,
deliverable two is the development of countermeasures
to reduce work zone crashes in Indiana.

The third part includes Tasks 5-7. Task 5 (Session 8)
aims to simulate the selected work zones from Task 2
and countermeasures from Task 4 using Webots and

,
" Deliverable 1:
Identification of

Task 1: Literature review

work zones of top

}

interests and root
causes

Task 2: Identify work zones of top interests

l

|
|
|
|
!
|
\

Task 3: Identify root causes from crash data

»-

i Deliverable 2:

i Development of
| countermeasures

Deliverable 3:
Investigation and

Task 5: Simulate the

work zones with and without countermeasures

evaluation of

)

countermeasures

Task 6: Collect data through driving simulation and eye tracker

|

Task 7: Analyze

data to determine the best countermeasure

Figure 4.1 Research methodology.
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Simulation of Urban Mobility (SUMO) software. The
research team scenarios of the work zones with and
without countermeasures in the experiment to evaluate
the effectiveness of proposed countermeasures. Task 6
(Session 9) is about the process of data collection.
A driving simulation experiment was designed to collect
driving performance data using the simulator, eye
movement data using an eye tracker, and demographic
information and self-evaluation data using question-
naires. Based on the collected data, Task 7 (Session 9)
aims to perform data analysis to evaluate drivers’
perception, cognition, action, and self-evaluation of
different countermeasures under different work zones
to determine the best color-related countermeasure to
reduce work zone crashes in Indiana. Deliverable 3 is
the investigation and evaluation of countermeasures.

5. IDENTIFICATION OF WORK ZONES OF TOP
INTEREST

To understand the work zones of top interest based
on crash data, two main parts were included: (1)
identify key parameters related to work zones of top
interests from crash data, and (2) identify the most
representative work zones from crash data, which were
used in the driving simulation as explained in Session 8.
The contents of this session were included in a con-
ference paper (Wu, Chen, et al., 2024).

5.1 Key Parameters of Work Zones from Crash Data

To identify the key parameters related to Indiana work
zone crashes, three data sources were used: (1) Safety
Occurrence Reports (https://access.in.gov/client/signin/),
(2) Automated Reporting Information Exchange System
(ARIES) dataset (Indiana State Police, 2022), and (3)

TABLE 5.1
Possible Parameters for Work Zones of Top Interests

Indiana Crash Facts 2019 (Thelin et al., 2020). Safety
Occurrence Reports include crash/issue reports specifi-
cally in the Indiana Department of Transportation
(INDOT) work zones, as recorded in the INDOT
Safety Occurrence system. ARIES database covers all
the crash records that happened in Indiana collected by
the Indiana State Police. Crash data from the Safety
Occurrence Reports were analyzed using natural
language processing (NLP) to summarize the specific
parameters, as explained in Session 6. Indiana Crash
Facts 2019 was reviewed as discussed in Session 3.
Information from the three resources was combined to
summarize the possible parameters of the work zones of
top interests, as shown in Table 5.1. Overall, the key
parameters include road condition (e.g., geometry),
work zone elements (e.g., lane closure, traffic controls,
workers, and vehicles), and environment (e.g., time,
season, and weather). The key parameters provide a basic
understanding of Indiana work zones of top interests.

5.2 Representative Work Zones from Crash Data

Then, to identify the most representative work zone
for driving simulation, the researchers further analyzed
the ARIES dataset specifically. The process of selecting
the most representative work zone is shown in Figure 5.1.

At the beginning, 2,634 crash records in 2019-2022
from the ARIES dataset were extracted. The criteria for
extracting crash data were: (1) primary factor: driver
distracted, explain in narrative; other (driver), explain
in narrative; other (vehicle), explain in narrative; other
(environment), explain in narrative; speed too fast for
weather conditions; road under construction; (2)
construction type: intermittent or moving work, lane
closure, work on shoulder, x-over/lane shift (all four
choices); and (3) date of collision: 1/1/2019-12/31/2022.

Category Parameters

ARIES Crash
Reports

Indiana Crash Fact
Book

Safety Occurrence
Reports

Road Condition Road class (e.g., suburban area, interstate road)
Intersection with traffic lights

Turn directions

v

v

Work Zone Lane closure/changing/narrowing
Traffic control/lane control

Work on shoulder
Employee/crew/workers

Truck and other INDOT vehicles
Concrete barrier wall/concrete barricade
Signs for road closure

Ground guide

SSSNNN N
AN

|
NSNS

Environment Daylight

Clear weather

Dry surface

Late fall and winter (October, November,
and January)

3:00 pm—5:59 pm

SSSSN
[
AN

<\
[
[
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https://access.in.gov/client/signin

ARTES Dataset Step 1: Identify the crash records

based on injury/fatality number

I

Step 2: Identify the dangerous
work zones/roads

l

(2634 crash records
from 2019-2022)

s

*454 crash records with injuries or fatalities

S

/_lﬁ

*9 Parameters from ARIES dataset: Roadway Class,
Construction Types, Roadway Junction Type, Road Character,
Roadway Surface, Traffic Control, Light Condition, Weather
Condition, and Surface Condition

*Top 3 values with more crash records

« Critical values from references

Step 3: Extract the crash records
falling into all the identified
values of work zones/roads

!

Step 4: Measure parameters of
all the selected work zones/roads
using Google map

!

L

178 crash records falling into all identified values

—

.

*147 roads/work zones were located.
«Parameters: number of lanes, curve, and intersection

Step 5: Find the parameters and
ranges that cover most work
zones/roads

T

« Curve: straight (no curve)
« Intersection: four-way intersection

]

Step 6: Identify the
representative work zones/roads
based on the selected ranges

]

Step 7: Determine the most
representative work zone with
the largest injury/fatality number

1

*29 roads/work zones were extracted based on the three ranges.

*Number of lanes: 4 — 6 }

*Four-way intersection between Willowcreek Rd and Lute Rd at

Portage with two crash records and 4 injuries in total.

*Four-way intersection between US30W and N. Walnut Street

at Etna Green with one crash record and 2 injuries in total.

Figure 5.1 Process of selecting the work zone with top interests.

In step 1, the crash records having injuries or
fatalities were identified as more dangerous cases.
The “Number injured” and “Number dead” columns
from the AREIS dataset were used. 454 out of 2,634
crash records (17.24%) that had people injured or dead
were identified, in which 439 crash records only had
injuries, 8 crash records only had fatalities, and 7 crash
records had both injuries and fatalities. Then, in step 2,
nine parameters from the ARIES dataset were used to
identify the dangerous work zones, including roadway
class, construction types, roadway junction type, road
character, roadway surface, traffic control, light condi-
tion, weather condition, and surface condition. They
are also the same nine parameters in the Indiana Crash
Fact 2019 book. The top 3 values with more crash
records for each of those parameters as well as some
other critical values from references were selected. The
results are shown in Table 5.2, in which the selected
values were italicized. For example, for light condition,
daylight, dark (lighted), and dark (not lighted) were the
top three values with a greater number of crash records.
Dawn/dusk was also selected because Indiana Crash Fact
2019 showed that late afternoon (3:00-5:59 pm) was a
more dangerous time slot, which is related to dusk.

In step 3, the crash records falling into all identified
values of nine parameters (italic values in Table 5.2)
were extracted, resulting in 178 out of 454 crash
records. Then, in step 4, the 178 crash records were
located in Google Maps to measure the actual road
sections. A total of 147 road sections were located,
including 142 work zones that had one crash record per
work zone, three work zones that had two crash records
per work zone, and two work zones that had three

crash records per work zone. Out of 147, 24 records
containing missing/inaccurate location information
were not located. For the 147 road sections, three
road-related parameters were measured, including the
number of lanes, road character (whether it is a curve or
straight and which type of curve it is), and intersection
(such as four-way intersection, T-intersection, ramp,
etc.). One thing to note is that even though the AREIS
dataset already covered the curve and intersection
information, there were some inconsistencies between
the real road situations and the information from the
AIRES dataset, which has also been mentioned by an
expert from the Indiana Department of Transportation
work zone safety division. Also, it was found that there
were some curves or intersections near the exact crash
locations, which may be related to the crash but were
not considered in the ARIES dataset. Therefore,
manually checking the road character and intersection
is necessary. In step 5, after collecting the values of
road-related parameters, the range of each parameter
that covers most work zones was identified to further
narrow down work zones. Table 5.3 shows that 4 to 6
lanes (81 out of 147), straight roads without curves (101
out of 147), and four-way intersections (72 out of 147)
were the most common values.

Moreover, in step 6, 29 representative work zones
falling into the three ranges were extracted out of 147
work zones. Finally, in the last step, the most
representative work zone with the largest number of
injuries and fatalities from the 29 work zones was
identified. Table 5.4 shows the number of injuries and
fatalities in the 29 work zones. It was shown that 19
work zones only had one injury per work zone, five
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TABLE 5.2

Summary of the Identified Values of Nine Parameters

Roadway Class

Number of Crashes

Construction Type

Number of Crashes

Roadway Surface

Number of Crashes

County Road 15 Intermittent or moving work 73 Asphalt 378
Interstate 148 Lane closure 252 Concrete 73
Local/City Road 133 Work on shoulder 88 Gravel 1
State Road or US Route 148 X-over/lane shift 41 Other 2
Other or Missing Value 10 - - - -
Roadway Junction Number of Weather Number of Light Number of
Type Crashes Condition Crashes Condition Crashes
Four-way Intersection 69 Blowing sand/soil/snow 3 Dark (lighted) 44
Interchange 8 Clear 315 Dark (not 62
lighted)
No Junction Involved 353 Cloudy 65 Dawnldusk 17 (Thelin et al.,
2020)
Ramp 8 Fog/smoke/smog 3 Daylight 330
(Sun et al., 2013)
T-intersection 13 Rain 54 Unknown 1
Y-intersection 3 Sleet/hail/freezing rain 1 - -
— Snow 13 - —
(Thelin et al., 2020)
Road Number of Traffic Number of Surface Number of
Character Crashes Control Crashes Condition Crashes
Straight/Grade 29 Lane control 81 Dry 357
Straight/Hillcrest 10 No passing zone 2 Ice 7
Straight/Level 186 None 82 Loose material 6
on road
CurvelGrade 7 Officerlcrossing guard/ 11 Muddy 1
(Shen et al., 2021) Sflagman (El-Rayes et al., 2014)
Curvel Level 8 Other regulatory sign/ 11 Snowlslush 5 (Thelin et al., 2020)
(Shen et al., 2021) marking
Curve/Hillcrest 1 Roundabout intersection 1 Water 6
Non-Roadway Crash 1 Stop sign and yield sign 7 Wet 72
Missing Value 212 Traffic control signal 43 - -
- Other or missing value 216 - -
Note: Selected values are italicized.
TABLE 5.3
Summary of the Values of Three Road-Related Parameters
Number of Lanes <4 4-6 > 6 -
Number of Work Zones 55 81 11 -
Curve Type Simple curve Reverse curve Straight (no curve) -
Number of Work Zones 26 20 101 -
Intersection Type Four-way intersection T-intersection Ramp No intersection
Number of Work Zones 72 41 19 15

Note: Some records have more than one type of intersection near the crash location. The nearest intersection type was selected. Within a four-way
intersection, there are two roundabout records.

TABLE 5.4

Summary of 29 Work Zones

Number of Work Zones 1 1 3 5 19
Number of Fatalities Per Work Zone 2 0 0 0
Number of Injuries Per Work Zone 2 4 3 2 1
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Figure 5.3 Road section of US 30 W at Etna Green.

work zones had two injuries per work zone, three work
zones had three injuries per work zone, one work zone
had four injuries, and one work zone had two injuries
and two fatalities.

According to Table 5.2, the top two work zone
scenarios are lane closure and work on shoulder, which
were selected as the two representative scenarios in
this study. Even though the work zone near the four-
way intersection between US 30 and N Oak Dr. at
Plymouth had fatalities, it is a four-lane divided
highway with railroad tracks near the intersection.
The railroad tracks make the case too unique to be
representative, which is supported by INDOT experts.
Instead, the work zone near the four-way intersection
between Willowcreek Rd and Lute Rd at Portage
experienced two crashes and four injuries in total,
covering both daytime and nighttime, making it more
representative. Therefore, this work zone was selected
as the lane closure case. The lane closure case is on an
urban road without a shoulder lane; therefore, it cannot
be used to simulate the shoulder work scenario. Then,
the researchers reviewed the work zones in Table 5.4 to
identify cases with shoulders and having higher number
of fatalities and injuries. Finally, the work zone near the
four-way intersection between US 30 W and N. Walnut
Street at Etna Green with one crash record resulting in
two injuries was selected as the shoulder work case.

Figure 5.2 shows the selected case for lane closure.
It is a five-lane (with a dual left-turn lane in the center),
two-way, local/city road in an urban area. The road
surface is clear and dry, using asphalt. There is a traffic
control signal in the intersection and the speed limit is
40 mph. According to the crash record, there were
two crashes that happened in the same location: around
100 ft before the intersection between Willowcreek Rd
and Lute Rd (red circle in Figure 5.2). The information
on the two crash records is as follows.

® July 15, 2019, 2:29 pm, daylight, one injury, with lane
control, rear-end crash. Narratives in crash record:

“Driver of vehicle #1 advised she was northbound on
Willowcreek Rd in traffic approaching Lute Rd. She
advised as she was slowing down her drink started to spill,
and she went and grabbed for it and struck the rear of
vehicle #2 that was stopped in traffic with her front end.
Driver of vehicle #2 advised she was stopped in traffic on
northbound Willowcreek Rd at Lute Rd when she was
struck from behind in the rear bumper by the front end of
vehicle #1.”

® August 31, 2019, 8:10 pm, dark (lighted), three injuries,
with traffic control signal, rear-end crash. Narratives in
crash record: “Drivers 1 and 2 were southbound on
Willowcreek at the intersection of Willowcreek and lute rd.
Vehicle 1 crashed into the rear of vehicle 2. Driver 1 stated
her child started crying and she looked back to check on
him. When she turned her attention back toward the road,
vehicle 2 was stopped in front of her and she struck the rear
of the vehicle. Driver 2 stated he was stopped at the stop
light and Willowcreek and lute when vehicle 1 struck his
vehicle from behind.”

Figure 5.3 shows the selected case for shoulder
work, which is a 4-lane, two-way, divided freeway
in rural areas. The road surface is clear and dry,
using asphalt. There is a traffic control signal in
the intersection and the speed limit is 60 mph.
According to the crash record, there was one crash
that resulted in two injuries. The crash location was
approximately 200 feet west of the intersection
between US 30 W and N. Walnut Street (red circle
in Figure 5.3). The information on this crash record is
as follows.

® October 10, 2022, 6:23 pm, daylight, two injuries, with
lane control, rear-end crash. Narratives in crash record:
“Driver of vehicle one (1) was traveling eastbound on
W. US 30 in the area west of n. Walnut St. Driver of
vehicle one (1) stated they momentarily looked down and
noticed traffic was stopped when they looked back up.
Driver of vehicle one (1) collided with the rear of vehicle
two (2) who was stopped in traffic.”
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6. IDENTIFICATION OF ROOT CAUSES BASED
ON CRASH DATA

Crash data is one of the primary data sources for
traffic safety studies (Imprialou & Quddus, 2019),
including work zone safety (Ullman & Scriba, 2004;
Yang et al., 2015), which records sufficient information
on historical crashes, such as time, location, and crash-
contributing factors (Imprialou & Quddus, 2019;
Indiana State Police, 2022). More importantly, the
crash data includes narratives, which describe more
details about the crash scenarios and important insights
into the crash causation (Das et al., 2021; Fitzpatrick
et al., 2017; Kwayu et al., 2020). However, there are a
large number of narratives with an unstructured form
of information, which makes it hard to extract and
interpret the information manually (Das et al., 2021;
Kwayu et al., 2020). natural language processing (NLP)
leverages artificial intelligence to process natural
language text in a human-like manner, which can be
used to extract information from text sources
(Nadkarni et al., 2011; Xue & Zhang, 2021; Zhang &
El-Gohary, 2016). NLP has been applied in traffic
safety studies to analyze crash data. For example,
Zhang et al. (2016) proposed a method based on NLP
to extract features from crash narratives automatically.
Kwayu et al. (2020) used NLP to extract information
from Michigan’s crash report narratives to understand
the crash scenarios based on n-grams. Kwayu et al.
(2021) further explored the key topics and their network
topology from narratives for fatal crashes. In addition,
Das et al. (2021) tested different NLP tools in analyz-
ing crash narratives, such as text mining and topic

modeling to understand the causes of motorcycle
crashes. In this study, crash data in Indiana was
analyzed using NLP to understand the root causes of
work zone crashes. The contents of this session were
included in a conference paper (Wu, Guo, et al., 2024).

6.1 Methodology of NLP Analysis

Figure 6.1 shows the flowchart of methodology
used in this session, which includes three major steps:
(1) narrative extraction and cleaning, (2) NLP analysis
(n-grams and correlations), and (3) summary and
interpretation of NLP results.

6.1.1 Narrative Extraction and Cleaning

This study utilized crash data from two resources
to perform the NLP analysis: (1) Safety Occurrence
Reports and (2) Automated Reporting Information
Exchange System (ARIES) dataset (Indiana State
Police, 2022). In total, 857 narratives from Safety
Occurrence Reports and 1,835 narratives from the
ARIES dataset were extracted.

For Safety Occurrence Reports, 999 reports between
2016-2021 were provided by INDOT. In the reports,
there is a column “Why did this Occurrence happen?”,
which explains the causes of the work zone crashes.
Thus, it was the target narrative. Finally, 857 narratives
from 6 years were obtained for further analysis, as listed
below.

® 2016: 132 records with 120 narratives
® 2017: 158 records with 133 narratives

_______________________________________________

Crash reports from
ARIES dataset

Safety occurrence

Narrative extraction

Narrative cleaning

reports

Figure 6.1
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2018: 159 records with 131 narratives
2019: 161 records with 138 narratives
2020: 200 records with 176 narratives
2021: 189 records with 159 narratives

For the ARIES dataset, as the published ARIES
crash data does not include narratives (Indiana State
Police, 2022), the researchers contacted INDOT and
Indiana State Police and got an account to the ARIES
portal to get more information. In the portal, the
authors extracted 1,835 crash reports using three
criteria: (1) primary factor of crashes, which covered
“road under construction,” “drivers distracted,” “speed
too fast for weather conditions,” “explain in narrative,”
“other (driver), explain in narrative,” and “other
(environment), explain in narrative.” This criterion
was used to obtain the crash reports related to road
construction and human behaviors as well as reports
having detailed explanations in narratives; (2) construc-
tion type, all four types were selected (i.e., “intermittent
or moving work,” “lane closure,” “work on shoulder,”
and “x-over/lane shift”). It was used to further identify
the crashes in work zones; and (3) date of collision,
which covered 1/1/2019-12/31/2021 (2019: 644 crash
reports; 2020: 509 crash reports; 2021: 682 crash
reports). In the reports, there is a column
“NARRATIVES,” which is the target column of the
NLP analysis. All the crash reports have corresponding
narratives. Finally, 1,835 narratives from 3 years were
used for further analysis.

Then, narrative cleaning was done before the formal
analysis. Main tasks of narrative cleaning included:
(1) converting texts to lowercase, (2) removing punc-
tuations, numbers, special characters, and extra spaces,
(3) tokenization, which means splitting the texts into
tokens (e.g., words, phrases, and symbols), (4) remov-
ing stop words, such as “the,” “a,” “an,” which add little
value in providing information, and (5) stemming the
tokens or reduce words to their root form (Kwayu
et al., 2020; Zhang & EIl-Gohary, 2016). The tasks
were performed leveraging the Python NLTK package
(Kwayu et al., 2020; Zhang & EI-Gohary, 2016).
Specifically, stemming the tokens, Porter’s Stemmer
was applied to stemming the tokens.

6.1.2 NLP Analysis: n-grams and Correlations

After the data preparation, formal NLP analysis was
performed, including generating the n-grams, counting
the n-grams’ frequency, and mining the correlations
between top n-grams. Python NLTK package (Kwayu
et al., 2020; Zhang & El-Gohary, 2016) was also applied
to formal analysis. Unigrams (i.e., a single word),
bigrams (i.e., a pair of two consecutive words, letters,
or syllables), and trigrams (i.e., a sequence of three
consecutive words, letters, or syllables) were generated.
In this study, unigram to trigram is expected to be
enough by balancing the information-extracting per-
formance and data/resource requirements (Alonso
et al., 2021). Only the n-grams that occurred in more
than 5% of the total crash data were included to remove

highly sparse n-grams (Kwayu et al., 2020). Then,
frequencies of n-grams were counted. The higher
frequencies indicate more appearances of the n-grams,
which represent the more common and key informa-
tion.

For the ARIES dataset, the n-grams whose fre-
quency is larger than 91 (= 1,835 * 5%) were included.
There were 276 unigrams and 126 bigrams. As for
trigrams, because there were only 14 trigrams whose
frequency was higher than 91, all the trigrams whose
frequency =30 were further counted, which were 108
trigrams. For Safety Occurrence Reports, the n-grams
whose frequency is larger than 42 (= 857 * 5%) were
included. There were 42 unigrams. Because there were
only 2 bigrams and O trigrams whose frequency was
higher than 42, all the bigrams whose frequency =10
and trigrams whose frequency =4 were further counted,
which were 40 bigrams and 23 trigrams. There were
fewer n-grams from Safety Occurrence Reports than
the ARIES crash reports because there were fewer
narratives and fewer words and sentences in each
narrative. Then, the top 50 unigrams, bigrams, and
trigrams from the ARIES dataset and the top 30
n-grams from the Safety Occurrence Reports were
generated.

Last, the frequency of each top unigram, bigram, and
trigram in each narrative was calculated to get a matrix.
Pearson correlation coefficients were calculated to
identify the relations between these n-grams. Also, heat
maps were generated to visualize these correlations. In
addition, network graphs were drawn to further explore
the relations between n-grams. The important cores
in the network expressed the key information related
to the crashes.

6.1.3 Summary and Interpretation of NLP Results

The third step was to interpret the NLP results. Raw
narratives including the identified n-grams narratives
from both datasets were checked manually to better
understand the key n-grams and their correlations/
networks. More importantly, for the ARIES dataset,
although several criteria were applied to extract reports
related to construction zones, after reviewing the
narratives, the researchers noticed that there were still
many narratives that did not mention work zone
elements when explaining the crash scenarios. Thus,
to better summarize the information related to work
zone crashes, narratives were then selected randomly
and read manually to further verify the results from
NLP. One hundred narratives were reviewed manually,
and 59% of them mentioned work zone related
elements. Also, the general root causes for work zone
crashes from the literature review identified in Session 3
were incorporated to further summarize and compare
the NLP results. Lastly, the results from NLP and the
hypothesized color-related root causes of Indiana work
zone crashes from the literature review in Session 3
were combined to understand the root causes of work
zone crashes from the color-related perspective.
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6.2 Results from Safety Occurrence Reports

Figures 6.2a and 6.2b show the frequency of the top
30 unigrams from Safety Occurrence Reports and their
correlation coefficients. employe, truck, and back were
the top three unigrams showing that work zone
employees and trucks and the backing behaviors were
key factors. Also, crew, attent, turn, traffic, and shoulder
were key unigrams related to crews, attention, turn
direction, traffic control, and work on shoulder. For
heatmap, the deeper the red, the higher the correlations.
Attent and pay showed the highest correlation. Traffic
also had high correlations with many unigrams, such as
zone, stop, pull, lane, and work.

Figures 6.3a and 6.3b show the top bigrams and their
correlations. The bigram (pay, attent) was the top one
emphasizing the importance of paying attention. The
bigram (rear, end) showed that rear end was the major
type of work zone crashes in Indiana. Also, several top
bigrams mentioned truck, crew, or driver. For heatmap,
(rear, end) and (end, indot), (crew, cab) and (back,
crew), (driver, side) and (side, mirror) were the top
three correlation pairs. Also, (ground, guid) had high

(" emgloye s
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)
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trutr
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correlations with (side, mirror) and (driver, side),
indicating that the ground guide was a key factor.

Figures 6.4a and 6.4b show the top trigrams and the
correlation heatmap. The trigrams (pov, pay, attent),
(driver, pay, attent), (pay, attent, surround), (truck,
pay, attent), (rear, end, indot), and (pov, rear, end)
were the top ones emphasizing the importance of
paying attention and the frequency of rear end crashes.
The trigram (enter, work, zone) showed that many
crashes happened when entering the work zone.
Regarding the correlation, in addition to the informa-
tion previously mentioned, the high correlation between
(chip, seal, oper) and (high, rate, speed) indicated that
high rate of speed was one cause.

In addition, Figure 6.5 shows the network graphs
further illustrating the relationships between top n-
grams. For network among unigrams (Figure 6.5a),
employe, pov (personal owned vehicle), lane, shoulder,
traffic, crew, vehicl, and driver were core unigrams. The
network of bigrams (Figure 6.5b) showed that (gound,
guid), (side, mirror), (turn, around), (rear, end), and
(lost, control) were the core bigrams. Finally, network
graph of trigrams (Figure 6.5c) indicated that the
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Figure 6.2 Frequency and correlation heatmap of top 30 unigrams (Safety Occurrence Reports).
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Figure 6.3 Frequency and correlation heatmap of top 30 bigrams (Safety Occurrence Reports).
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Figure 6.4 Frequency and correlation heatmap of top 30 trigrams (Safety Occurrence Reports).
trigrams were not related closely like unigrams and 6.3 Results from ARIES Crash Reports
bigrams. The top core trigrams were (pay, attent,
surround), (rear, end, indot), and (passeng, side, The top 50 unigrams from crash narratives in ARIES
mirror). dataset include lane, rear, traffic, construct, turn, light,
Finally, the key results from NLP analysis based on intersect, truck, and trailer, which were related to traffic
Safety Occurrence Reports were summarized in Table lanes, traffic controls, rear end crashes, construction,
6.1. There are 13 key points (i.e., key factors related to turn directions, traffic lights, intersections, and truck
safety occurrences in INDOT work zones) falling into and trailers. As for correlations, rear and end, lane,
four categories: road and environment, work zone right, and left, stop and traffic, light and intersect, as
element, human, and others. well as crash and time were the top correlated unigram
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Figure 6.5 Network graph of top N-grams (Safety Occurrence Reports).

TABLE 6.1

Summary of the NLP Results from Safety Occurrence Reports

Category No.

NLP Results from Safety Occurrence Reports

Road and Environment 1 Lane changing
2 Traffic congestion or control due to construction
3 Turn directions
Work Zone Element 4 Work on shoulder
5 Truck and other INDOT work zone vehicles
6 Entering the work zone
7 The inappropriate use or missing of ground guide
8 Work zone employee/crew/workers
Human 9 Drivers/workers did not pay attention.
10 Backing behavior
11 High rate of speed
Others 12 Side mirrors were damaged
13 Rear end crashes

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2025/11

13



pairs. For more details, please see Figure D.l in
Appendix D.

The top 50 bigrams from crash narratives in ARIES
dataset were (rear, end), (right, lane), (left, lane),
(stop, traffic), (construct, zone), (road, surfac), (con-
cret, barrier), and (crash, weather), emphasizing the
rear end crashes, lane changes and turn directions, traf-
fic control, construction zone, road surface, concrete
barriers, and weather condition. Then, (road, surfac)
and (crash, weather), (crash, weather), (surfac, dri),
and (road, surfac), (rear, end) and (end, vehicl)/(end,
v) were highly related. For more details, please see
Figure D.2 in Appendix D.

The top 50 trigrams from crash narratives in ARIES
dataset included (time, crash, weather), (rear, end,
vehicl), (rear, end, v), (road, surfac, dri), (crash,
weather, clear), (clear, road, surfac), and (weather,
clear, road), which indicated the importance of weather
condition, road surface, and common rear end crashes.
The trigrams (concret, barrier, wall), (light, turn,
green), (stop, red, light), and (road, close, sign) further
indicated the impacts of concrete barrier walls, traffic
lights, and road closed sign on work zone safety. Also,
there were high correlations among (time, crash,
weather), (clear, road, surfac), (weather, clear, road),
(road, surfac, dri), etc., showing the clear weather and
dry road surface were common. For more details,
please see Figure D.3 in Appendix D.

In addition, network graph of top unigrams showed
that turn, lane, rear, construct, and drivers were the core
keywords. For bigrams, (lane, driver), (rear, end), and
(stop, traffic) were core n-grams in the network. As for
trigrams, the network was more dispersed than
unigrams and bigrams. For more details, please see
Figure D.4 in Appendix D.

Finally, the key results from NLP analysis based on
ARIES crash reports were summarized in Table 6.2.
There are 12 key points (i.e., key factors related to
Indiana work zone crashes) falling into four categories:
road and environment, work zone element, human, and
others.

TABLE 6.2
Summary of the NLP Results from ARIES Crash Reports

6.4 Summary of NLP Results and Comparison with
Literature

Table 6.3 summarizes the NLP results from Safety
Occurrence Reports and the AREIS dataset as well as
the causes of work zone crashes identified from the
literature. 18 root causes were categorized into three
groups (Others in Tables 6.1 and 6.2 were not included).
Five root causes were supported by Safety Occurrence
Reports, ARIES crash data, and literature review,
including road geometry (e.g., turn directions,
Intersections with traffic lights), lane closure, changing,
or narrowing, traffic congestion due to construction,
traffic control due to construction, and truck, trailer,
and other work zone vehicles.

For road and environment, road geometry is a key
cause. Narratives mentioned that “Semi driver failed to
turn around in the work zone, causing the semi-trailer to
strike the boom inside of work zone.” Also, intersections
with traffic lights are dangerous situations, especially
when drivers want to turn directions. Narratives
indicated “Driver 1 was driving through the intersection
with a yellow light when driver 2 pulled in front of her
vehicle. Driver 2 was turning in the intersection when
driver 1 struck her vehicle.” Then, road surface and
weather conditions were emphasized, especially dry
surface with clear or cloudy weather from crash data.
Many narratives mentioned “At the time of the crash,
the weather was clear, and the road surface was dry.” For
poor light conditions, time of the day, and limited sight
distance, the Indiana crash data used in this study did
not support those causes.

For work zone element, the first cause is lane closure/
changing/narrowing/etc. Several narratives supported
this finding, such as “Semi crossing onto shoulder while
merging from center lane to driving lane” and “Driver 1
did not observe the lane closure and the arrow board
activated and flashing.” Then, crashes were related to
traffic congestion or control due to construction. Some
narratives were related to the causes, e.g., “Vehicle 2
stopped in the travel portion of the roadway due to traffic
congestion” and “Traffic on the turn lane is controlled by

Category No. NLP Results from ARIES Crash Reports
Road and Environment 1 Lane closure/changing/narrowing/etc.

2 Traffic congestion or traffic control

3 Intersections with traffic lights, especially when going through or turning directions

4 Road surface and weather conditions
Work Zone Element 5 Construction

6 Truck or trailer

7 Concrete barrier wall/concrete barricade

8 Road signs related to road closure
Human 9 Drivers’ distraction

10 Backing behavior

11 Failed to stop/control the vehicle
Others 12 Rear end crashes

14 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2025/11



TABLE 6.3
Summary of the NLP Results and Comparison with Literature

Category Root Causes of Work Zone Crashes

NLP Results from Safety

NLP Results from
ARIES Crash Data

Literature Review

Occurrence Reports (Session 3)

Road and
Environment

Road geometry (e.g., turn directions,
intersections with traffic lights)
Road surface and weather conditions
Poor light conditions

Time of the day
Limited sight distance

v v v

Work Zone
Element

Lane closure/changing/narrowing/etc.
Traffic congestion due to construction
Traffic control due to construction

Truck, trailer, and other work zone vehicles
Work zone workers/crew/employee

Work on shoulder

Entering the work zone

Road signs related to road closure
Concrete barrier wall/concrete barricade

AN NN
SSSSSN SRS

AN NN N N NN

I
NS
|

Human High rate of speed
Drivers/workers did not pay attention or distraction
Backing behavior

Failed to stop/control the vehicle

SSS

ANANRN
|

Literature review

Hypothesis 1: Poor brightness
and visibility of color for work
zone elements

Hypothesis 2: Insufficient color
contrast between work zone and
the overall environment

Three finalized
color-related root
causes of Indiana
work zone crashes

NLP results
f N\
Road and environment
N\
Work zone element
G J
Human

N\ J

~
Hypothesis 3: Lack of changes in
color for work zone elements in
dangerous areas

/

Figure 6.6 Finalized color-related root causes by integrating hypotheses and NLP results.

a yield sign.” Next, trucks and other work zone vehicles
were commonly included in crashes. Several narratives
were related to this finding, such as “Driver failed to
yield when he was approaching salt truck.” and “A truck
was in the left lane and came over into the right lane
causing him to swerve off of the road and hit the
guardrail.” Work zone workers, crew, and employees
were also a key factor. Narratives also supported this
finding, such as “Employee stepped back to avoid a car
and was too close to skid steer.” Moreover, working
on a shoulder is also a dangerous scenario. There were
narratives related to it, such as “the weak shoulder
breaking off causing the machine to lean towards the
ditch and turning over.” Then, the crash data indicates
that crashes happened when entering the work zone.
Narratives showed that “Driver entered work zone

striking INDOT dump truck.” In addition, the signs
related to closed roads were important. Narratives
supported this finding, such as “Vehicle 1 attempted to
go around closed road sign, left the roadway, and then got
stuck in the ditch.” Finally, concrete barrier walls were
included in many crashes. Narratives mentioned that
“Driver 1 lost control, went into a skid, and struck the
concrete barrier wall in the restricted lane due to
construction in the median area.”

For human-related factors, high rate of speed is a key
cause of work zone crashes, such as the following.

® “He was speeding and was cited for illegally passing in a no
passing zone.”

® “An upset Semi driver driving at high rate of speed cut over
on INDOT truck patrolling on I-70 colliding with the front
end of the truck causing damage to the hood and bumper.”
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Then, narratives mentioned that crashes happened
because drivers/workers did not pay attention or got
distracted.

® “This occurrence happened due to public’s inattention in
a work zone sign and spacing of signs were posted
appropriately.”

® “Public wasn’t paying attention while driving through work
zone.”

® “Driver 1 was talking on her cell phone when she suddenly
hit a concrete culvert.”

Also, backing was a common behavior related to
crashes. Narratives supported this finding.

® “Driver failed to use good judgment when backing a
vehicle.”

® “As Driver 1 was backing his pickup the left rear collided
into the right rear of vehicle 2.”

In addition, many drivers mentioned that they failed
to stop/control the vehicle.

® “While waiting at the light, his foot slipped off of the brake
pedal and his vehicle collided with V2.”
® “When he applied his brake, he just slid.”

To further understand the root causes of work zone
crashes from the color-related perspective, the summary
of NLP results and the hypothesized color-related root
causes (Session 3) identified based on the literature
review were integrated, as shown in Figure 6.6. The
hypothesized color-related root causes provide a deep
understanding of Indiana work zone crashes consider-
ing color-related factors based on a literature review.
The NLP results added more details to the hypotheses
by revealing the root causes of Indiana work zone
crashes based on crash data.

Finally, three hypothesized color-related root causes
were verified and specified according to the crash data
analysis.

1. Poor visibility and brightness of color for work zone
elements: the work zone elements include traffic signs,
channelizing devices, pavement markings, etc. related to
the following situations.

® Lane closure/changing/narrowing (e.g., Lane Closed
Ahead sign and barricade)

® Traffic congestion (e.g., Slow Traffic Ahead sign and
Queue truck with a Be Prepared to Stop sign)

® Traffic control (e.g., drums and barricades)

® Truck, trailer, and other work zone vehicles (e.g.,
Truck sign)

® Workers/crew/employee (e.g., Workers sign)

® High rate of speed (e.g., Speed Limit sign and
Speeding with Penalty sign)

® Work on shoulder (e.g., Shoulder Work sign)

® Entering the work zone (e.g., Road Work Ahead
sign)

® Road signs related to road closure (e.g., Road Closed
Ahead sign and Detour Ahead sign)

® Concrete barrier wall/concrete barricade for tempor-
ary traffic control

2. Insufficient color contrast between work zone elements
and the overall environment: the work zone elements
include similar items and situations mentioned in the first
root-cause. In particular, the color contrast should be
emphasized in the areas of road geometry change (e.g.,
turn directions, intersections with traffic lights) and road
surface conditions change (e.g., slippery roads).

3. Lack of changes in color for work zone elements in
dangerous areas: the work zone elements include similar
items and situations mentioned in the first root-cause. The
dangerous areas within work zones include the following.

® Area when entering the work zone

® Transition area where drivers are directed out of
normal traffic due to lane closure, changing, narrow-
ing, traffic control, shoulder work, and road closure

® The areas of road geometry change, and road surface
conditions change as discussed in the second root cause

The hypotheses about different seasons (i.e., yellow
color for the late fall season and snow weather (white
color) for the winter season), different time of the day
(i.e., sunset time (yellow/red color of the sunset) and
night construction (black background)), as well as
different lighting conditions (i.e., flash pattern, glare
level, and illumination level of daylights (e.g., sunset
time) and artificial lights (e.g., at night)) were not
verified by NLP results because the crash data did not
reveal the key information related to season, time of the
day, and lighting conditions.

7. COUNTERMEASURES

After determining the color-related root causes of work
zone crashes in Indiana, this session aims to propose
possible color-related countermeasures to increase the
visibility and brightness of color, enhance the color
contrast between work zone elements and the overall
environment, and increase the changes in color for work
zone elements in dangerous areas. Also, as there are
hundreds of signs that could be used in the work zones,
representative traffic signs were selected, which will be
used in the driving simulation. Finally, an interview was
conducted to collect experts’ opinions regarding repre-
sentative traffic signs and proposed countermeasures.

7.1 Representative Traffic Signs in Work Zones

When selecting representative traffic signs used in
work zones, Federal MUTCD (FWHA, 2023b),
Indiana MUTCD (INDOT, 2016), the Indiana Work
Zone Traffic Control Guidelines (INDOT, 2023), and
three representative INDOT Standard Drawings
(including flagging, crossover, and lane closure)
(INDOT, 2022) were explored. Figure 7.1 shows the
relationship between those documents.

There are 173 signs in work zones from those
documents in total (excluding regulatory signs in
guideline and standard drawings), which can be divided
into the following parts. (1) 147 signs from Part 6 of
Federal and Indiana MUTCDs. (2) Area A in Figure
7.1: two signs (R2-12 and G20-5aP) in Federal
MUTCD are not in Indiana MUTCD, which are
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Figure 7.1 Relationships between documents.

* Black circle — Federal MUTCD, Part 6

* Blue circle —Indiana MUTCD, Part 6

* Red circle —Indiana Work Zone Traffic Control Guideline
and three representative INDOT Standard Drawings:
flagging, crossover, and lane closure (including open ramp)

Shaded area: Signs in (1) Federal MUTCD, (2) Indiana
MUTCD, and (3) INDOT Guideline OR three Standard
Drawings. (Note: Road Construction Ahead Sign and three

Speeding Penalty Signs that are not in Federal MUTCD
are also included.)

Signs from (1) Federal MUTCD — Chapter 6, (2) Indiana MUTCD — Chapter 6, and (3) INDOT Work Zone
Traffic Control Guideline and three representative Standard Drawings (flagging, crossover, and lane
closure including open ramp): 173

Remove 45 regulatory signs

Warning signs and guide signs (orange
zones

background and black legend for work
): 128

Remove 90 signs only appeared in
Federal MUTCD, Indiana MUTCD,
Guideline, or Standard Drawings

Penalty signs

Signs in (1) Federal MUTCD, (2) Indiana MUTCD,

and (3) INDOT Guideline OR three Drawings: 36
* Road Construction Ahead and three Speeding

Remove 13 signs with
similar information

After removing signs
with similar
information: 23

Figure 7.2 Process of sign selection.

replaced by R2-Y'12 and XG20-5P. (3) Area B in Figure
7.1: 13 new signs from Indiana MUTCD are not in the
Federal MUTCD (e.g., Speeding Max $1,000 Reckless
Driving Max 8 yrs (XW2-6), Road Construction Ahead
(XW20-1)). (4) Area C in Figure 7.1: 2 signs (Exit (ES5-
1) and Ahead (W16-9P)) from the Indiana Work Zone
Traffic Control Guidelines are not in Part 6 of both
MUTCDs. Five signs without sign designations are
different formats of existing signs (End Utility Work,
Lane Narrows, Paint Crew Ahead, End Construction,
and one large arrow, which means to keep right). Four
signs from standard drawings are not in Part 6 of both
MUTCDs (End Construction (XG20-2), Exit (XW109-
1), Exit Open (XW106-2), Exit Closed (XW106-1)).
Starting from those 173 traffic signs, Figure 7.2 shows
the process of sign selection. First, this study mainly
focuses on the signs with unique colors when used in
work zones (orange background with the black legend).
Thus, 45 regulatory signs that have the same colors in
work zones and general roads were removed, resulting
in 128 warning and guide signs. Then, to extract the
commonly used traffic signs, signs that appear in all three
circles in Figure 7.1 were extracted, which is the shaded
area, removing the other 90 signs that are only in one

or two circles. One thing to note is that four signs that
are not in Federal MUTCD were kept (i.e., the Road
Construction Ahead sign and three versions of
the penalty sign) because they are necessary signs in
Indiana work zones, which are the key targets in this
study. The 36 signs covered different shapes (diamond
and rectangular), different types of information (words
and symbols), and different locations (especially when
entering the work zones). Last, to further narrow down
the signs, 13 traffic signs with similar information were
removed. For example, Road Work (with distance/
ahead) (W20-1) and Road Construction Ahead (XW20-
1) showed similar information. W20-1 was used in the
Indiana Work Zone Traffic Control Guidelines, while
XW20-1 was used in standard drawings. W20-1 was
kept because it has a broader application to help
generalize the results of this study to other States, while
XW?20-1 is the specific design for Indiana work zones.
Finally, 23 traffic signs were kept, as shown in Table 7.1.

7.2 Color-Related Countermeasures

To propose color-related countermeasures, the exist-
ing color designs and possible alternatives of traffic
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TABLE 7.1
Representative Traffic Signs

Sign Figure Sign Figure Sign Figure
Speeding Max $1,000 Reckless Workers (W21-1) Lane Ends
Driving Max 8 yrs (XW2-6) (W4-2)

Lane(s) Closed (with distance)
(W20-5)

Slow Traffic Ahead
(W23-1)

Advisory Speed
(W13-1P)

One Lane Road (with distance)

Utility Work Ahead

Two-Way Traffic

(W20-4) (W21-7) (XW6-3)
Yield Ahead (W3-2) Road Machinery Ahead On Ramp
(W21-3) (W13-4P)

Road Work (with distance/
ahead) (W20-1)

Be Prepared to Stop
(W3-4)

One-Direction
Large Arrow
(W1-6)

Flagger (W20-7)

Road (Street) Closed (with
distance) (W20-3)

Turn and Curve
Sign (Reverse
curve W1-4)

Shoulder Work (W21-5)

End Road Work (G20-2)

Road Narrows
(W5-1)

4
2
hd
-
4
\ 4

Detour (with distance)
(W20-2)

=
©
4
4
@
4
\ 4
&

Exit Open (E5-2)

®
=
\ 4
\ 4
®
&
==
o

signs, channelizing devices, pavement markings, and
personal protective equipment (PPE) of workers from
the Federal and Indiana MUTCDs were explored
(INDOT, 2016; FHWA, 2023b). Also, some other
potential new colors were identified from references as
discussed in Session 3. Tables 7.2, 7.3, 7.4, and 7.5 show
the possible color-related countermeasures with refer-
ences. There were 11 designs for traffic signs, four
designs for channelizing devices, two designs for

pavement markings, as well as eight designs for PPE
(including safety apparel and hard hats) for workers.

7.3 Interview Data Collection

7.3.1 Interview Questions

The interview contains four sections: (1) basic
information, (2) representative traffic signs in work
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TABLE 7.2

Possible Color-Related Countermeasures: Traffic Signs

No.  Countermeasure Example References: Sections from MUTCDs and Literature

1 Fluorescent orange sign Atchley & Dressel, 2006
with fluorescent ROAD
yellow-green border ::.OER;;

2 Doubling-up of Section 2A.15 Enhanced Conspicuity for Standard Signs: B. Doubling-up of a
fluorescent orange standard regulatory, warning, or guide sign by adding a second identical
warning or guide m’,g: w sign on the left-hand side of the roadway (INDOT, 2016, p. 36).
sign AHEAD AHEAD

3 Fluorescent orange Section 2A.15: E. Adding one or more red or orange flags (cloth or
warning sign with ‘ . ShD) ‘ retroreflective sheeting) above a standard regulatory or warning sign, with the
retroreflective WORK flags oriented so as to be at 45 degrees to the vertical. (INDOT, 2016, p. 36)
orange flags QIENS Section 6F.02: Standard orange flags or flashing warning lights may be used in

conjunction with signs (INDOT, 2016, p. 586).

4 Fluorescent orange . Section 2A.15: G. Adding a warning beacon (see Section 4L..03) to a standard
warning or guide regulatory (other than a STOP or a Speed Limit sign), warning, or guide
sign with a yellow ROAD sign (INDOT, 2016, p. 36).
warning beacon WORK Section 4L..03 Warning Beacon: A Warning Beacon shall consist of one or

AHEAD more signal sections of a standard traffic signal face with a flashing
CIRCULAR YELLOW signal indication in each signal section. A Warning

5 Fluorescent orange Beacon shall be used only to supplement an appropriate warning or
warning or guide regulatory sign or marker (INDOT, 2016, p. 534).
sign with an orange ROAD Section 6F.02: Standard orange flags or flashing warning lights may be used in
warning beacon WORK conjunction with signs (INDOT, 2016, p. 586).

AHEAD

6 Fluorescent orange / \\
warning or guide / ROAD \
sign with white LED
units on the border \ Am / Section 2A.15: J. Adding light emitting diode (LED) units within the symbol

\ / or legend of a sign or border of a standard regulatory, warning, or guide
sign, as provided in Section 2A.07 (INDOT, 2016, p. 36).

7 Fluorescent orange Section 2A.07 Retroreflectivity and Illumination: Light emitting diode (LED)
warning or guide / \ units may be used individually within the legend or symbol of a sign and at
sign with yellow y ROAD \ the border of a sign, except for changeable message signs, to improve the
LED units on the 3 A‘:OE:KD 4 conspicuity, increase the legibility of sign legends and borders, or provide a
border changeable message. If used, the LEDs shall have a maximum diameter of

\ / 1/4 inch and shall be the following colors based on the type of sign: White,
yellow, or orange, if used with temporary traffic control signs (INDOT,

8 Fluorescent orange 2016, pp. 29-30).
warning or guide Zockaie et al., 2020
sign with orange ROAD
LED units on the m’;
border

9 Fluorescent orange Section 2A.15: K. Adding a strip of retroreflective material to the sign support in
warning sign with an ROAD compliance with the provisions of Section 2A.21 (INDOT, 2016, p. 36).
orange ﬂg‘n Section 2A.21 Posts and Mountings: Where engineering judgment indicates a

retroreflective strip
on the sign support

need to draw attention to the sign during nighttime conditions, a strip of
retroreflective material may be used on regulatory and warning sign supports.
If a strip of retroreflective material is used on the sign support, it shall be at
least 2 inches in width, it shall be placed for the full length of the support from
the sign to within 2 feet above the edge of the roadway, and its color shall

match the background color of the sign, except that the color of the strip for
the YIELD and DO NOT ENTER signs shall be red (INDOT, 2016, p. 44).

( Continued)
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TABLE 7.2
( Continued)

No. Countermeasure Example

References: Sections from MUTCDs and Literature

10 Fluorescent orange
warning or guide
sign with a yellow
flash warning light

11 Fluorescent orange .
warning or guide

sign with an orange ROA?(
flash warning light AHEAD

Section 6F.02 General Characteristics of Signs: Standard orange flags or
flashing warning lights may be used in conjunction with signs (INDOT,
2016, p. 586).

Section 6F.83 Warning Lights: Warning lights are portable, powered, yellow,
lens-directed, enclosed lights. When warning lights are used, they shall be
mounted on signs or channelizing devices (INDOT, 2016, p. 624).

zones, (3) color-related countermeasures, and (4)
comments. The interview questions are listed in
Appendix A.

First, the basic information section collected partici-
pants’ working positions, working experiences related
to work zones and Indiana work zones, and self-
evaluation of the level of expertise in key topics related
to the interview using a 5-point scale. Second, the 23
traffic signs with designations and figures were listed
in three subsections based on the locations of the signs.
First, eight traffic signs that are usually used when
entering the work zones were listed for participants
to rank. Following this question, some signs that could
be used instead of the eight signs were listed for
participants to select the top one. For example,
participants should select the top one from Road
Work (with distance/ahead) (W20-1), Workers (W21-
1), Slow Traffic Ahead (W23-1), Utility Work Ahead
(W21-7), and Road Machinery Ahead (W21-3) signs.
Second, two traffic signs that are usually used at the
end of the work zone or when the drivers leave the work
zone were listed for participants to rank. Third, seven
traffic signs that are used both in general road and
work zones (changed to orange) were listed. When
ranking or selecting signs, participants were required to
provide answers for each of the five criteria: commonly
used, effectiveness to reduce crashes, drivers’ attention,
reducing speed, and overall importance. In addition,
participants were asked to provide any other important
work zone signs. Third, color-related countermeasures
with example figures for signs, channelizing devices,
pavement markings, and PPEs were listed. Participants
were required to (1) select the countermeasures that
could be used in work zones based on their experiences
evaluating the feasibility of the countermeasures, and
(2) select the countermeasures that could be effective
in reducing work zone crashes based on their experi-
ences evaluating the effectiveness of the countermea-
sures. Participants were also encouraged to provide any
other feasible/effective countermeasures during this
section. Finally, any other comments and suggestions
from the participants were asked at the end of the
interview.

7.3.2 Process and Participants

Regarding the process of conducting interviews,
Purdue IRB approval was obtained before collecting
data (#IRB-2022-1609). Then, invitation emails were
sent out to potential participants, who are experts in
work zones or color-related issues. After getting their
responses, individual virtual meetings were scheduled to
perform the interview by Teams, which lasted for 30—
120 minutes per interview. The transcriptions of inter-
views were compiled based on the recordings. Finally,
answers to interview questions and comments from
participants were summarized.

The interview had 11 participants from various
perspectives—including INDOT, Federal highway, manu-
factory, contractor, and university representatives—to get
comprehensive opinions. Figure 7.3 summarizes the
results of participants’ work positions and experiences.
Figures 7.3a and 7.3b indicate that the participants
covered various working positions from different orga-
nizations, supporting the ideas from different roles in
work zone safety. Figure 7.3c shows that the partici-
pants had an average of 12.41 years of working expe-
rience related to work zones, with 9.86 years specifi-
cally in Indiana. Participants also explained their main
tasks related to work zones, including updating rele-
vant standards, specifications, and drawings, reviewing
work zone plans (including planning, safety, etc.),
setting up work zones, performing construction work,
and doing field reviews of work zones. Moreover,
Table 7.6 shows the number of participants for each
level of expertise of six items. Overall, most partici-
pants evaluated themselves as advanced or expert for
those items, indicating that they were able to provide
professional and informative responses.

7.4 Interview Results

7.4.1 Representative Traffic Signs

For the eight signs that are usually used when
entering work zones, Road Work (with distance/ahead)
(W20-1) was the most representative one that was
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TABLE 7.3
Possible Color-Related Countermeasures: Channelizing Devices

No. Countermeasure Example

References: Sections from MUTCDs and Literature

1 Fluorescent orange and
white drum with
yellow warning light

Section 6F.63 Channelizing Devices: Warning lights
may be added to channelizing devices in areas with
frequent fog, snow, or severe roadway curvature, or
where visual distractions are present (INDOT, 2016,

2 Fluorescent orange and
white barricade with
yellow warning light

%ﬂu

VI ITIIA
VI ITIIA

p. 614).

Section 6F.83 Warning Lights: Warning lights are
portable, powered, yellow, lens-directed, enclosed
lights. When warning lights are used, they should be
mounted on signs or channelizing devices (INDOT,
2016, p. 624).

3 Fluorescent orange,
white, and green drum

E B 3 8

El

for exit ramp

e &

4 Fluorescent orange,
white, and green drum

B A

Sections related to warning lights in channelizing

é Meyer, 2002

for exit ramp with
warning lights

devices, which are the same as No. 1 and 2.

TABLE 7.4
Possible Color-Related Countermeasures: Pavement Markings

No. Countermeasure Example References: Sections from MUTCDs and Literature
1 Orange pavement markings Lammers-Staats et al., 2021; DuPont & DeDene, 2017;
Shaw et al., 2018
2 Red pavement markings for Section 3A.05 Colors: Markings shall be yellow, white, red, blue,

one-way roadways, ramps,
or travel lanes that shall
not be entered

or purple. When used, red raised pavement markers or delineators

shall delineate: A. Truck escape ramps, or B. One-way roadways,

ramps, or travel lanes that shall not be entered or used in the

direction from which the markers are visible (INDOT, 2016, p. 352).
Wu et al., 2020

ranked in the top three in all five criteria, which is also a
required sign in Indiana work zones. Then, Flagger
(W20-7), and Lane(s) Closed (with distance) (W20-5)
were also representative as they were ranked in the
top three in four criteria. In addition, Speeding Max
$1,000 Reckless Driving Max 6 yrs (XW2-6) was
ranked in the top three in two criteria and is also a
required sign. Second, for the two signs at the end of
the work zones or leaving the work zones, End Road
Work (G20-2) was the most commonly used one
because it is the only sign that can be used at the end
of work zones (another version is End Construction

specifically for Indiana), while Exit Open (E5-2) was
ranked better for the remaining four criteria. Parti-
cipants mentioned that Exit Open is important in
specific situations because it provides information that
drivers are looking for. Third, for the remaining seven
signs, Lane Ends (W4-2) was the most representative
sign, which was the top one in all five criteria, followed
by Turn and Curve Sign (Reverse curve W1-4), which
was ranked in the top three in all criteria. One-
Direction Large Arrow (W1-6) was also evaluated as
a representative one that ranked in the top three in four
criteria.
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TABLE 7.5
Possible Color-Related Countermeasures: PPE for Workers

References: Sections from MUTCDs and Literature

No. Countermeasure Example

1 Fluorescent yellow-green
with yellow and silver
stripes

2 Fluorescent yellow-green
with white and silver
stripes

3 Fluorescent orange-red with
yellow-green and silver
stripes

4 Fluorescent orange-red with

yellow and silver stripes

5 Fluorescent orange-red with
white and silver stripes

Section 6D.03 Worker Safety Considerations: All workers, including

emergency responders, within the right-of-way who are exposed either
to traffic or to work vehicles and construction equipment within the
TTC zone shall wear high-visibility safety apparel that meets the
Performance Class 2 or 3 requirements of the ANSI/ISEA 107-2004
publication entitled American National Standard for High-Visibility
Safety Apparel and Headwear, or equivalent revisions, and labeled as
meeting the ANSI 107-2004 standard performance for Class 2 or 3 risk
exposure, except as provided in Paragraph 5 (INDOT, 2016, p. 574).

Section 6E.02 High-Visibility Safety Apparel: For daytime and nighttime

activity, flaggers shall wear high-visibility safety apparel that meets the
Performance Class 2 or 3 requirements of the ANSI/ISEA 107-2004
publication and labeled as meeting the ANSI 107-2004 standard
performance for Class 2 or 3 risk exposure. The apparel background
(outer) material color shall be fluorescent orange-red, fluorescent
yellow-green, or a combination of the two as defined in the ANSI
standard. The retroreflective material shall be orange, yellow, white,
silver, yellow-green, or a fluorescent version of these colors, and shall
be visible at a minimum distance of 1,000 feet. The retroreflective safety
apparel should be designed to clearly identify the wearer as a person
(INDOT, 2016, p. 576).

6 Red hard hat
7 Yellow hard hat
Turner et al., 1997
8 Blue hard hat Color circle supports the color contrast between blue and orange.

\11!/
\11!/
\11!/
A,
A
A,

Participants also provided comments regarding
those traffic signs. Some participants mentioned
that the more commonly used signs would be less
effective because people may be too familiar with
them and then stop reading those signs. Thus, new
color designs could be applied to those signs to

enhance their effectiveness. Also, participants indi-
cated that every sign is important, and they are just
used in different scenarios. Therefore, the specific
representative traffic signs that will be used in the
simulation experiment should also be based on the
selected case.
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Figure 7.3 Basic information of participants.

TABLE 7.6
Expertise Level of Participants

Items

Color Code of
Traffic Control

Application of
Traffic Signs in

Design of Traffic

Design of Design of Pavement

Channelizing Devices Markings in Work  Design of PPE

Levels Work Zones Devices Signs in Work Zones in Work Zones Zones for Workers
Beginner 1 1 1 1 1 2
Novice 0 0 2 0 0 1
Intermediate 1 3 1 2 3 3
Advanced 7 4 5 6 5 5
Expert 2 3 2 2 2 0
Total 11 11 11 11 11 11

Finally, nine representative signs were selected from
the 23 signs. When entering work zones, Road Work
(with distance/ahead) (W20-1) and Speeding Max
$1,000 Reckless Driving Max 6 yrs (XW2-6) are
two representative and required signs. At the end of
work zones, End Road Work (G20-2) is the represen-
tative one. For some specific scenarios, the following
six signs are representative ones: Lane(s) Closed (with
distance) (W20-5) for lane closure, Flagger (W20-7)
for flagging scenario, Exit Open (E5-2) for open
ramp, Lane Ends (W4-2) for lane ends scenario, Turn
and Curve Sign (Reverse curve W1-4) for work zones
with curves, and One-Direction Large Arrow (W1-6)
for scenarios requiring specific directional guidance.
The exact signs and formats used in the driving
simulation experiment should be adjusted based on
the selected case and scenarios. More details of the
ranks of traffic signs are listed in Table D.1 in
Appendix D.
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7.4.2 Color-Related Countermeasures

For traffic signs, doubling-up of fluorescent orange
sign, fluorescent orange sign with an orange warning
beacon, and fluorescent orange sign with orange LED
units are the top three countermeasures that most
participants (at least 8 out of 11) agreed with their
feasibility and effectiveness. The color (i.e., orange) that
was supported by most participants was selected in one
type of design. Then, for channelizing devices, even
though fluorescent orange and white drum with yellow
warning light and fluorescent orange and white
barricade with yellow warning light were identified as
feasible and effective countermeasures by 9 out of 11
participants, they are already standard requirements
in Indiana work zones, which do not need to be
investigated further. Also, fluorescent orange, white,
and green drums for the exit ramp would be the feasible
and effective countermeasure supported by 9 out of

23



11 participants. Moreover, for pavement markings,
orange pavement marking is a more effective counter-
measure, while both countermeasures are feasible
according to the interview results. However, the orange
pavement marking is currently being evaluated in
Indiana work zones in ongoing research (SPR-4935),
which indicates that it is not necessary to be tested in
the driving simulation. Finally, for PPE for workers,
many participants indicated that the current design of
safety apparel in INDOT would be more effective and
safer than the proposed designs. And the new designs of
hard hats were not supported by many participants.

Participants also provided comments and sugges-
tions regarding color-related countermeasures. First,
participants emphasized the importance of only apply-
ing the new designs for some important signs that we
really want people to read and keep orange to let people
know they are in work zones. Thus, the selected
countermeasures will only be applied to a limited
number of signs to avoid overwhelming information.
Second, even though this study aims to provide new
color-related designs, some participants indicated that
too many colors in the work zones would lead to
distractions, which should be considered when propos-
ing countermeasures. Third, when proposing the
countermeasures, the consistency of standards across
different states should be considered to reduce the
learning/education needs of drivers. Last, some parti-
cipants mentioned not over-using lighting in work
zones, which may also distract drivers.

Based on the results, three sign countermeasures
(doubling-up of fluorescent orange sign, fluorescent
orange sign with orange warning beacon, and fluor-
escent orange sign with orange LED units) and one
drum countermeasure (fluorescent green, orange, and
white drum for exit ramp) are possible countermeasures
that can be further tested. Table D.2 in Appendix D
shows the details of results and summary of comments
from participants regarding the feasibility and effec-
tiveness of color-related countermeasures.

Then, literature related to those countermeasures
was explored to help determine the final counter-
measures that will be tested in the driving simulation.
Exiting studies explored doubling-up of speed limit
signs under truck platooning situation (Alsghan, 2018),
rectangular rapid flashing beacon (RRFB) (i.e., a
rectangular-shaped LED mounted adjacent to standard
pedestrian and School Crossing warning signs)
(Fitzpatrick & Park, 2021; Rista & Fitzpatrick, 2020);
Pedestrian- or School-Crossing warning signs with
light-emitting diodes (LEDs) embedded in the borders
(Fitzpatrick et al., 2022; Fitzpatrick & Park, 2021;
Fitzpatrick et al., 2023; Rista & Fitzpatrick, 2020); and
LED-enhanced Do Not Stop on Tracks sign (Baron &
daSilva, 2019; Hellman, 2021). However, there is a lack
of studies investigating the three countermeasures
proposed in this study for work zone signs. Therefore,
three sign countermeasures should be further investi-
gated in the experiment.

For drum countermeasure, an existing study already
investigated two layouts of the same countermeasure
on an exit within an interstate work zone (green drums
on one side of the ramp or both sides of the ramp)
by on-site recording data (Meyer, 2002). Also, the
sign countermeasures and the drum countermeasures
are not comparable because they have different
functions, locations, numbers, etc., which will impact
drivers’ eye movement and driving performance.
Moreover, sign countermeasures have a larger applica-
tion than drum countermeasures. Sign countermeasures
can be applied to all work zone signs, especially in
dangerous areas (e.g., entering the work zone and
transition area), while the drum countermeasure can
only be used when there is an open ramp. In addition,
including drum countermeasure in the experiment
requires participants to exit through the ramp each
time, which means they will leave the work zone early
without passing the End Road Work sign. The data
collection at the end of the work zone will be impacted
for all countermeasures. Therefore, to achieve an exact
comparison between countermeasures and reduce any
potential risks and issues that will impact data
collection, this experiment will only include three sign
countermeasures. After testing the three sign counter-
measures and finding the most effective one, a follow-
up experiment may be conducted to test the most
effective sign countermeasure and the drum counter-
measure later.

8. DRIVING SIMULATION

After determining the representative work zones
(Session 5), traffic signs (Session 7), and color-related
countermeasures based on root causes (Session 7), this
session aims to simulate the selected work zones with
and without selected countermeasures in a driving
simulation for the experiment. The initial driving
simulation platform was developed using Webots and
SUMO software in another study by the research team
(Zhang et al., 2024; 2025). Based on the representative
work zones as well as unique elements and counter-
measures, the initial platform was modified to simulate
different components, such as the road environment,
work zone elements, streetlights, etc.

8.1 Key Elements of the Driving Simulation

The key elements in the driving simulation are as
follows.

® Two work zone scenarios: Work zone scenario is a key
factor impacting the work zone safety and performance
of countermeasures based on the comments from
interviewees. Thus, the top two construction types from
the ARIES dataset (Table 5.2) were selected to be
simulated in the driving simulation, which are lane
closure scenario and shoulder work scenario. As listed
above, two separate work zones were selected for the two
work zone scenarios, with different layouts and traffic
signs/devices.
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® Three countermeasures: Three sign countermeasures
proposed in Session 7 were simulated in the driving
simulation, including (1) doubling-up of fluorescent
orange sign, (2) fluorescent orange sign with orange
warning beacon, and (3) fluorescent orange sign with
orange LEDs. For beacons and LEDs, they were set up
as constantly on (no flashing) both day and night.

® One sign will be changed: In this study, the counter-
measures were only applied to one sign in each work
zone scenario, which is the sign before the transition area
(Right Lane Closed Ahead sign for lane closure scenario
as shown in Figure 8.1 and Right Shoulder Closed Ahead
sign for shoulder work scenario as shown in Figure 8.2).
Other traffic signs and traffic control devices remained
the same throughout the driving simulation.

® Two-time scenarios: As the comparison between daytime
and nighttime would be important for beacon- and LED-
enhanced signs, and both daytime and nighttime were
examined when testing the sign with beacons or LEDs
in one existing study (Fitzpatrick & Park, 2021), this
experiment will include both daytime and nighttime.
According to the ARIES dataset (Table 5.2), the top two
light conditions are also daylight and dark (with/without
lights). Therefore, daytime and nighttime are two-time
scenarios included in the driving simulation. The major
differences between them are lighting conditions. For
the daytime scenario, all lighting conditions were set up
following daylight conditions—daylights with other
lighting devices are off in the environment (e.g., no
streetlights, no flashing lights for drums, etc.). For the
nighttime scenario, all lighting conditions were set up
following the nighttime lighting conditions: do not have
daylights with other lighting devices in the environment
are on (e.g., having streetlights when there are streetlights
for the selected road, having flashing lights for the
drums if required, etc.). The countermeasures with
beacon and LEDs and other traffic control devices that
are required to be on both day and night (e.g., arrow
board in the lane closure scenario) were kept on in two-
time scenarios.

® Traffic flow: No traffic flow in the same direction as the
participants was provided, to avoid any interferences in
their driving behaviors. The traffic flow was set up in
the opposite lanes without interacting with drivers. The
traffic volume was determined using the Annual Average
Daily Traffic (AADT) data from the Traffic Count
Database System (https://indot.public.ms2soft.com/tcds/
tsearch.asp?loc=Indot&mod) to help provide a realistic

traffic scenario. Specifically, the traffic lights in the four-
way intersections were controlled to make sure that when
the drivers approach the intersection, the lights will be
green in their driving direction and red in the intersected
direction. In this way, no turning traffic was included in
the intersection and the traffic will not influence the
drivers in the experiment.

8.2 Layouts of the Selected Work Zones

As discussed in Session 5, two work zones were
selected based on a seven-step process and crash data
for the two work zone scenarios. The drawings of the
work zone layouts with corresponding traffic signs and
controls identified in Session 7 are listed in Figures 8.1
and 8.2. The work zone layouts were determined fol-
lowing the Indiana Work Zone Traffic Control Guideline
(INDOT, 2023), INDOT Standard Drawings of lane
closures and shoulder work (INDOT, 2022), as well as
Indiana MUTCD (INDOT, 2016), which were created
with the help of INDOT experts.

Figure 8.1 shows the lane closure work zone near the
four-way intersection between Willowcreek Rd and
Lute Rd at Portage, Indiana. The total length of the
road section is 3,860 ft. The road geometry was
retrieved from Google Maps. In this layout, the
following traffic signs and traffic control devices are
included: Speeding with penalty sign, Road Work
Ahead sign, Right Lane Closed Ahead sign, Lane
Ends sign, arrow boards (big arrow in the figure, which
is on both day and night), merge taper with drums
having Type C flashers (which is only on at night),
buffer length having drums without flashers, shadow
vehicle area with roll ahead distance, work area, and
End Road Work sign. All the distances in the figure
were calculated based on Indiana MUTCD, the Indiana
Work Zone Traffic Control Guideline, and standard
drawings. Before the Speeding penalty sign, in the
driving simulation, a speed limit sign (40 mph) was
added at the beginning to remind the drivers of the
speed limit of the road section. The target traffic sign
where the countermeasures were applied is the Right
Lane Closed Ahead sign, which was put at the location

Drums shall have
Type C Flashers

Figure 8.1 Drawing of the selected work zone with lane closure scenario.
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Figure 8.3 Experiment set up in lab.

of the two crashes identified from the crash records
(around 100 ft before the intersection between
Willowcreek Rd and Lute Rd, as shown in Figure 5.2).

Figure 8.2 shows the work zone with shoulder work
scenario near the four-way intersection between US
30 W and N. Walnut Street at Etna Green, Indiana.
The total length of the road section is 5,310 ft. The road
geometry was retrieved from Google Maps. In this
layout, the following traffic signs and traffic control
devices are included: Speeding with penalty sign, Road
Work Ahead sign, Right Shoulder Closed Ahead sign,
Right Shoulder Closed sign, shoulder taper with drums,
buffer length with drums, work area, and End Road
Work sign. Similarly, before the Speeding with penalty
sign, a speed limit sign (60 mph) was added at the
beginning of the road section. All distances in the
drawing were determined based on the documents listed
above. The target traffic sign where the counter-
measures were applied is the Right Shoulder Closed
Ahead sign, which was put at the location of the crash
identified from the crash record (around 200 feet west
of the intersection between US 30 W and N. Walnut
Street, as shown in Figure 5.3).

8.3 Scenario Simulation

Webots is an open-source tool that is used to
simulate robots. It can model, program, and simulate
robots and the related environment (https://cyberbotics.

Gaze Point 3 eye tracker }

Logitech racing wheel }

Logitech racing brake
and gas pedals

com/). In this study, Webots was used to create a virtual
road environment (e.g., road geometry, trees and
buildings, sky, etc.) and traffic scenario (e.g., the
driver’s view, vehicles, etc.). SUMO is also an open-
source tool to achieve traffic simulation (SUMO, 2025).
It was used to create the road point file based on
the OpenMapStreet data (https://www.openstreetmap.
org/). The Logitech G29 racing wheel (including the
steering wheel, brake, and gas pedal) was used in
the experiment set up for the drivers to interact with the
driving simulation. Figure 8.3 shows the experiment set
up in the lab, covering three monitors, a mounted eye
tracker (Gaze Point 3), and the Logitech racing wheel
and pedals.

Figure 8.4 shows the example screenshots of the
driving simulation scenarios and different counter-
measures. Figure 8.4a is the driver’s view of the
simulation, including rear mirrors, speed panel (the
number is the speed of the vehicle (mph)), road, and
the overall environment. Figure 8.4b shows examples
of two-time scenarios in the driving simulation. Left
side is the daytime scenario with a clear day, and the
right side is the nighttime scenario without daylight.
Figure 8.4c shows the example work area setting in the
driving simulation from the driver’s view. In the work
area, working vehicles and equipment (e.g., truck,
backhoe, etc.) and traffic control devices (e.g., drums)
were included, but it is assumed that no active workers
are in the work area for both work zones. Figure 8.4d
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(d) Fluorescent orange sign with orange warning beacon (day and night)

Figure 8.4 Example screenshots in driving simulation.

shows examples of the countermeasure of fluorescent
orange sign with orange LEDs both during daytime
and nighttime. The LEDs were set up as constantly
on in all scenarios. Figure 8.4(e) shows the examples
of the countermeasure of fluorescent orange sign with
orange warning beacon both at daytime and nighttime.
The beacon was also set up as constantly on in all
scenarios.

9. DRIVING SIMULATION EXPERIMENT:
DATA COLLECTION AND ANALYSIS

After finishing the driving simulation, this session
aims to discuss data collection through a driving
simulation experiment, including demographic infor-
mation, driving performance, eye movements, and self-
evaluation, and the data analysis to evaluate the
proposed color-related countermeasures in two selected
work zones. As the two selected work zones have

different work zone scenarios (lane closure and
shoulder work), different signs applied the counter-
measures (Right Lane Closed Ahead sign and Right
Shoulder Closed Ahead sign), and different work zone
layouts (as shown in Figures 8.1 and 8.2), separate
experiments were conducted for lane closure case and
shoulder work case, respectively.

9.1 Experiment Design

To conduct the driving simulation experiments,
Purdue IRB approval was obtained before collecting
data (#IRB-2023-1668). A 2*4 within-subject experi-
ment design was applied in each work zone scenario
(each experiment). According to the power analysis of
the Analysis of Variance (ANOVA) test (power =
0.95), the minimum sample size for each work zone
scenario is 24, as shown in Figure D.5 in Appendix D.
Considering the potential comparison between two
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work zone scenarios, in which the minimum sample size
is 64 based on power analysis (power = 0.90), the
sample size was determined to be 64. The target
participant numbers are 32 for the lane -closure
experiment and 32 for the shoulder work experiment.
The experiment design for all participants in two
experiments is listed in Table D.2 in Appendix D.

For the lane closure experiment, the 2*4 design
includes the two-time scenarios and 4 countermeasures
(3 countermeasures and one original design). The
parameters are explained as follows.

® Number of work zone scenarios = 1 (lane closure).
® Number of time scenarios = 2 (daytime and nighttime).
® Number of countermeasure conditions in each scenario =

(Number of sign countermeasures + 1)MNumber of signs that
will be changed)) =4

® Number of total trials = Number of countermeasure
conditions in each scenario x Number of total scenarios =
4 x 2 =28.

The length of the formal road section in each trial is
around 3,860 feet, and the speed limit is 40 mph. In
addition, there is a transition section before the formal
road section, which is about 1,758 feet long and
will take approximately 30 seconds to drive through.
Thus, the estimated total time per trial is around 2 min.
Latin square design was applied to balance the order
effect of two-time scenarios. For example, the first
participant did the daytime scenario first, followed
by the nighttime scenario. Then, the second participant
did the nighttime scenario first, followed by the
nighttime scenario. It can achieve that we have the
same number of participants who started with daytime
and nighttime. In addition, four countermeasures (three
countermeasures and one original design as the control
group) were set up as random sequences to balance the
order effect.

For the shoulder work experiment, the 2*4 design
parameters are explained as follows.

® Number of work zone scenarios = 1 (shoulder work).
® Number of time scenarios = 2 (daytime and nighttime).
® Number of countermeasure conditions in each scenario =

(Number of sign countermeasures + 1)Mumber of signs that
will be changed)) =4

® Number of total trials = Number of countermeasure
conditions in each scenario x Number of total scenarios =
4 x 2 =28.

The length of the formal road section in each trial
is around 5,310 feet, and the speed limit is 60 mph.
A transition section before the formal road section
was also added, which is about 2,640 feet and
typically takes approximately 30 seconds to drive
through. Thus, the estimated total time per trial is
also around 2 min. Latin square design was applied to
balance the order effect of two-time scenarios. Four
countermeasures were set up as random sequences to
balance the order effect.

9.2 Data Collection

9.2.1 Experiment Procedure

The experiment procedure for both the lane closure
experiment and the shoulder work experiment covers
the following four steps.

® Step 1: The research team recruited participants using
flyers and emails. The target participants should have
a valid Indiana driver’s license. Both on-campus and
off-campus resources have been explored to recruit
diverse participants.

® Step 2: Participants who are interested in the experiment
should complete a pre-survey (as listed in Appendix B).
The pre-survey covers demographic information (includ-
ing gender (Babic¢ et al., 2020; Sagaspe et al., 2010; Yan
et al., 2009), age (Andrews & Westerman, 2012; Lee
et al., 2003; McGwin & Brown, 1999), education level,
occupation, industry, ethnicity, marital status, household
income, and visual ability (Ackerman et al., 2008) and
driving experience (Babi¢ et al., 2020; Lehtonen et al.,
2014) (covering general driving experience and work zone
experience). Participants also need to provide available
time slots for the experiment at the end of the survey.
Each participant can only participate in one experiment,
which makes the two experiments (lane closure and
shoulder work) independent.

® Step 3: After receiving the information, researchers
selected the participants considering demographic infor-
mation to achieve a representative sample in Indiana.
From FHWA highway statistics (FHWA, 2023a), the
drivers in Indiana cover 49.04% males and 50.96 females,
and the age distribution is: 18-29 years old: 20.57%,
30-39 years old: 16.77%, 40-49 years old: 15.83%, 50-59
years old: 16.80%, 60-69 years old: 16.14%, =70 years
old: 13.89%. Thus, the target participants would be: 16
females and 16 males, with the age distribution as: 18-29
years old: 7, 30-39 years old: 5, 4049 years old: 5, 50-59
years old: 5, 60-69 years old: 5, =70 years old: 5. Also,
participants with different education levels, ethnicities,
and occupations were included. Email and calendar
invitations were sent to the selected participants to clarify
the scheduled time slots for the experiment.

® Step 4: Participants should come to the lab at Purdue
University to finish the driving simulation experiment.
Each experiment takes around 45 minutes. The detailed
procedure is as follows.

1. Researchers introduce the experiment background
and steps to the participants. Participants need to
read and sign the consent form. Researchers should
also sign the form and provide a copy to participants.

2. Researchers guide the participants to calibrate the
eye tracker and driving seat.

3. Participants finish a 5-minute training session, which
includes driving during both daytime and nighttime.
The training sessions were simulated using the same
road section as the formal experiment, without all
the work zone elements (traffic signs, drums, trucks,
etc.) but having the speed limit sign. It aims to make
the participants familiar with the operation of the
driving simulator. Researchers communicate with
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the participants to ensure they understand all
operations and do not have any discomfort or issues.

4.  Participants finish all formal experiment sections
(8 trials), with a 1-minute break between trials. The
total formal driving part takes around 25 minutes.
Researchers monitor the progress and participants’
performance during the experiment. But there is no
communication with the participants so as not to
interfere with them.

5. Participants complete a post-survey (as listed in
Appendix C). The post-survey aims to collect
participants’ subjective evaluations of the proposed
countermeasures regarding perception, cognition,
and action during driving, as well as the level of
fatigue and level of motion sickness after the driving
simulation experiment. Perception, cognition, and
action are the three stages of human information
processing (Proctor & Van Zandt, 2018), which
explains how people get, analyze, and respond to the
information (e.g., information from the traffic sign
with/without countermeasures).

6. Researchers provide an Amazon Gift Card ($90) as
compensation to each participant, let participants
sign the log, and make sure participants do not have
any discomforts or symptoms before they leave.

9.2.2 Indicators for Eye Movement, Driving
Performance, Synchronized Data and Self-Evaluation

This section will introduce the key indicators
collected during the driving simulation experiment
and their meanings, which cover the eye movement
data, driving performance data, and self-evaluation
of drivers about the countermeasures. According to
human information processing theory (Proctor & Van
Zandt, 2018), perception, cognition, and action are the
three major stages in which people receive informa-
tion from the environment (e.g., visual information and
audio information), analyze information and make
decisions based on attention resources (e.g., short-term
memory, long-term memory, logistic analysis, etc.), and
respond to the environment by taking actions. In the
driving simulation experiment, the perception stage
mainly refers to obtaining the information visually,
which is measured by eye movement data. The
cognition stage focuses on how drivers analyze the
perceived information and make decisions regarding
driving, which is also measured by eye movement data.
The action stage indicates the driving behaviors, which
is measured by the driving performance data. Also, to
better understand the impacts of countermeasures, we
synchronized eye movement and driving performance
data using python to further explore how the counter-
measures influence the perception and action stages. In
addition, in the self-evaluation survey, the three stages
were also referred to by designing questions covering
different stages.

9.2.2.1 Indicators of Eye Movement Data. Table 9.1
outlines the key indicators of eye movement data,
which were collected by the eye tracker. The eye

movement indicators cover two categories: fixation and
pupillometry.

Fixation indicates the gaze samples that locate within
a spatially limited region (about 0.5°) for a minimum
period of time (e.g., the minimum allowed fixation
duration is usually in the range of 80-150 msec)
(Nystrom & Holmgqvist, 2010). Fixation indicators
include fixation number and fixation duration.
Fixation number is also called the fixation counts/
frequency, which is the number of times (counts) the
participant fixates on area of interests (AOIs) from the
moment they were visible to the participant (Najar &
Sanjram, 2018). AOI in the eye movement analysis is a
segment of a stimulus space that identifies a portion
of the stimulus that is meaningful in the experimental
design of a study (Holmgqvist et al., 2022). In this
experiment, as our research goal is to evaluate the
effectiveness of countermeasures, the AOI was defined
as the area of traffic signs that the countermeasures
were applied (i.e., Right Lane Closed Ahead sign and
Right Shoulder Closed Ahead sign). A higher fixation
number suggests more active visual scanning of the
element (Babic¢ et al., 2020), indicating a higher level of
attention to the AOI (i.e., the traffic sign in this
experiment) (Babi¢ et al., 2020; Vignali et al., 2019).
It implies that the countermeasure is more effective in
capturing the drivers’ active attention (Babi¢ et al.,
2020; Qin et al., 2018), which is related to the
perception stage of human information processing.
Fixation duration indicates the period of time when the
eye is relatively still and fixating on the AOIs and it was
calculated by computing total fixation durations in
seconds within AOI from the moment it was visible
to the participant (Najar & Sanjram, 2018). Longer
fixation durations indicate higher cognitive/mental
workload (de Greef et al., 2009; Holmqvist et al.,
2022), which suggests that drivers focus more on the
AOIs to analyze information (Babi¢ et al., 2020),
related to the cognition stage. It shows that the
countermeasure can hold greater concern and focus of
drivers, which may imply better engagement with the
work zone (Ahlstrom et al., 2021; de Greef et al., 2009;
Jimenéz et al., 2012).

Pupillometry indicates the pupil diameters of drivers
(de Greef et al., 2009), which is measured by both Left
Pupil Mean Diameter (LPMD) and Right Pupil Mean
Diameter (RPMD). A larger pupil diameter is typically
linked to a higher level of attention and mental
workload (de Greef et al., 2009; Holmqvist et al.,
2022), indicating that drivers pay more attention,
concern, and focus on the countermeasure (de Greef
et al., 2009; Liang & Lee, 2008; Radhakrishnan et al.,
2023). The indicators are related to both perception and
cognition stages.

In a word, these eye movement indicators provide a
comprehensive measurement of drivers’ perception and
cognition regarding the countermeasures. Higher values
related to the indicators suggest that the counter-
measure is more effective in capturing drivers’ atten-
tion and sustaining information understanding and
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TABLE 9.1
Indicators for Eye Movement Data Analysis

Category Definitions Indicators

Meanings

Stages Units

Fixation Eye movements located
within a spatially

limited region

Fixation number (FN)

Fixation duration (FD)

More fixations — higher level

Longer duration — higher mental/

Perception Number
of attention — better

countermeasure (Babic et al.,

2020; Qin et al., 2018; Vignali

et al., 2019)

Cognition Second
cognitive workload — greater

concern and focus — better

countermeasure

(Ahlstrom et al., 2021; Babic et al.,

2020; de Greef et al., 2009;
Holmgqvist et al., 2022; Jimenéz
et al., 2012)

Pupillometry Diameter of pupil Left pupil mean diameter
(LPMD)
Right pupil mean diameter

(RPMD)

Larger — higher level of attention

Perception and mm
and mental workload — more cognition
attention, concern, and focus —

better countermeasure (de Greef

et al., 2009; Holmqvist et al., 2022;

Liang & Lee, 2008;

Radhakrishnan et al., 2023)

decision-making, which may support safer driving
behaviors in the work zones.

9.2.2.2 Indicators of driving performance data. Table
9.2 shows the indicators used to measure driving
performance in the experiment, including speed,
acceleration/deceleration, and lateral position, which
are the most commonly used indicators in the driving
simulation study (Awan et al., 2019; Babic¢ et al., 2020).

Driving speed indicates the change in the position of
the vehicle in a unit of time (Babi¢ et al., 2020). Mean
speed is the most commonly used driving performance
indicator (Alhomaidat et al., 2023; Almallah et al., 2021;
Awan et al., 2019; Domenichini et al., 2017; Huang &
Bai, 2019; Hussain et al., 2020; Vignali et al., 2019). In
this study, the mean speed measures the average driving
speed across the entire road section, starting from the
speeding penalty sign and ending at the End Road Work
sign. Lower mean speed is associated with better and
safety driving performance as it reflects better speed
control and more cautious driving behaviors (Almallah
et al.,, 2021; Domenichini et al., 2017; Huang & Bai,
2019; Vignali et al., 2019). Speed reduction/difference is
also a common indicator of driving performance
(Alhomaidat et al., 2023; Hussain et al., 2020; Vignali
et al., 2019). In this study, speed reduction refers to the
speed differences at the initial position of the road (the
speeding penalty sign) and the location of the counter-
measure. Negative difference (end speed — initial speed)
shows the reduction of speed. A lower value indicates
more effective speed control, suggesting that drivers
reduce speed in response to the countermeasure, which
means the countermeasure is effective.

Acceleration indicates the change in speed in a unit
of time (Babi¢ et al., 2020). Mean acceleration in this

study refers to the average acceleration across the entire
road section, starting from the speeding penalty sign
and ending at the End Road Work sign. Lower mean
acceleration values indicate smoother and safer driving,
as drivers exhibit better control over their speed
changes, reducing the risk of sudden stops or jerky
movements (Almallah et al., 2021; Awan et al., 2019;
Eboli et al., 2016; Vignali et al., 2019).

In addition, lateral position measures the distance
from the center of the vehicle to the right lane edge line
(Babi¢ et al., 2020). It indicates the distance of the
vehicle position to the lane boundaries. A higher lateral
position reflects earlier lane-changing behavior, which
is often seen as a proactive and safer response in work
zones (Almallah et al., 2021; Eboli et al., 2016; Wynne
et al., 2019).

To sum up, these driving performance indicators
provide a comprehensive measurement of drivers’
behaviors. Lower mean speed and acceleration, higher
speed reduction at the countermeasure location, and
earlier lane changing and control behaviors indicate
better driving performance and improved work zone
safety relating to the countermeasure.

9.2.2.3 Indicators of synchronized data. Through
matching the timeframes of eye movement data and
driving performance data, which were collected from
different platforms, the two types of data were
synchronized to further explore the effectiveness of
countermeasures. In the synchronization process, the
locations where the drivers first fixated on the
countermeasure were identified based on the eye
movement videos. The synchronization data analysis
focuses on the road section during the two seconds
before and after the drivers’ first fixation locations
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TABLE 9.2
Indicators for Driving Performance Data Analysis

Indicators Explanations Meanings Stages References

Mean Speed (mph) The average driving speed was A lower mean speed indicates Action Alhomaidat et al., 2023; Almallah
measured across the entire road better driving performance, et al., 2021; Awan et al., 2019;
section (starting from the as it reflects a controlled and Domenichini et al., 2017; Huang &
speeding penalty sign and ending  cautious driving behavior. Bai, 2019; Hussain et al., 2020;
at the end road work sign). Vignali et al., 2019

Speed Reduction Initial speed: driving speed at the A negative value indicates the Action Alhomaidat et al., 2023; Rahman

(mph) speeding penalty traffic sign.

End speed: driving speed at the
countermeasure location. Speed
reduction = End speed - Initial

speed.

reduction of speed. A lower
value suggests better driving
performance, as it indicates
better speed control.

et al., 2017; Vignali et al., 2019

Mean Acceleration Driving acceleration during the
(m/s?) entire road section (starting from

the speeding penalty sign and

ending at the end road work

A lower mean acceleration reflects Action
better speed control and better
driving performance.

Almallah et al., 2021; Awan et al.,
2019; Eboli et al., 2016; Vignali
et al., 2019

sign).
Lateral Position It indicates the distance from the A higher lateral position suggests Action Almallah et al., 2021; Awan et al.,
(feet) center of the vehicle to the right the drivers change lanes earlier, 2019; Babic¢ et al., 2020; Wynne

lane edge line.

indicating better driving
performance.

et al., 2019

(four seconds in total). Table 9.3 shows the indicators
used to measure the synchronized data, including first-
fixation distance to countermeasure, gas pedal varia-
tion, steering variation, speed variation and lateral
position variation.

First-fixation distance to countermeasure is a critical
indicator representing the distance between the vehicle
and the countermeasure when the driver first fixated on
the countermeasure (Costa et al., 2018; Vignali et al.,
2019). A higher value of this indicator shows that the
countermeasure could effectively capture the drivers’
attention at longer distances, highlighting its visibility
and potential to provide early warnings. It is particularly
important in work zones where early detection of
countermeasures can significantly improve safety by
allowing more time for reaction. This indicator is related
to the perception stage of human information processing
regarding how drivers receive visual information.

Then, there are four indicators related to the action
stage about driving performance variations between
2 seconds before and after the location where drivers
first fixated on the countermeasure, including gas pedal
variation, steering variation, speed variation, and
lateral position variation. In particular, the variation
was calculated as the difference between the mean value
during the two seconds before the location where
drivers first fixated on the countermeasure and the
mean value during the two seconds after the location.
Gas pedal variation indicator focuses on the changes in
gas pedal positions. A negative value indicates that the
driver is releasing the gas pedal, signaling deceleration,
while a positive value shows that the driver is
accelerating. A higher absolute value of the indicator
reflects greater variation in gas pedal use behaviors

before and after drivers first fixated on the counter-
measure. Steering variation captures the changes in
steering angle, where a negative value suggests the
vehicle is turning toward the right and a positive value
indicates the vehicle is turning to the left. A higher
absolute value indicates greater steering activity, signify-
ing a higher level of reaction to the countermeasure.
Speed variation, calculated as the difference between
speeds before and after, identifies deceleration with
negative values and acceleration with positive values.
A higher absolute value indicates more speed changes
due to the countermeasure. Lateral position variation
assesses the vehicle’s positional changes relative to the
road. Positive values suggest a shift toward the left lane,
while negative values indicate changing to the right lane.
Higher absolute values indicate more changes in lateral
positions before and after the first fixation on the
countermeasure.

To sum up, these indicators for synchronized data
analysis provide a comprehensive measurement to
understand how drivers respond to countermeasures
in the perception and action stages of human informa-
tion processing.

9.2.2.4 Post-survey about self-evaluation of counter-
measures. Post-test questionnaire is a commonly used
method to collect feedback/thoughts on the driv-
ing experience and on the driving simulator itself
(Hussain et al., 2020). Also, subjective measures of
countermeasures are an effective method to evaluate
drivers’ feedback (Calvi et al., 2019). In this study,
after the driving part, a survey was used to evaluate
the effectiveness of the countermeasures based on
participants’ subjective evaluation.
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TABLE 9.3
Indicators for Synchronized Data Analysis

Indicators Explanations Meanings Stages References
First-fixation distance to Distance between the A higher value — the driver could see the Perception Costa et al., 2018; Vignali
countermeasure (feet) vehicle and the countermeasure at a longer distance (the et al., 2019
countermeasure at countermeasure is more effective in
the moment when attracting the driver’s attention)
the driver first fixates
on the
countermeasure
Gas pedal variation (%) Gas Pedal Variation = A negative value — the driver is releasing Action
After Gas Pedal - the gas pedal (decelerating); A positive
Before Gas Pedal value — the driver is accelerating;
A higher absolute value — greater
variation in gas pedal behavior
Steering variation (°) Steering Variation = A negative value — the driver is turning Action Deng et al., 2020; Ding

After Steering -
Before Steering

the steering wheel to the right (moving
closer to the right lane); A positive

et al., 2016; Fugiglando
et al., 2019

value — the driver is turning the steering
wheel to the left; A higher absolute
value — greater variation in steering

behavior

Speed variation (mph) Speed Variation =

A negative value — the driver is decelerating; Action

Brewer et al., 2006;

After Speed - Before A positive value — the driver is accelerating; Li et al., 2013
Speed A higher absolute value — greater speed
variation

Lateral position variation Lateral Position
(feet) Variation = After
Lateral Position -
Before Lateral
Position

A negative value — the vehicle is moving
closer to the right lane; A positive
value — the vehicle is moving closer
to the left lane; A higher absolute value —
greater variation in lateral position

Almallah et al., 2021;
Kang et al., 2023

Action

Note: After value: the mean value during the 2 seconds after the driver’s first fixation on the countermeasure; Before value: the mean value during
the 2 seconds before the driver’s first fixation on the countermeasure; Variation: the variation before and after the driver’s first fixation on the

To achieve comprehensive analysis of countermea-
sures, all three stages of human information processing
were covered by the following questions (see details of
the survey in Appendix C).

® QI1: Which countermeasure(s) did you notice during the
driving?

® Q2: Which countermeasure(s) attracts your attention?

® Q3: Which countermeasure(s) helps you understand the
sign more quickly?

® (Q4: Which countermeasure(s) makes you more aware of
the work zone?

® Q5: Which countermeasure(s) better helps you make
decisions about driving behaviors?

® Q6: Which countermeasure(s) helps you improve your
driving behavior?

Questions 1 and 2 are about the perception stage
and whether the drivers notice the countermeasure and
whether it attracts their attention. Questions 3, 4, and
5 are about the cognition stage, covering whether
the countermeasure could help convey information
more quickly, make the drivers more aware of the work
zone, and help them make decisions regarding driving
behaviors. Question 6 is about the action stage,
indicating the exact driving performance/behavior

improvement. For all questions, three countermeasures
(doubling-up of fluorescent orange sign, fluorescent
orange sign with orange beacon, and fluorescent orange
sign with orange LEDs) and “None of them” options
were provided. Participants can select all answers that
apply.

For each question, the selection percentage for each
countermeasure of the total 32 participants for each
experiment was calculated as the indicator, using the
following equation.

Selection percentage of each countermeasure (%)

_ Number of participants selecting the countermeasure

100
Total number of participants * %

The selection percentage reflects the proportion
of participants who consider the countermeasure
to be effective. A higher selection percentage
indicates that a greater number of participants
agreed the countermeasure is beneficial for their
driving task. For example, if a countermeasure has a
selection percentage of 75% for Q6, it means that
75% of the total 32 participants believe the counter-
measure is effective in improving their driving
behaviors.
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Figure 9.1 Data analysis methods.

9.3 Data Analysis Methods

Figure 9.1 shows the relationship between different
data analysis methods used in this study and the results.
For all indicators of eye movement data, driving
performance data, synchronized data, and self-evalua-
tion data, three types of data analysis methods—
descriptive statistics, statistical hypothesis tests, and
comprehensive analysis—were sequentially applied if
applicable.

First, descriptive statistics were applied to show the
trend of the data and basic relationships between var-
iables. Boxplots were generated to visualize the collected
data. Then, statistical hypothesis tests were applied to
analyze the statistical relationships between variables,
which could indicate whether there were significant
differences between countermeasures and which counter-
measure(s) contributed to the significant difference. Fina-
Ily, a comprehensive analysis was employed to identify
the effective countermeasures for each experiment (each
work zone scenario) combining all data and results.

9.3.1 Descriptive Statistics

Descriptive statistics were used to summarize and
provide an overview of the data collected. Key
measures such as mean, standard deviation, minimum,
and maximum were calculated for each variable (eye
movement indicators, driving performance indicators,
and self-evaluation results) to describe the central
tendency and variability within the dataset. These
statistics could provide an initial understanding of the
patterns and distributions across different counter-
measures. Specifically, for eye movement data, heat-
maps of representative participants were generated to
show examples of participants’ visual attention and
fixation (Najar & Sanjram, 2018).

9.3.2 Statistical Hypothesis Tests

Statistical hypothesis tests were employed to deter-
mine whether there were statistically significant differ-
ences between countermeasures regarding eye
movement, driving performance, and self-evaluation,
considering daytime and nighttime scenarios, and
which countermeasure(s) contributed to the significant
difference. Several statistical tests were used based on
research questions and data structure.

9.3.2.1 One-way ANOVA test. To determine whether
there are significant differences in drivers’ eye
movements, driving performance, and self-evaluation,
considering both daytime and nighttime, between the
original design and three different countermeasures, the
one-way Analysis of Variance (ANOVA) analysis was
performed. Python software was applied to conduct the
analysis.

1. Hypothesis of ANOVA test

® Null Hypothesis (Hy): There is no significant
difference in the metric across all groups (three
countermeasures and one original design); the mean
values for all groups are equal: u; = p, = u3 =
Hq = C.

® Alternative Hypothesis (H,): At least one group’s
mean value for the metric is significantly different
from the others: u; # ¢

2. Results interpretation
® In the results, when P-value > 0.05, H, is not
rejected, indicating that there is no significant
difference between the groups.
® On the contrary, if P-value < 0.05, H, is accepted,
which means at least one group is significantly
different from the others.
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Where, u; is the mean value for group #; ¢ is a
constant value; P-value is the result of ANOVA test.

9.3.2.2 Tukey’s HSD Test. Tukey’s Honestly
Significant Difference (HSD) test is a post-hoc
analysis conducted after a significant ANOVA result
to identify which specific groups are significantly
different from one another. While the ANOVA test
determines whether at least one group differs from
others, Tukey’s HSD test provides pairwise com-
parisons of all group means. It ensures that the
family-wise error rate is controlled, minimizing the
risk of false positives when performing multiple
comparisons. In this study, Tukey’s HSD test was
applied to compare the effectiveness of all pairs of
countermeasures. This test helps identify which
countermeasures had a significant impact on eye move-
ments, driving performance, and self-evaluation of
countermeasures.

1. Hypothesis of Tukey’s HSD test

® Null Hypothesis ( Hy): The means of the two groups
being compared are equal (e.g., iy = Wo).

® Alternative Hypothesis (H,): The means of the two
groups being compared are not equal (e.g., 1| # o).

2. Results interpretation

® If the P-value for a pairwise comparison is less than
0.05, the null hypothesis is rejected, indicating a sta-
tistically significant difference between the two groups.

® The test also provides confidence intervals for the
mean difference, which further aids in understanding
the magnitude and direction of differences between
groups.

9.3.2.3 Paired T-test. The Paired t-test is a statistical
method used to compare the means of two related
groups or conditions. Unlike the Tukey’s HSD test,
which evaluates differences across all pairs of groups
independently, the Paired t-test is designed to analyze
data where measurements are taken from the same
participants or subjects under two different conditions.
In this study, Paired t-tests were used to compare
countermeasures under different experimental condi-
tions (i.e., daytime and nighttime scenarios). The results
further provide insight into the impacts of counter-
measures on drivers’ eye movement and driving perfor-
mance under different time conditions.

1. Hypothesis of Paired t-test

® Null Hypothesis (Hy).: There is no difference between
the paired conditions (e.g., iy = ).

® Alternative Hypothesis (H,): There is a significant
difference between the paired conditions (e.g., p; #
H2).

2. Results interpretation

® If the P-value is less than 0.05, the null hypothesis
is rejected, indicating that the two conditions are
significantly different.

® The test also provides the mean difference, con-
fidence intervals, and the direction of the effect.

9.3.3 Comprehensive Analysis

The statistical hypothesis tests discussed above
focused on each indicator separately. After the tests,
a comprehensive analysis combining results from eye
movement data, driving performance data, and self-
evaluation data was performed to provide a robust,
multidimensional understanding of the effectiveness
of countermeasures. Eye movement indicators, such as
fixation number, fixation duration, and pupillometry,
evaluate drivers’ attention and cognitive workload
related to the perception and cognition stages, while
driving performance indicators, like speed, acceleration,
and lane position, evaluate objective driving behaviors
related to the action stage. Self-evaluation data
captures subjective perceptions of the effectiveness
of countermeasures. Statistical methods, including
ANOVA, Tukey’s HSD, and Paired t-tests, identify
significant differences and pairwise comparisons across
countermeasures. By integrating these data sources, the
comprehensive analysis highlighted the countermeasure
that balances attention capture, better driving behavior,
and drivers’ satisfaction, to provide recommendations
to improve work zone safety.

10. EVALUATION OF EFFECTIVENESS OF
COUNTERMEASURES: RESULTS AND
DISCUSSIONS

Based on the driving simulation experiment data
collection and analysis discussed in Session 9, this
session introduces the results of data analysis and
relevant discussions. The results are from two separate
experiments: lane closure experiment and shoulder
work experiment as discussed before. Data collection
and analysis processes are the same for both experi-
ments.

10.1 Lane Closure Experiment

10.1.1 Participants

A total of thirty-four participants were recruited for
the lane closure scenario driving simulation experiment.
One participant (female, 40 years old) did not complete
the entire experiment due to motion sickness; the data
from another participant (male, 30 years old) was
excluded as an outlier because he exceeded the speed
limit by 300% and had multiple crashes during the
driving experiment, which is totally different from other
participants and is unlikely to happen in the general
population. Finally, the experimental data of thirty-
two participants were included in the data analysis,
following the list shown in Table 9.1. All partici-
pants (16 males and 16 females) had valid Indiana
drivers licenses. Figure 10.1 provides a comprehensive
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breakdown of the demographic information of thirty-
two participants in the lane closure experiment, cover-
ing age, gender, ethnicity, education, and occupation.
Figure 10.1a shows the age and gender distribution.
The ages of the participants ranged from 19 to 76 years
old, with a mean age of 46.75 and a standard deviation
of 18.18. The gender distribution is balanced between
males and females. The age and gender distribution of
the participants is consistent with the distribution of age
and gender in Indiana drivers (FHWA, 2023a), support-
ing that the participants could represent Indiana drivers.
Then, Figure 10.1b shows the ethnicity distribution, with
White as the majority, followed by Asian, Hispanic
or Latino, Native American, or American Indian and

5

4

Number

18-29 30-39 40-49

4
3 3 3 3
3
2 2 2
2
0

mixed ethnicities. It reflects the diversity of ethnicity in
the sample. Figure 10.1c shows the education back-
ground, with bachelor’s degree, master’s degree, associ-
ate degree, and some college education as the major
parts. It indicates that the sample also has diversity in
education levels. Regarding occupations (Figure 10.1d),
the participants covered a wide range of occupations
based on occupational categories (U.S. Bureau of Labor
Statistics, 2023), including educational instruction and
library, life, physical, and social science, management
and arts, design, entertainment, and sports, etc. Overall,
the participants’ demographic information demonstrates
a diverse demographic range, supporting the representa-
tiveness of the selected sample.
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Figure 10.1 Demographic information of participants for lane closure experiment.
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10.1.2 Eye Movement

Regarding the results of eye movement data, four
indicators introduced in Table 9.2 were discussed:
fixation duration, fixation number, the left pupil
diameter, and the right pupil diameter. Before explain-
ing each eye movement indicator, the example heat-
maps of representative participants were generated to
visualize the eye movement distribution of participants.
Figure 10.2 shows the heatmaps of one representative
participant’s eye movement patterns during the lane
closure experiment under daytime and nighttime con-
ditions, respectively.

The red-highlighted regions represent areas with
longer fixation durations, suggesting that the driver
focused more intensely on these areas. During daytime
scenario (Figure 10.2a), the heatmap indicates that the
participants gaze was primarily concentrated on the
roadway. distributed across various areas, including
the rearview mirror, the roadway ahead, and the dash-
board. The countermeasure was labeled with a green
rectangle as the area of interest (AOI). During the
nighttime scenario (Figure 10.2b), the heatmap shows
that the same participants gaze was distributed across
various areas, including the rearview mirror, the
roadway ahead, and traffic light.

10.1.2.1 Fixation number. The results of the fixation
number indicator cover four parts: descriptive statistics,
ANOVA test, Tukey’s HSD test, and Paired T-test.

10.1.2.1.1 Descriptive statistics. Figure 10.3 shows
the boxplot of fixation number for the original design
of traffic signs in work zones (fluorescent orange sign
(Cl)) and three countermeasures (doubling-up of
fluorescent orange sign (C2), fluorescent orange sign
with orange LEDs (C3), and fluorescent orange sign
with orange beacon (C4)) under daytime and nighttime
conditions. Table 10.1 summarizes the mean and
standard deviation (SD) of fixation number under
daytime and nighttime conditions.

It shows that LEDs (C3) had the highest average
fixation numbers and the greatest variability under

Driver A's gaze area

Driver A’s gaze area

(a) An example heatmap durng the daytime

both daytime and nighttime scenarios, suggesting it is
more effective in attracting drivers’ attention. The
original design (Cl) and doubling-up (C2) show lower
average fixation numbers, indicating they attracted less
attention from drivers. Beacon (C4) demonstrated a
moderate level of fixation numbers across counter-
measures, with nighttime fixation numbers (mean =
3.0312) slightly exceeding daytime (mean = 2.4688).

10.1.2.1.2 Results of ANOVA test. Table 10.2
presents the ANOVA test results for fixation number
across different countermeasures during both daytime
and nighttime. The P-values (P-value = 0.0318 and
<0.01, respectively) show that there were statistically
significant differences in fixation number across coun-
termeasures and the original design during both day-
time and nighttime scenarios. It indicates that some
countermeasures show significantly more effectiveness
in attracting drivers’ attention.

10.1.2.1.3 Results of Tukey’s HSD test. As the
ANOVA results show that there were significant
differences, Tukey’s HSD test was further performed
to identify the differences through pairwise comparison
among Cl1-C4. Table 10.3 shows the results of
Tukey’s HSD test for fixation number during day-
time and nighttime. During daytime, there were
statistically significant differences only between dou-
bling-up (C2) and LEDs (C3), with a mean difference
of 2.375 and a P-value of 0.0306. This result suggests
that LEDs (C3) attracted drivers’ attention better
compared to doubling-up (C2) during daytime.
All other pairwise comparisons are not statistically
significant (P-values exceed 0.05). During the night-
time, significant differences were observed between
LEDs (C3) and both the original design (Cl) and
doubling-up (C2). Specifically, LEDs (C3) had a sig-
nificantly higher fixation number than the original
design, with a mean difference of 3.0938 and a P-value
less than 0.01, and a higher fixation number than
doubling-up, with a mean difference of 3.1562 and
a P-value less than 0.01. Other comparisons also
showed no statistically significant differences. These

The countermeasure
was labeled as AOL

The countermeasure
was labeled as AOT

Intensity

(b) An example heatmap during the nighttime

Figure 10.2 Example heatmaps of a representative participant in a lane closure experiment.
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Figure 10.3 Boxplot of fixation number (lane closure).
TABLE 10.1
Mean and Standard Deviation (SD) of Fixation Number (Lane Closure)
Original Design (C1) Doubling-up (C2) LEDs (C3) Beacon (C4)
Time Scenarios Mean SD Mean SD Mean SD Mean SD
Daytime 1.9375 2.5519 1.5938 2.2268 3.9688 5.2578 2.4688 2.6879
Nighttime 1.2500 1.8316 1.1875 2.8898 4.3438 3.7897 3.0312 3.4964
TABLE 10.2
ANOVA Test Results for Fixation Number (Lane Closure)
Time Scenarios Source DF Sum of Squares Mean Square F Value P-value
Daytime Model 3 105.4609 35.1536 3.0344 0.0318
Error 124 1,436.5312 11.5849 - -
Corrected Total 127 1,541.9921 - - -
Nighttime Model 3 222.6563 74.2188 7.7529 <0.01
Error 124 1,187.0625 9.5731 - -
Corrected Total 127 1,409.7188 - - -

results suggest that during nighttime, the LEDs (C3)
countermeasure was particularly effective in attracting
drivers’ visual attention compared to the original design
(C1) and doubling-up (C2), while beacon (C4) did not
differ significantly in fixation number from the other
countermeasures.

10.1.2.1.4 Results of Paired t-test. The Paired t-test
compared the differences in fixation number between
daytime and nighttime for each countermeasure, as
shown in Table 10.4. All P-values were larger than 0.05,
showing that there are no statistically significant
differences between daytime and nighttime in fixation
number for all three countermeasures and the original
design. It shows that between daytime and nighttime,

all four groups showed similar effectiveness in attract-
ing drivers’ attention.

10.1.2.2 Fixation duration. The results of the fixation
duration indicator also cover four parts: descriptive
statistics, ANOVA test, Tukey’s HSD test, and Paired
T-test. The main results are summarized as follows.
Detailed tables and figures are listed in Appendix
E.1.1.1.

10.1.2.2.1 Descriptive statistics. Table 10.5 sum-
marizes the mean and standard deviation (SD) of
fixation durations for C1-C4 under daytime and night-
time conditions. During daytime, beacon (C4) showed
the highest mean fixation duration (mean = 0.2551
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TABLE 10.3
Tukey’s HSD Test Results for Fixation Number (Lane Closure)

Time Scenarios Group 1 Group 2 Mean Difference  P-value Lower Upper Reject

Daytime Original design (C1) Doubling-up (C2) -0.3438 0.9776 -2.5597 1.8722 FALSE
Original design (Cl1) LEDs (C3) 2.0312 0.0849 -0.1847 4.2472 FALSE
Original design (C1) Beacon (C4) 0.5312 0.9241 -1.6847 2.7472 FALSE
Doubling-up (C2) LEDs (C3) 2.3750 0.0306 0.1590 4.5910 TRUE
Doubling-up (C2) Beacon (C4) 0.8750 0.7332 -1.341 3.0910 FALSE
LEDs (C3) Beacon (C4) -1.500 0.2962 -3.7160 0.7160 FALSE

Nighttime Original design (C1) Doubling-up (C2) -0.0625 0.9998 -2.0769 1.9519 FALSE
Original design (C1) LEDs (C3) 3.0938 0.0006 1.0794 5.1081 TRUE
Original design (C1) Beacon (C4) 1.7812 0.1029 -0.2331 3.7956 FALSE
Doubling-up (C2) LEDs (C3) 3.1562 0.0005 1.1419 5.1706 TRUE
Doubling-up (C2) Beacon (C4) 1.8438 0.0856 -0.1706 3.8581 FALSE
LEDs (C3) Beacon (C4) -1.3125 0.3297 -3.3269 0.7019 FALSE

TABLE 104

Paired T-test Results for Fixation Number (Lane Closure)

Countermeasures T-Statistic P-value

Original design (C1) 1.3617 0.1831

Doubling-up (C2) 0.6842 0.4989

LEDs (C3) -0.3762 0.7093

Beacon (C4) -0.9163 0.3666

seconds, SD = 0.3018), followed by LEDs (C3)
(mean = 0.2166 seconds, SD = 0.2278), while
doubling-up (C2) exhibited the lowest mean fixation
duration (mean = 0.0966 seconds, SD = 0.1592).
Compared to the original design (C1), LEDs (C3)
and beacon (C4) had higher average fixation dura-
tion, while doubling-up (C2) showed lower fixation
durations with a narrow range of distribution. At
nighttime, LEDs (C3) achieved the highest mean
fixation duration (mean = 0.2497 seconds, SD =
0.1674), while the original design (C1) had the lowest
fixation duration (mean = 0.064 seconds, SD = 0.107).
These results highlight the better performance of LEDs
during nighttime regarding cognition. Doubling-up
(C2) was less effective than the original design (Cl1) in
maintaining drivers’ focus and workload under both
time scenarios. The presence of outliers, particularly for
LEDs (C3) and doubling-up (C2) under the nighttime
scenario, indicates some variability in participants’
responses. Figure E.1 in Appendix E shows the boxplot
of fixation duration.

10.1.2.2.2 Results of ANOV A test. The results of
the ANOVA test show that there were statistically
significant differences between C1-C4 regarding fixa-
tion durations during both daytime and nighttime, with
the P-values smaller than 0.05 (P-value = 0.0312 during
daytime and <0.01 during nighttime). It suggests that
some countermeasures are more effective in maintain-
ing drivers’ cognitive workload and focus. A post-
hoc test (Tukey’s HSD test) was performed to fur-
ther identify which specific countermeasures differ

significantly. More details of ANOVA test results are
listed in Table E.1 in Appendix E.

10.1.2.2.3 Results of Tukey’s HSD test. The
Tukey’s HSD test results indicate that there were
significant differences between doubling-up (C2) and
LEDs (C3), as well as doubling-up (C2) and beacon
(C4), during daytime (P-value = 0.0439 and 0.0413,
respectively). Doubling-up (C2) showed significantly
lower level of effectiveness in maintaining drivers’
workload and focus during daytime. LEDs (C3) and
beacon (C4) were more effective during daytime.
Regarding nighttime scenario, LEDs (C3) showed
significant differences in fixation duration compared
to the original design (C1) (mean difference = 0.1857,
P-value < 0.001) and doubling-up (C2) (mean differ-
ence = 0.1382, P-value < 0.01). Thus, LEDs (C3) were
more effective at maintaining drivers’ workload and
focus than the original design (C1) and doubling-up
(C2) at night. Other countermeasures did not show
significant differences. More details of Tukey’s HSD
test results are listed in Table E.2 in Appendix E.

10.1.2.2.4 Results of Paired t-test. The analysis
shows no statistically significant differences for any of
the countermeasures regarding fixation duration
between daytime and nighttime, with all P-values larger
than 0.05. It indicates that all four countermeasures
(including the original design) showed similar effective-
ness in maintaining drivers’ cognitive workload and
focus across different time scenarios. More details of
Paired t-test results are listed in Table E.3 in Appendix E.
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TABLE 10.5

Mean and Standard Deviation (SD) of Fixation Duration (Lane Closure)

Original Design (C1) Doubling-Up (C2) LEDs (C3) Beacon (C4)
Time Scenarios Mean SD Mean SD Mean SD Mean SD
Daytime 0.1898 0.2734 0.0966 0.1592 0.2166 0.2278 0.2551 0.3018
Nighttime 0.0640 0.1070 0.1115 0.2358 0.2497 0.1674 0.1690 0.1433
TABLE 10.6
Mean and Standard Deviation (SD) of the Left Pupil Diameter (Lane Closure)
Time Original Design (C1) Doubling-up (C2) LEDs (C3) Beacon (C4)
Scenarios Mean SD Mean SD Mean SD Mean SD
Daytime 3.7336 0.9078 3.6008 0.7204 3.7072 0.8084 3.6031 0.6632
Nighttime 4.5220 0.9392 4.6579 1.0022 4.5809 1.0178 4.5234 0.9077

10.1.2.3 Left pupil diameter. The results of the left
pupil diameter indicator cover three parts: descriptive
statistics, ANOVA test, and Paired T-test. The main
results are summarized as follows. Detailed tables and
figures are listed in Appendix E.1.1.2.

10.1.2.3.1 Descriptive statistics. Table 10.6 sum-
marizes the mean and standard deviation (SD) of left
pupil mean diameter for C1-C4 under daytime and
nighttime conditions. During daytime, the original
design (C1) had a mean pupil diameter of 3.7336 mm
(SD = 0.9078), while doubling-up (C2), LEDs (C3),
and beacon (C4) showed similar mean values around
3.6-3.7 mm with slightly lower variability. This
consistency in the left pupil diameter suggested a
similar level of attention and cognitive load across
countermeasures in daylight conditions. During night-
time, the mean left pupil diameter increased compared
to daytime, with C2 (doubling-up) showing the highest
mean of 4.6579 mm (SD = 1.0022). Also, the relatively
higher standard deviations at nighttime suggested that
individual responses varied more under low-lighting
conditions, potentially due to differing levels of
adjustment to nighttime conditions among participants.
The boxplot of left pupil mean diameter (Figure E.2)
and relevant explanations are in Appendix E.

10.1.2.3.2 Results of ANOVA test. According to
ANOVA test results, both P-values are larger than
0.05 (P-value = 0.8599 and 0.9357, respectively). No
statistically significant differences were identified
between countermeasures and original design regarding
the left pupil mean diameters. Details of ANOVA test
results are listed in Table E.4 in Appendix E.

10.1.2.3.3 Results of Paired t-test. The Paired t-test
results show that there were significant differences in
left pupil mean diameters between daytime and night-
time for all countermeasures (including the original
design), with all P-values less than 0.01. The negative

T-statistics (i.e., -4.9087 for the original design, -7.8887
for doubling-up, -9.267 for LEDs, and -7.1153 for
beacon) indicate that left pupil mean diameters were
consistently larger at nighttime than daytime. The
results highlight a significant effect of time scenarios
on pupil diameters, regardless of the countermeasure.
It indicates that drivers may have different levels of
attention and cognitive workload between different
time scenarios. More details of Paired t-test results are
listed in Table E.5 in Appendix E.

10.1.2.4 Right pupil diameter. Similarly, the results of
the right pupil diameter indicator cover three parts:
descriptive statistics, ANOVA test, and Paired T-test.
The main results are summarized as follows. Detailed
tables and figures are listed in Appendix E.1.1.3.

10.1.2.4.1 Descriptive statistics. Table 10.7 sum-
marizes the mean and standard deviation (SD) of right
pupil mean diameter for C1-C4 under daytime and
nighttime conditions. During the daytime, the original
design (C1) had a mean pupil diameter of 3.6730 mm
(SD = 1.0934), with similar values for doubling-up,
LEDs, and beacon, ranging from 3.5075 to 3.5805 mm,
indicating the consistency of right pupil mean diameters
across countermeasures under daylight scenario. At
nighttime, the right pupil mean diameter increased
for all countermeasures, with LEDs (C3) having the
highest mean of 4.5391 mm (SD = 1.1371), followed
closely by doubling-up and beacon. This increase
reflected the expected physiological response of the
pupils dilating in darkness. Additionally, the higher
standard deviations at nighttime, particularly for
LEDs, suggested that individual variations in pupil
response were greater in low-lighting conditions.
Overall, the data indicates that nighttime conditions
led to larger pupil diameters, while variations across
countermeasures were less obvious. The boxplot of
right pupil mean diameter (Figure E.3) and relevant
explanations are in Appendix E.
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TABLE 10.7

Mean and Standard Deviation (SD) of Right Pupil Mean Diameter (Lane Closure)

Original Design (C1) Doubling-Up (C2) LEDs (C3) Beacon (C4)
Time Scenarios Mean SD Mean SD Mean SD Mean SD
Daytime 3.6730 1.0934 3.5075 0.7278 3.5805 0.7745 3.5106 0.6790
Nighttime 4.2649 0.7867 4.4439 0.8920 4.5391 1.1371 4.4201 0.8777

10.1.2.4.2 Results of ANOVA test. According to
ANOVA test results, both P-values were larger than
0.05 (P-value = 0.2777 and 0.4756, respectively). No
statistically significant differences were identified
between countermeasures and the original design
regarding the left pupil mean diameters. The results
are consistent with the results of the left pupil mean
diameter indicator. Tukey’s HSD test is not needed for
this indicator. Details of ANOVA test results are listed
in Table E.5 in Appendix E.

10.1.2.4.3 Results of Paired t-test. The results
show that there were significant differences in the right
pupil mean diameters between daytime and nighttime
for all countermeasures (including the original design),
with all P-values less than 0.01. The negative T-statistics
indicated that the right pupil mean diameters were
consistently larger at nighttime than at daytime. The
results highlight a significant effect of time scenarios on
pupil diameters, regardless of the countermeasure,
which is consistent with the results of left pupil mean
diameter. Drivers have different levels of attention and
cognitive workload between different time scenarios.
Details of Paired t-test results are listed in Table E.7 in
Appendix E.

10.1.3 Driving Performance

Regarding the results of driving performance data,
four indicators introduced in Table 9.3 were discussed:
mean speed, speed reduction, acceleration, and lateral
position.

10.1.3.1 Mean speed. Figure 10.4 shows the
relationship between vehicle speed and distance
during daytime and nighttime. In the figure, vehicle
speed data was plotted across distance (in feet) for the
original design and three countermeasures (doub-
ling-up, LEDs, and beacon). Key reference points
along the route, such as the location of the traffic
sign applying different countermeasures and the last
drum location, were marked by dashed lines. The figure
provides insight into the variations in vehicle speed in
response to each countermeasure under the lane closure
experiment.

During the daytime (Figure 10.4a), vehicle speed
gradually decreased as vehicles approached the traffic
sign location, marked by the first dashed line. A slight
speed increase was observed as vehicles approached
the countermeasure sign location, marked by the red

dashed line. The vehicle speed exhibited a similar trend
for all countermeasures. In the approach zone (between
the first dashed line and the red dashed line), beacon
(C4) resulted in the lowest speed, followed by LEDs,
doubling-up, and the original condition. In the work
zone area (between the third and fourth dashed lines),
all speed lines initially showed a decrease, followed by
an increase. Specifically, doubling-up (C2) demon-
strated obvious speed variation. LEDs (C3) and the
original design (C1) exhibited similar and moderate
speed variations, while beacon (C4) showed higher
vehicle speeds with lower speed variation compared to
the others. During the nighttime (Figure 10.4b), in the
approach zone (between the first dashed line and the
red dashed line), all countermeasures resulted in a
similar speed decrease with a consistent reduction
ratio, suggesting that all countermeasures influenced
driver performance. In the work zone area (between the
third and fourth dashed lines), most lines showed a
trend of initial speed decrease followed by an increase,
except for LEDs, which displayed a continuous speed
increase.

Then, the main results of descriptive analysis,
ANOVA test, and Paired t-test related to the mean
speed were introduced in the following subsections.
Detailed tables and figures are listed in Appendix
E.1.2.1.

10.1.3.1.1 Descriptive statistics. Table 10.8 shows
the vehicle speed data for the original design (C1) and
three countermeasures (doubling-up (C2), LEDs (C3),
and beacon (C4)) under daytime and nighttime condi-
tions. It shows that mean speeds were fairly consistent
across all countermeasures, with small differences
between daytime and nighttime conditions, suggesting
that drivers generally maintained similar speeds regard-
less of time scenarios. However, beacon (C4) showed
slightly higher variability, particularly during day-
time, as indicated by a wider spread in vehicle speed
and a higher standard deviation (SD = 10.5104).
The table also reveals that beacon (C4) has the highest
mean speed during daytime (44.0581 mph) compared
to the other countermeasures, suggesting a possible
influence of this countermeasure on speed variabi-
lity. Overall, these results indicate that while time
scenarios had a limited impact on vehicle speed, beacon
(C4) may contribute to greater variability in speed,
particularly during daytime. The boxplot of mean
speed (Figure E.4) and relevant explanations are in
Appendix E.
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Figure 10.4 Relationship between vehicle speed and distance (lane closure) during the daytime and nighttime.

TABLE 10.8

Mean and Standard Deviation (SD) of Vehicle Speed (Lane Closure)

Original Design (C1) Doubling-up (C2) LEDs (C3) Beacon (C4)
Time Scenarios Mean SD Mean SD Mean SD Mean SD
Daytime 42.8471 8.1264 42.0617 6.3294 42.9939 7.5791 44.0581 10.5104
Nighttime 42.7492 7.8144 43.4328 8.9015 43.6024 7.4397 43.0593 8.0535
10.1.3.1.2 Results of ANOVA test. As both (including the original design) regarding the mean

P-values were larger than 0.05 (P-value = 0.8145
and 0.9749, respectively), no statistically significant
differences were identified between countermeasures

speed. Thus, there was no evidence to support that
any countermeasures contributed to better driving
performance measured by mean speed. Details of
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Figure 10.5 Relationship between vehicle acceleration and distance (lane closure) during daytime and nighttime.

ANOVA test results are listed
Appendix E.

in Table E.8 in

10.1.3.1.3 Results of Paired t-test. There were no
significant differences in mean speed between daytime
and nighttime for all countermeasures (including the
original design), with all P-values larger than 0.05.
The result suggested that drivers maintained a consis-
tent speed regardless of the time scenarios for these
countermeasures. Details of Paired t-test results are
listed in Table E.9 in Appendix E.

10.1.3.2 Speed reduction. For speed reduction, the
results cover three parts: descriptive statistics, ANOVA
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test, and Paired T-test. Main results are summarized
as follows. Detailed tables and figures are listed in
Appendix E.1.2.2.

10.1.3.2.1 Descriptive statistics. Table 10.9 shows
the speed reduction data for the original design (C1)
and three countermeasures (doubling-up (C2), LEDs
(C3), and beacon (C4)) under both daytime and
nighttime conditions. It indicates that the mean speed
reductions for nighttime were consistently lower across
the countermeasures, such as -2.7993 mph for the
original design (Cl) and -2.5385 mph for doubling-
up (C2). Among the countermeasures, doubling-up
(C2) and LEDs (C3) showed the largest reductions
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TABLE 10.9

Mean and Standard Deviation (SD) of Speed Reduction (Lane Closure)

Original Design (C1) Doubling-up (C2) LEDs (C3) Beacon (C4)
Time Scenarios Mean SD Mean SD Mean SD Mean SD
Daytime -0.1378 5.0789 -1.4956 5.3071 -1.7215 4.9261 -0.7861 5.2411
Nighttime -2.7993 6.3060 -2.5385 4.6684 -2.1312 4.9954 -1.1777 3.9971
TABLE 10.10
Mean and Standard Deviation (SD) of Vehicle Acceleration (Lane Closure)

Original Design (C1) Doubling-up (C2) LEDs (C3) Beacon (C4)
Time Scenarios Mean SD Mean SD Mean SD Mean SD
Daytime 0.0504 0.0580 0.0429 0.0663 0.0519 0.0463 0.0538 0.0643
Nighttime 0.0314 0.0507 0.026 0.0598 0.0464 0.0442 0.0453 0.0440

in both conditions, especially at night, while beacon
(C4) exhibited the least reduction overall. These
results indicate that drivers tended to reduce their
speed more at night, with doubling-up (C2) and LEDs
(C3) being more effective compared to the original
design (C1) and beacon (C4). The boxplot of speed
reduction (Figure E.5) and relevant explanations are in
Appendix E.

10.1.3.2.2 Results of ANOVA test. As both
P-values were larger than 0.05 (P-value = 0.5996 and
0.5959, respectively), no statistically significant differ-
ences were observed between countermeasures consid-
ering the speed reduction during both daytime and
nighttime. It indicates that even though the descriptive
statistics show that there were differences in speed
reduction performances among countermeasures, no
statistical evidence supports that any countermeasure
was more effective in speed reduction. Details of
ANOVA test results are listed in Table E.10 in
Appendix E.

10.1.3.2.3 Results of Paired T-test. As all P-values
were above 0.05, no significant differences in speed
reduction between the two-time scenarios were identi-
fied for these countermeasures. Overall, the results
suggest that the time scenarios do not significantly
impact speed reduction. Details of Paired t-test results
are listed in Table E.11 in Appendix E.

10.1.3.3 Mean acceleration. Figure 10.5 illustrates the
relationship between vehicle acceleration and distance
for lane closure experiments. The acceleration data is
plotted across distance (in feet) for the original design
and three countermeasures, similar to Figure 10.4 for
the vehicle speed. Key reference points along the route,
such as the location of the countermeasure sign and the
last drum location, were marked by dashed lines.

During daytime, vehicle acceleration trends show
that beacon (C4) resulted in the highest increase

acceleration in the approach zone (between the first
and red dashed lines), followed by LEDs (C3),
doubling-up (C2), and the original design (Cl),
indicating more cautious when driving with beacon.
Beacon (C4) produced a noticeable peak in acceleration
shortly after the countermeasure sign location, suggest-
ing a sudden adjustment in speed possibly due to
increased drivers’ attention. In the work zone (between
the third and fourth dashed lines), all countermeasures
exhibited an initial deceleration followed by accelera-
tion, with doubling-up (C2) showing the most varia-
tion, while LEDs (C3) and the original design (Cl)
maintained moderate and consistent patterns. At
nighttime, acceleration trends were similar, with all
countermeasures showing consistent acceleration in the
approach zone. In the work zone area, most counter-
measures showed a deceleration-acceleration trend.
All countermeasures showed some convergences in
acceleration levels, while LEDs (C3) and beacon (C4)
continued to exhibit slightly higher variability.

Then, the main results of descriptive analysis,
ANOVA test, and Paired t-test related to the mean
acceleration were introduced in the following subsec-
tions. Detailed tables and figures are listed in Appendix
E.1.2.3.

10.1.3.3.1 Descriptive statistics. Table 10.10 pro-
vides the mean and standard deviation (SD) for each
condition, showing slightly higher mean accelerations
during daytime for most countermeasures. The accel-
erations between countermeasures were small (i.e., all
mean values were between 0.04-0.07). The boxplot of
mean acceleration (Figure E.6) and relevant explana-
tions are in Appendix E.

10.1.3.3.2 Results of ANOVA test. According to
ANOVA test results, no statistically significant differ-
ences were identified between countermeasures con-
sidering the mean acceleration during both daytime
and nighttime, with both P-values larger than 0.05
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(P-value = 0.8961 and 0.2725, respectively). It indicates
that even though the descriptive statistics show that
there were differences in acceleration performances
among countermeasures, no statistical evidence sup-
ports that any countermeasure was more effective in
influencing mean acceleration. Details of ANOVA test
results are listed in Table E.12 in Appendix E.

10.1.3.3.3 Results of Paired T-test. The Paired
t-test results indicate that no significant differences in
mean acceleration between the two-time scenarios were
identified for these countermeasures, as all P-values
were above 0.05. Overall, the results suggest that the
time scenarios do not significantly impact drivers’ mean
acceleration performance. Details of Paired t-test
results are listed in Table E.13 in Appendix E.

10.1.3.4 Lateral position. Figure 10.6 illustrates the
relationship between vehicle lateral position and
distance under the lane closure experiment. Lateral

position data was plotted across distance (in feet) for the
original design and three countermeasures: doubling-up,
LEDs, and beacon. The left and right lanes were
indicated, with a yellow dashed line marking the
boundary between them. Key reference points,
including the location of the countermeasure sign
and the last drum location, were marked by dashed
lines.

During the daytime, all lines demonstrated a gradual
shift toward the left lane before reaching the counter-
measure sign location. Notably, doubling-up (C2)
showed a slightly earlier lateral shift compared to the
other countermeasures. In the work zone area, all lines
followed a similar pattern, suggesting that the counter-
measures did not affect drivers’ lateral positioning
performance. At nighttime, a similar trend was
observed, with all countermeasures leading to a gradual
shift toward the left lane. However, the differences
between countermeasures were less pronounced com-
pared to the daytime. Doubling-up (C2) and LEDs (C3)
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Figure 10.6 The relationship between lateral position and distance (lane closure) during daytime and nighttime.

44 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2025/11



TABLE 10.11

Mean and Standard Deviation (SD) of Vehicle Lateral Position (Lane Closure)

Original Design (C1) Doubling-up (C2) LEDs (C3) Beacon (C4)
Time Scenarios Mean SD Mean SD Mean SD Mean SD
Daytime 17.8646 1.5853 18.1398 1.6275 17.9334 1.4548 17.8579 1.8105
Nighttime 18.1549 1.5821 18.2360 1.5412 18.3050 1.4520 18.1672 1.6125

exhibited nearly identical patterns, indicating a com-
parable influence on lane positioning at night. By the
last drum location, all conditions converged to a similar
lateral position, reflecting a consistent driver response
across all countermeasures.

Then, the main results of descriptive analysis,
ANOVA test, and Paired t-test related to the lateral
position were introduced in the following subsections.
Detailed tables and figures are listed in Appendix
E.1.2.4.

10.1.3.4.1 Descriptive statistics. Table 10.11 shows
that the mean lateral position values were slightly
higher at nighttime across the original design and three
countermeasures, indicating that vehicles tended to be
positioned slightly farther from the right lane edge at
night. Standard deviations were relatively consistent
between day and night, suggesting similar variability
in vehicle positioning. The boxplot of lateral posi-
tion (Figure E.7) and relevant explanations are in
Appendix E.

10.1.3.4.2 Results of ANOVA test. According to
ANOVA test results, no statistically significant differences
were identified between countermeasures considering the
lateral position during both daytime and nighttime, with
both P-values larger than 0.05. It indicates that even
though the descriptive statistics show some potential
differences in lateral position performances among
countermeasures, no statistical evidence supports that
any countermeasure was more effective in influencing the
lateral position indicator. Details of ANOVA test results
are listed in Table E.14 in Appendix E.

10.1.3.4.3 Results of Paired T-test. The Paired
t-test results shown in Table 10.26 indicate that no
significant differences in lateral position between the
two-time scenarios were identified for these counter-
measures, as all P-values were above 0.05. Overall, the
results suggest that the time scenarios do not signifi-
cantly impact drivers’ lateral position performance.
Details of Paired t-test results are listed in Table E.15 in
Appendix E.

10.1.4 Synchronized Data

Regarding the results of synchronized data, five
indicators introduced in Table 9.4 were discussed:
first-fixation distance to countermeasure, gas pedal
variation, steering variation, speed variation, and
lateral position variation.

10.1.4.1 First-fixation distance to countermeasure.
The results of the first-fixation distance to counter-
measure indicator cover four parts: descriptive statis-
tics, ANOVA test, Tukey’s HSD test, and Paired t-test.
Main results are summarized as follows. Detailed tables
and figures are listed in Appendix E.1.3.1.

10.1.4.1.1 Description statistics. Table 10.12 sum-
marizes the mean and standard deviation (SD) of the
first-fixation distance to countermeasure under daytime
and nighttime scenarios. During daytime, LEDs (C3)
had the highest mean first-fixation distance at 626.673
feet (SD = 174.572), followed by beacon (C4) at 576.77
feet (SD = 191.908). Doubling-up (C2) achieved a
mean distance of 531.836 feet (SD = 215.292), while the
original design (C1) showed the lowest mean distance of
463.135 feet (SD = 184.284). At nighttime, beacon (C4)
demonstrated the highest mean first-fixation distance at
649.244 feet (SD = 211.481), indicating its effectiveness
under low-light conditions. LEDs (C3) followed closely
with a mean of 616.967 feet (SD = 187.455), while
doubling-up (C2) achieved a mean of 537.314 feet
(SD = 205.226). The original design (C1) still exhibited
the least visibility, with a mean distance of 464.414 feet
(SD = 150.493). The boxplot of the first-fixation
distance to countermeasure (Figure E.8) and relevant
explanations are in Appendix E.

10.1.4.1.2 Results of ANOV A test. According to
ANOVA test, during both daytime and nighttime, sta-
tistically significant differences were identified between
the countermeasures (P-value = 0.03 and 0.013,
respectively). The result shows that some counter-
measures were more effective than others in attracting
drivers’ attention at longer distances. Details of
ANOVA test results are listed in Table E.16 in
Appendix E.

10.1.4.1.3 Results of Tukey’s HSD test. According
to the Tukey’s HSD test, during the daytime, a
statistically significant difference was observed between
the original design (C1) and LEDs (C3), with a P-value
of 0.021. The mean difference was 163.538 feet,
indicating that LEDs (C3) attracted drivers’ attention
more effectively than the original design (C1) under
daytime conditions. No other significant differences
were identified between the countermeasures during the
daytime. During the nighttime, there were significant
differences between LEDs (C3) and the original design
(C1) as well as between beacon (C4) and the original
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TABLE 10.12

Mean and Standard Deviation (SD) of First-Fixation Distance to Countermeasure (Lane Closure)

Time Original Design (C1) Doubling-up (C2) LEDs (C3) Beacon (C4)
Scenarios Mean SD Mean Mean SD Mean SD
Daytime 463.135 184.284 531.836 215.292 626.673 174.572 576.77 191.908
Nighttime 464.414 150.493 537.314 205.226 616.967 187.455 649.244 211.481
TABLE 10.13
Mean and Standard Deviation (SD) of Gas Pedal Variation (Lane Closure)

Original Design (C1) Doubling-up (C2) LEDs (C3) Beacon (C4)
Time Scenarios Mean SD Mean SD Mean SD Mean SD
Daytime -0.029 0.122 0.006 0.052 0.018 0.056 -0.017 0.085
Nighttime -0.003 0.045 -0.023 0.036 0.018 0.056 -0.011 0.106

design (Cl). The P-values were 0.044 and 0.015,
respectively, with mean differences of 152.553 feet for
LEDs (C3) and 184.830 feet for Beacon (C4) compared
with the original design (C1). The results indicate that
both LEDs (C3) and beacon (C4) could attract drivers’
attention better at night than the original design (C1).
Opverall, the findings highlight the better performance of
LEDs (C3) in attracting drivers’ attention during both
daytime and nighttime. Beacon (C4) is also more
effective in the perception stage than the original design
(Cl1) at nighttime. More details of Tukey’s HSD test
results are listed in Table E.17 in Appendix E.

10.1.4.1.4 Results of Paired T-test. According to
the Paired t-test results, with all P-values larger than
0.05, no statistically significant differences were identi-
fied between daytime and nighttime for each counter-
measure. The countermeasures could attract drivers’
attention at similar distances between daytime and
nighttime. Details of Paired t-test results are listed in
Table E.18 in Appendix E.

10.1.4.2 Gas pedal variation. For gas pedal variation,
the results cover three parts: descriptive statistics,
ANOVA test, and Paired T-test. Main results are
summarized as follows. Detailed tables and figures are
listed in Appendix E.1.3.2.

10.1.4.2.1 Description statistics. Table 10.13 sum-
marizes the mean and standard deviation (SD) of gas
pedal variation under daytime and nighttime scenarios.
During daytime, doubling-up (C2) and LEDs (C3)
exhibited positive mean values (0.006 and 0.018,
respectively), suggesting slight acceleration after seeing
the countermeasures. The original design (Cl) and
beacon (C4) showed negative mean values (-0.029 and
-0.017, respectively), indicating drivers were releasing
the gas pedal (deceleration) after seeing the counter-
measures. The original design (C1) demonstrated the
highest variability (SD = 0.122), while doubling-up
(C2) had the lowest variability (SD = 0.052).

At nighttime, LEDs (C3) maintained a positive mean
value (0.018, SD = 0.056), reflecting consistent slight
acceleration. In contrast, the original design (C1) exhi-
bited near-neutral behavior (-0.003, SD = 0.045), while
doubling-up (C2) and beacon (C4) showed negative
mean values (-0.023, SD = 0.036; -0.011, SD = 0.106,
respectively), indicating deceleration. Figure E.9 in
Appendix E shows the boxplot of gas pedal variation.

10.1.4.2.2 Results of ANOVA test. According to
the results of ANOVA test, during both daytime and
nighttime, no statistically significant differences in gas
pedal variation were observed between the counter-
measures (P-value = 0.208 and 0.286). It indicates that
the first fixation of countermeasures did not signifi-
cantly influence drivers’ gas pedal behaviors. Details
of ANOVA test results are listed in Table E.19 in
Appendix E.

10.1.4.2.3 Results of Paired T-test. According to
the Paired t-test results, with all P-values larger than
0.05, no statistically significant differences were identi-
fied between daytime and nighttime for each counter-
measure. Gas pedal variation remains consistent across
different time scenarios. Details of Paired t-test results
are listed in Table E.20 in Appendix E.

10.1.4.3 Steering variation. For steering variation, the
results cover four parts: descriptive statistics, ANOVA
test, Tukey’s HSD test, and Paired T-test. Main results
are summarized as follows. Detailed tables and figures
are listed in Appendix E.1.3.3.

10.1.4.3.1 Description statistics. Table 10.14 sum-
marizes the mean and standard deviation (SD) of
steering variation under daytime and nighttime scenar-
ios. During daytime, the mean steering variation was
negative for the original design (C1) and doubling-up
(C2) at -0.401° (SD = 0.791) and -0.094° (SD = 0.393),
respectively, suggesting slight rightward steering adjust-
ments after the first fixation on the countermeasures.
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TABLE 10.14

Mean and Standard Deviation (SD) of Steering Variation (Lane Closure)

Original Design (C1) Doubling-up (C2) LEDs (C3) Beacon (C4)
Time Scenarios Mean SD Mean SD Mean SD Mean SD
Daytime -0.401 0.791 -0.094 0.393 0.062 0.463 0.004 0.454
Nighttime -0.035 0.278 0.113 0.641 -0.239 0.785 0.038 0.399

LEDs (C3) and beacon (C4) showed positive mean
values of 0.062° (SD = 0.463) and 0.004° (SD = 0.454),
reflecting minimal leftward adjustments. The original
design (Cl) exhibited the highest variability (SD =
0.791), while beacon (C4) had the lowest variability
(SD = 0.454). At nighttime, doubling-up (C2) had a
positive mean of 0.113° (SD = 0.641), indicating the
leftward adjustment, while LEDs (C3) showed a
negative mean of -0.239° (SD = 0.785), indicating the
rightward adjustment. LEDs (C3) exhibited the highest
variability at nighttime (SD = 0.785), while the original
design (C1) demonstrated the lowest (SD = 0.278).
Figure E.10 in Appendix E shows the boxplot of
steering variation.

10.1.4.3.2 Results of ANOVA test. The results of
the ANOVA test for steering variation show that, during
daytime, a statistically significant difference was
observed between the countermeasures (P-value =
0.026), indicating that some countermeasures influenced
steering behavior more than others. However, during
nighttime, no significant differences were identified (P-
value = 0.218), suggesting consistent steering behavior
variation across countermeasures. Details of ANOVA
test results are listed in Table E.21 in Appendix E.

10.1.4.3.3 Results of Tukey’s HSD test. According
to the results of Tukey’s HSD test, during the daytime,
a statistically significant difference was observed
between the original design (C1) and LEDs (C3), with
a P-value of 0.022 and a mean difference of 0.463.
It indicates that LEDs (C3) had a greater impact on
steering variation compared to the original design (C1).
No other significant differences were identified during
the daytime scenario. The findings suggest that LEDs
(C3) were more effective in influencing drivers’ steering
behaviors (more leftward steering adjustments) after
they first fixated on it during daytime. For nighttime
scenario, no significant differences were identified,
which is consistent with the ANVOA results. More
details of Tukey’s HSD test results are listed in Table
E.22 in Appendix E.

10.1.4.3.4 Results of Paired T-test. According to
the Paired t-test results, all P-values were larger than
0.05. Thus, no statistically significant differences were
identified. The results suggest that steering variation
remains consistent across different time scenarios for
all countermeasures. Details of Paired t-test results are
listed in Table E.23 in Appendix E.

10.1.4.4 Speed variation. For speed variation, the
results cover three parts: descriptive statistics, ANOVA
test, and Paired T-test. Main results are summarized
as follows. Detailed tables and figures are listed in
Appendix E.1.3.4.

10.1.4.4.1 Description statistics. Table 10.15 sum-
marizes the mean and standard deviation (SD) of speed
variation under daytime and nighttime scenarios.
During daytime, all countermeasures exhibited negative
mean speed variations, indicating deceleration after the
first fixation location of countermeasures. LEDs (C3)
showed the most deceleration with a mean speed
variation of -0.519 mph (SD = 1.140), followed by
beacon (C4) of -0.327 mph (SD = 1.381). The original
design (C1) and doubling-up (C2) showed less decelera-
tion with mean variations of -0.201 mph (SD = 1.009)
and -0.204 mph (SD = 1.094), respectively. At night,
doubling-up (C2) showed the lowest negative variation
of -0.026 mph (SD = 1.900). LEDs (C3) showed a
moderate negative variation of -0.162 mph (SD =
1.509), while beacon (C4) and the original design (C1)
had greater deceleration with mean variations of -0.427
mph (SD = 1.174) and -0.482 mph (SD = 1.359),
respectively. Figure E.11 in Appendix E shows the
boxplot of speed variation.

10.1.4.4.2 Results of ANOV A test. The results of
the ANOVA test show that, during both daytime and
nighttime scenarios, no statistically significant differ-
ences in speed variation were observed between the
countermeasures (P-value = 0.763 and 0.764, respec-
tively). The results indicate that countermeasures did not
significantly influence drivers speed variations before
and after the first fixation location. Details of ANOVA
test results are listed in Table E.24 in Appendix E.

10.1.4.4.3 Results of Paired T-test. The Paired
t-test results for speed variation across countermeasures
between daytime and nighttime scenarios show that all
P-values were larger than 0.05. Thus, no statistically
significant differences were identified. The results
suggest that speed variation remains consistent across
different time scenarios for all countermeasures. Details
of Paired t-test results are listed in Table E.25 in
Appendix E.

10.1.4.5 Lateral position variation. For lateral
position variation, the results cover three parts:
descriptive statistics, ANOVA test, and Paired T-test.
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TABLE 10.15

Mean and Standard Deviation (SD) of Speed Variation (Lane Closure)

Original Design (C1) Doubling-up (C2) LEDs (C3) Beacon (C4)
Time Scenarios Mean SD Mean SD Mean SD Mean SD
Daytime -0.201 1.009 -0.204 1.094 -0.519 1.14 -0.327 1.381
Nighttime -0.482 1.359 -0.026 1.9 -0.162 1.509 -0.427 1.174

Main results are summarized as follows. Detailed tables
and figures are listed in Appendix E.1.3.5.

10.1.4.5.1 Description statistics. Table 10.16 sum-
marizes the mean and standard deviation (SD) of
lateral position variation under daytime and nighttime
scenarios. During daytime, the original design (Cl)
demonstrated the highest mean lateral position varia-
tion of 0.947 feet (SD = 1.356), followed by LEDs (C3)
with a mean variation of 0.718 feet (SD = 1.367).
Beacon (C4) and doubling-up (C2) exhibited smaller
mean lateral position variations of 0.647 feet (SD =
0.962) and 0.422 feet (SD = 0.759), reflecting more
stable lane-keeping behavior and a tendency to move
closer to the left lane. At night, LEDs (C3) exhibited
the highest mean lateral position variation of 1.03 feet
(SD = 1.487), followed by beacon (C4) and the original
design (C1) (0.906 feet (SD = 1.076) and 0.837 feet
(SD = 1.011), respectively). Doubling-up (C2) demon-
strated the smallest mean variation of 0.389 feet (SD =
0.984). Figure E.12 in Appendix E shows the boxplot of
lateral position variation.

10.1.4.5.2 Results of ANOV A test. The results of
the ANOVA test for lateral position variation in the
lane closure experiment show that, during both daytime
and nighttime, no statistically significant differences in
lateral position variation were observed between the
countermeasures (P-value = 0.567 and 0.468), indicat-
ing similar lateral positioning behavior across all
countermeasures. The results indicate that counter-
measures did not significantly influence drivers’ lateral
position variations before and after the first fixation
location. Details of ANOVA test results are listed in
Table E.26 in Appendix E.

10.1.4.5.3 Results of Paired T-test. With all
P-values larger than 0.05, no statistically significant
differences were identified through the Paired t-test
results for lateral position variation across counter-
measures between daytime and nighttime scenarios.
The results suggest that lateral position variation
remains consistent across different time scenarios for
all countermeasures. Details of Paired t-test results are
listed in Table E.27 in Appendix E.

10.1.5 Self-Evaluation

Regarding the results of self-evaluation data from
post-survey, the main results of descriptive analysis,
ANOVA test, and Tukey’s HSD test are discussed

as follows. Detailed tables and figures are listed in
Appendix E.1.4.

10.1.5.1 Descriptive statistics. Table 10.17 summari-
zes the participants’ subjective evaluations of three
countermeasures—doubling-up (C2), LEDs (C3), and
beacons (C4)—based on a post-survey conducted after
the driving simulation experiment.

The results indicate that beacons consistently
achieved the highest average selection percentage
(79.69%), followed by LEDs (71.88%) and doubling-
up (30.73%). Specifically, beacons showed obvious
better results in questions related to attention (Q?2),
awareness of the work zone (Q4), and improving
driving behavior (Q6). LEDs showed better perfor-
mance in questions about attracting attention (Q2) and
awareness (Q4), while doubling-up received lower
selection percentages across all questions. All results
are based on participants’ self-evaluation and perceived
effectiveness instead of their real performance. More
details are summarized as follows.

® QIl: Beacons had the highest percentage (84.38%) for
being noticed, with LEDs also performing well (75.00%).

® (Q2: Beacons and LEDs equally attracted participants’
attention (81.25% each), which was better than doubling-
up (15.63%).

® Q3: LEDs (59.38%) and beacons (71.88%) helped
participants understand the sign more quickly, while
doubling-up (12.50%) showed limited effectiveness in this
regard.

® Q4: Beacons and LEDs were rated as more effective
(81.25%) in making participants more aware of the work
zone.

® Q5 and Q6: Beacons consistently received high evalua-
tion scores, indicating its effectiveness in helping
participants make better decisions and improve driving
behavior.

10.1.5.2 Results of ANOVA test. The results of
ANOVA test show that there was a statistically signif-
icant difference between the three countermeasures
regarding the self-evaluation selection percentage, with
P-value smaller than 0.01. Further analysis could
identify which specific countermeasure differs in
perceived effectiveness. Details of ANOVA test results
are listed in Table E.28 in Appendix E.

10.1.5.3 Results of Tukey’s HSD test. Tukey’s HSD
post-hoc test was performed to compare the parti-
cipants’ self-evaluation between each pair of counter-
measures. The results show that there was a significant
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TABLE 10.16

Mean and Standard Deviation (SD) of Lateral Position Variation (Lane Closure)

Original Design (C1) Doubling-up (C2) LEDs (C3) Beacon (C4)
Time Scenarios Mean SD Mean SD Mean SD Mean SD
Daytime 0.947 1.356 0.422 0.759 0.718 1.367 0.647 0.962
Nighttime 0.837 1.011 0.389 0.984 1.03 1.487 0.906 1.076
TABLE 10.17
Results of Selection Percentages Based on the Post-Survey (Lane Closure)

Countermeasures

Questions Doubling-up (%) LEDs (%) Beacon (%)
Q1 40.63 75.00 84.38
Q2 15.63 75.00 81.25
Q3 12.50 59.38 71.88
Q4 40.63 81.25 81.25
Q5 40.63 71.88 78.13
Q6 34.38 68.75 81.25
Average value 30.73 71.88 79.69

difference between beacon and doubling-up (P-value <
0.01), with the negative mean difference value showing
that beacon was rated as more effective than doubling-
up by the participants. Also, a significant difference
between LEDs and doubling-up was identified (P-value
< 0.01). The positive mean difference supports that
LEDs was more effective than doubling-up according
to self-evaluation of drivers. In contrast, beacon and
LEDs did not show significant differences. More details
of Tukey’s HSD test results are listed in Table E.29 in
Appendix E.

10.1.6 Comprehensive Analysis Results and Discussions

The comprehensive analysis of the lane closure
experiment reveals insights into the effectiveness of
three countermeasures (doubling-up, LEDs, and bea-
con) and the original design considering various aspects
and indicators, including eye movement, driving
performance, synchronized data, and subjective evalua-
tions. Table 10.18 summarizes the results of statistical
hypothesis tests covering all indicators. Figure 10.7
shows the findings across three stages of human
information processing and considering self-evaluation.

According to the ANOVA tests, three counter-
measures and one original design showed significant
differences in fixation number, first-fixation distance to
countermeasure, fixation duration, steering variation,
and self-evaluation, covering all three stages of human
information processing and combining objective and
subjective data.

® For fixation number, LEDs (C3) countermeasure was
more effective in attracting drivers’ attention than
doubling-up (C2) countermeasure during daytime and
nighttime as well as the original design (Cl) during

nighttime. Therefore, LEDs countermeasure is more
effective in attracting attention in the perception stage.

® Regarding first-fixation distance to countermeasure,
LEDs (C3) can be seen at a significantly longer distance
than the original design during daytime with a mean
difference of 164 feet. During nighttime, both LEDs
(C3) and beacon (C4) had significantly longer first-
fixation distance to countermeasure than the original
design, with mean differences of 153 feet for LEDs (C3)
and 185 feet for Beacon (C4). Therefore, the LEDs (C3)
countermeasure can attract drivers’ attention -early
during both daytime and nighttime, and beacon (C4)
countermeasure can also attract drivers’ attention early
at night.

® As for fixation duration, LEDs (C3) countermeasure
was also the more effective one in maintaining drivers’
cognitive workload and focus during daytime than
doubling-up (C2) countermeasure and during night-
time than both doubling-up (C2) and the original
design (C1). Beacon (C4) countermeasure could also be
considered during daytime, which has significantly
larger fixation duration than doubling-up (C2) counter-
measure.

® Steering variation is the only indicator related to
drivers’ action stage that shows significant results.
LEDs (C3) countermeasure was more effective in
influencing drivers’ steering behaviors than the original
design (Cl). After the first fixation on LEDs (C3)
countermeasure, drivers used the steering to move
vehicles more to the left as there was a lane closure
work zone on the right lane.

® Based on drivers’ self-evaluation using subjective data,
LEDs (C3) countermeasure and beacon (C4) counter-
measure showed significantly better average performance
than doubling-up (C2) countermeasure.

Therefore, the results show that LEDs counter-
measure is the most effective one in attracting drivers’
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TABLE 10.18
Summary of Statistical Hypothesis Tests Results (Lane Closure)

Category Indicators Meanings

ANOVA Test on
Countermeasures

Paired T-Test on
Time Scenarios

Drivers’ Fixation Number

perception better countermeasure
First-fixation Distance

to Countermeasure

More fixations — higher level of attention —

Higher value — the driver could see the
countermeasure at a longer distance (more

J (both daytime and X
nighttime)

J (both daytime and X
nighttime)

effective in attracting the driver’s attention)

Drivers’ Fixation Duration
cognition

better countermeasure

Left Pupil Diameter'

Right Pupil Diameter!

Longer duration — higher mental/cognitive
workload — greater concern and focus —

J (both daytime and X
nighttime)

Larger — higher level of attention and mental X J
workload — more attention, concern, and X J

focus — better countermeasure

Driving
performance
(Drivers’
action)

Mean Speed

driving performance
Speed Reduction

Lower mean speed (average driving speed X X
across the entire road section) — better

Higher value of speed reduction (speed of sign X X

with countermeasures minus speed of the
speeding penalty sign) — better driving

performance
Mean Acceleration

Lower mean acceleration (average acceleration X X

during the entire road section) — better
speed control and better driving

performance
Lateral Position

Higher lateral position (distance from the X X

center of the vehicle to the right lane edge
line) — the driver changes lanes earlier and
has better driving performance

Gas Pedal Variation

Negative value — the driver is releasing the gas x x

pedal (deceleration); Higher absolute value
— greater gas pedal behavior variation
before and after the driver’s first fixation on

the countermeasure
Steering Variation

Negative value — the driver is turning the

J (daytime only) X

steering wheel to the right (moving closer to
the right lane); Higher absolute value —
greater variation in steering behavior

Speed Variation

Negative value — the driver is decelerating; X X

A higher absolute value — greater speed

variation

Lateral Position Variation Negative value — the vehicle is moving closer X x
to the right lane; Higher absolute value —
greater variation in the lateral position

Self-evaluation Average Selection

Percentage countermeasure

Higher average percentage — better J _

Note: | = significant difference; x = non-significant difference; — = did not examine the impacts.

"The indicator covers both perception and cognition stages.

attention (perception stage), maintaining drivers’ cog-
nitive workload and focus (cognition stage), as well as
improving drivers’ steering behaviors (action stage).
The significant impacts of LEDs countermeasure in
the perception and cognition stage cover both daytime
and nighttime, while it has significant influences in the
action stage during daytime only. Then, beacon
countermeasure is also an effective choice that can
attract drivers’ attention early at night and maintain
drivers’ cognitive workload and focus during daytime.
The results based on objective data are also consistent

with drivers’ self-evaluation results using subjective
data.

In addition, the Paired t-test results showed that time
scenarios had significant impacts on pupil diameters
(both left and right mean values). The left and right
pupil diameters were significantly larger during night-
time than daytime, mainly indicating drivers’ different
responses to time scenarios (with major differences in
lighting conditions) and potentially more cautious and
focused driving during nighttime (low-lighting condi-
tions).
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Figure 10.7 Summary of findings in lane closure experiment.

10.2 Shoulder Work Experiment

10.2.1 Participants

A total of thirty-two participants were recruited
for the shoulder work experiment. The demographic
information is summarized in Figure 10.8.

For gender distribution (Figure 10.8a), the sample
had an equal number of males and females (16 each).
All participants held valid Indiana driver’s licenses.
Their ages (Figure 10.8a) ranged from 18 to 83 years,
with a mean age of 47.25 years and a standard
deviation of 18.36 years. The age and gender distribu-
tion of participants also follow the Indiana driver’s
statistics (FHWA, 2023a). For ethnicity distribution
(Figure 10.8b), 69% of participants identified as White,
13% as Black or African American, and 9% each as
Hispanic or Latino and Asian, ensuring the diversity
of participants. For educational distribution (Figure
10.8c), 31% of participants held a master’s degree, 25%
had some college education, and 19% completed high
school, indicating a broad range of educational back-
grounds. Finally, the occupation category distribution
(Figure 10.8d) was also diverse in the sample based on
the occupational category (U.S. Bureau of Labor
Statistics, 2023), with the largest group (7 participants)
being in educational instruction and library roles,
followed by life, physical, and social sciences (6
participants), and other categories. The diversity of
demographic information of participants supports that
the sample could help represent Indiana drivers,
supporting the reliability and validity of the results.

10.2.2 Eye Movement

Similar to the lane closure experiment, four eye
movement indicators (fixation duration, fixation num-
ber, the left pupil diameter, and the right pupil
diameter) and example heatmaps based on eye move-
ment data were discussed. Figure 10.9 presents heat-
maps of one representative participant’s eye movement
patterns during the shoulder work experiment under
daytime and nighttime conditions.
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In the daytime scenario (Figure 10.21a), the heatmap
reveals that the driver’s gaze is primarily focused on the
traffic light area. The regions highlighted in red indicate
longer fixation durations, suggesting that these areas
attract more attention from the driver. This pattern
reflects active visual scanning across key locations in the
driving environment. In the nighttime scenario (Figure
10.21b), the heatmap shows that the same driver’s gaze is
distributed across multiple areas, including the roadway
ahead, and the countermeasure. The countermeasure,
labeled as an Area of Interest (AOI) with a green
rectangle, is also identified as a focal point of attention.
These patterns highlight how changes in time scenarios
(with major differences in lighting conditions) influence
drivers’ attention and interaction with countermeasures.

10.2.2.1 Fixation number. The results of the fixation
number indicator cover four parts: descriptive statistics,
ANOVA test, Tukey’s HSD test, and Paired t-test.
The main results are summarized as follows. Detailed
tables and figures are listed in Appendix E.2.1.1.

10.2.2.1.1 Descriptive statistics. Table 10.19 sum-
marizes the mean and standard deviation (SD) of
fixation number for C1-C4. During daytime, doubling-
up (C2) had the highest mean fixation number (4.2188)
with the greatest variability (SD = 4.0698), while the
original design (C1) had the lowest mean (2.5312, SD =
3.2027). At nighttime, LEDs (C3) exhibited the highest
mean fixation number (5.7188, SD = 5.1758), demon-
strating their strong effectiveness in attracting drivers’
attention under low-light conditions, while doubling-up
(C2) had the lowest number (2.5625, SD = 2.4222). The
original design consistently showed low fixation num-
bers across both time scenarios, indicating limited
attention-capturing ability. The boxplot of fixation
number (Figure E.13) and relevant explanations are
listed in Appendix E.

10.2.2.1.2 Results of ANOVA test. The results
of ANOVA test for the fixation number indicator show
that there were no statistically significant differences
in fixation numbers between countermeasures during
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Figure 10.8 Demographic information for shoulder work experiment.

daytime (P-value = 0.1925). However, during night-
time, significant differences were identified in fixation
numbers for C1-C4 (P-value = 0.0022). It suggests that
some countermeasures are more effective at capturing
drivers’ attention at night. Details of ANOVA test
results are listed in Table E.30 in Appendix E.

10.2.2.1.3 Results of Tukey’s HSD test. According
to the results of Tukey’s HSD test, for daytime

52

scenario, no statistically significant differences were
identified, which is consistent with the ANOVA results.
During nighttime, LEDs (C3) showed significantly
more fixations than the original design (Cl) and
doubling-up (C2) (with P-values < 0.05 and mean
differences of 3.3125 and 3.1562), indicating that LEDs
could attract drivers’ attention better. More details of
Tukey’s HSD test results are listed in Table E.31 in
Appendix E.
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Figure 10.9 Example heatmaps of a representative participant in shoulder work experiment.

TABLE 10.19

Mean and Standard Deviation (SD) of Fixation Number (Shoulder Work)

Original Design (C1) Doubling-up (C2) LEDs (C3) Beacon (C4)
Time Scenarios Mean SD Mean SD Mean SD Mean SD
Daytime 2.5312 3.2027 4.2188 4.0698 3.0312 3.1875 2.7500 2.8737
Nighttime 2.4062 2.9715 2.5625 2.4222 5.7188 5.1758 3.9375 4.1732

10.2.2.1.4 Results of Paired T-test. The Paired
t-test results indicate that only LEDs (C3) showed a
statistically significant difference (P-value = 0.0025),
with higher fixation numbers during nighttime, high-
lighting its enhanced effectiveness in capturing drivers’
attention during a nighttime scenario. For other
countermeasures, no significant differences in fixation
numbers were identified between daytime and nighttime
(P-value > 0.05). Details of Paired t-test results are
listed in Table E.32 in Appendix E.

10.2.2.2 Fixation duration. The results of the fixation
duration indicator also cover four parts: descriptive
statistics, ANOVA test, Tukey’s HSD test, and Paired
T-test. The main results are summarized as follows.
Detailed tables and figures are listed in Appendix E.2.1.2.

10.2.2.2.1 Descriptive statistics. Table 10.20 sum-
marizes the mean and standard deviation (SD) of
fixation durations for C1-C4 under daytime and
nighttime scenarios. During daytime, beacon (C4) had
the highest mean fixation duration (0.2346 seconds)
with the largest variability (SD = 0.3326), while the
original design (C1) had the shortest mean fixation
duration (0.1152 seconds). At nighttime, the LEDs (C3)
recorded the highest mean fixation duration (0.2331
seconds), with moderate variability (SD = 0.1747),
while doubling-up (C2) had the shortest mean duration
(0.1308 seconds). Across both time scenarios, the
fixation duration for the original design (C1) remained
consistently low, suggesting the limited effectiveness of

the original design in capturing driver attention. The
boxplot of fixation number (Figure E.14) and relevant
explanations are listed in Appendix E.

10.2.2.2.2 Results of ANOVA test. The ANOVA
test results for fixation duration show that, during
daytime, no statistically significant differences were
identified among the four countermeasures (P-value
was larger than 0.05). During nighttime, there were
statistically significant differences (P-value = 0.0359),
indicating that at least one countermeasure exhibited a
significantly different mean fixation duration compared
to the others. This suggests that the effectiveness of the
countermeasures in capturing drivers’ attention varies
under a nighttime scenario. Details of ANOVA test
results are listed in Table E.33 in Appendix E.

10.2.2.2.3 Results of Tukey’s HSD test. Tukey’s
HSD test results further identify which countermeasure
contributed to the significant differences. It shows
that during daytime, no significant differences were
observed between all pairs, similar to the results of the
ANOVA test. During nighttime, a statistically signifi-
cant difference between doubling-up (C2) and LEDs
(C3) was identified, with a mean difference of 0.1023 (P-
value = 0.0459). It indicates that LEDs (C3) were more
effective in maintaining drivers’ workload and focus
during nighttime time compared to doubling-up (C2).
No other pairwise comparisons showed significant
differences. More details of Tukey’s HSD test results
are listed in Table E.34 in Appendix E.
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TABLE 10.20

Mean and Standard Deviation (SD) of Fixation Duration (Shoulder Work)

Original Design (C1) Doubling-up (C2) LEDs (C3) Beacon (C4)
Time Scenarios Mean SD Mean SD Mean SD Mean SD
Daytime 0.1152 0.1524 0.1768 0.1734 0.1766 0.1866 0.2346 0.3326
Nighttime 0.1382 0.1531 0.1308 0.1249 0.2331 0.1747 0.1802 0.1636
TABLE 10.21
Mean and Standard Deviation (SD) of the Left Pupil Diameter (Shoulder Work)

Original Design (C1) Doubling-up (C2) LEDs (C3) Beacon (C4)
Time Scenarios Mean SD Mean SD Mean SD Mean SD
Daytime 3.7459 1.1248 3.6490 0.8625 3.6901 0.9092 3.6814 0.9007
Nighttime 4.6147 1.4663 4.4973 1.3030 4.5378 1.3539 4.5294 1.1907

10.2.2.2.4 Results of Paired T-test. The Paired
t-test results indicate that no significant differences in
fixation duration were identified between daytime and
nighttime for all countermeasures, with all P-values
larger than 0.05. It shows the consistent cognitive
performances of countermeasures across daytime and
nighttime scenarios. Details of Paired t-test results are
listed in Table E.35 in Appendix E.

10.2.2.3 Left pupil diameter. The results of the left
pupil diameter indicator cover three parts: descriptive
statistics, ANOVA test, and Paired T-test. The main
results are summarized as follows. Detailed tables and
figures are listed in Appendix E.2.1.3.

10.2.2.3.1 Descriptive statistics. Table 10.21 sum-
marizes the mean and standard deviation (SD) of left
pupil mean diameter for C1-C4. Across all conditions,
nighttime pupil diameters were consistently higher than
daytime, indicating increased pupil dilation under low-
lighting conditions. Also, the variability was greater at
nighttime, as shown by wider interquartile ranges and
more outliers. Among all countermeasures, the night-
time condition for the original design (C1) exhibited
the largest range, suggesting diverse pupil dilation
responses. Then, the table shows that during daytime,
the mean pupil diameter was relatively consistent across
all countermeasures, ranging from 3.649 mm (C2) to
3.7459 mm (Cl1), with low variability (SD < 1.2). At
nighttime, the mean the left pupil diameter increased
substantially compared to daytime, with values ranging
from 4.4973 mm (C2) to 4.6147 mm (C1). The standard
deviations were also higher at nighttime, reflecting
greater inter-individual variability in pupil dilation.
These results underscore the impact of lighting condi-
tions on pupil diameter across different countermea-
sures. The boxplot (Figure E.15) and relevant explana-
tions are listed in Appendix E.

10.2.2.3.2 Results of ANOV A test. According to
the ANOVA test results, no statistically significant

differences in left pupil mean diameter among the
countermeasures were identified (P-values were larger
than 0.05). This result suggests that the counter-
measures had a similar effect on drivers’ left pupil
diameters under both daytime and nighttime scenarios.
Details of ANOVA test results are listed in Table E.36
in Appendix E.

10.2.2.3.3 Results of Paired T-test. The Paired
t-test compared left pupil mean diameter between
daytime and nighttime conditions for CI1-C4. The
t-statistics for all comparisons were strongly negative,
ranging from -7.2776 to -8.6476, with all P-values <
0.01, indicating the statistically significant differences
in left pupil mean diameter between daytime and
nighttime scenarios for all countermeasures. These
results confirmed that pupil dilation was significantly
larger at nighttime compared to daytime, likely due to
the low-lighting conditions at night. The consistency
across all countermeasures suggests that this effect
was not dependent on specific countermeasure design,
instead, it was mainly due to drivers’ physiological
responses to changes in lighting conditions. Details
of Paired t-test results are listed in Table E.37 in
Appendix E.

10.2.2.4 Right pupil diameter. Similarly, the results
of the right pupil diameter indicator cover three parts:
descriptive statistics, ANOVA test, and Paired T-test.
The main results are summarized as follows. Detailed
tables and figures are listed in Appendix E.2.1.4.

10.2.2.4.1 Descriptive statistics. Table 10.22 sum-
marizes the mean and standard deviation (SD) of the
right pupil mean diameter. During daytime, the mean
pupil diameters were relatively uniform, ranging
from 3.5656 mm (C2) to 3.6934 mm (C1), with low
standard deviations (SD < 1.2). At nighttime, the mean
pupil diameters increased. The original design (C1) had
the largest increase of right pupil mean diameter
from daytime to nighttime (daytime: 3.6934 mm,
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TABLE 10.22

Mean and Standard Deviation (SD) of Right Pupil Mean Diameter (Shoulder Work)

Original Design (C1) Doubling-up (C2) LEDs (C3) Beacon (C4)
Time Scenarios Mean SD Mean SD Mean SD Mean SD
Daytime 3.6934 1.1265 3.5656 0.8567 3.6666 0.977 3.6189 0.9548
Nighttime 4.61 1.3519 4.4054 1.1209 4.5235 1.3867 4.5641 1.4201

nighttime: 4.61 mm). Standard deviations were also
higher during nighttime, reflecting increased variabi-
lity in attention and cognitive load levels. The box-
plot (Figure E.16) and explanations are listed in
Appendix E.

10.2.2.4.2 Results of ANOVA test. The ANOVA
test results for the right pupil mean diameter indicate
that no statistically significant differences in right pupil
mean diameters among four countermeasures were
identified (both P-values were larger than 0.05). All
countermeasures had a similar effect on the right pupil
mean diameter during both daytime and nighttime,
reflecting similar levels of attention and cognitive load.
Details of ANOVA test results are listed in Table E.38
in Appendix E.

10.2.2.4.3 Results of Paired T-test. The Paired
t-test results compared to the right pupil mean diameter
between daytime and nighttime conditions for all
countermeasures. The t-statistics for all countermea-
sures are strongly negative, ranging from -7.7875 to
-9.3333, with P-values < 0.01. These results indicate
statistically significant increases in right pupil mean
diameter during nighttime compared to daytime across
all countermeasures, which are consistent with the
results of left pupil mean diameters. This consistent
trend highlighted the substantial effect of reduced
lighting comparing nighttime with daytime on pupil
dilation, regardless of the countermeasure. Details
of Paired t-test results are listed in Table E.39 in
Appendix E.

10.2.3 Driving Performance

Regarding the results of driving performance data,
four indicators introduced in Table 9.3 were discussed:
mean speed, speed reduction, acceleration, and lateral
position.

10.2.3.1 Mean speed. Figure 10.10 shows the
relationship between vehicle speed and distance for
shoulder work under different countermeasures.

During daytime, doubling-up (C2) resulted in the
greatest reduction in vehicle speed, demonstrating its
effectiveness at encouraging drivers to slow down
through the work zone. In contrast, the original design
(Cl) consistently maintained higher vehicle speed,
indicating its limited influence on driving speed.
LEDs (C3) and beacon (C4) showed moderate speed

reductions but were less effective compared to doub-
ling-up. Across all countermeasures, vehicle speed
decreased steadily after encountering the sign with
countermeasures, reached its lowest point near the
middle of the work zone (between the first and last
drum locations), and began to recover near the “End
Road Work sign. At nighttime, speed reductions were
more obvious, reflecting a higher level of driver
responsiveness to countermeasures probably due to
the reduced visibility during nighttime. LEDs (C3) and
beacon (C4) were particularly effective at night, with
speed reductions observed throughout the work zone.
Beacon (C4) achieved the most substantial reduction
in nighttime speeds, followed closely by LEDs (C3),
whereas the original design (C1) resulted in the least
speed reduction.

Then, the main results of descriptive analysis,
ANOVA test, and Paired t-test related to the mean
speed were introduced in the following subsections.
Detailed tables and figures are listed in Appendix
E.2.2.1.

10.2.3.1.1 Descriptive statistics. Table 10.23 pro-
vides the mean and standard deviation (SD) of vehicle
speed. The mean speed during daytime ranged from
59.2486 mph (C2) to 59.9073 mph (C3), with standard
deviations between 4.9922 and 5.9280. At nighttime,
mean speeds slightly increased for most countermea-
sures, ranging from 59.8019 mph (C4) to 60.2319 mph
(Cl). Also, there was a higher variability in vehicle
speed during nighttime according to standard devia-
tions, particularly for LEDs (C3) (SD = 7.3369) and
beacon (C4) (SD = 6.7074). The boxplot (Figure E.17)
and explanations are listed in Appendix E.

10.2.3.1.2 Results of ANOVA test. According to
the ANOVA results for mean speed, both P-values were
larger than 0.05, indicating no statistically significant
differences in mean speed between countermeasures
during both daytime and nighttime scenarios. It sug-
gests that the countermeasures did not have significant
impacts on driving speed under the shoulder work
scenario. Details of ANOVA test results are listed in
Table E.40 in Appendix E.

10.2.3.1.3 Results of Paired T-test. The Paired
t-test compared mean speed between daytime and
nighttime for countermeasures. None of the compar-
isons showed statistically significant differences, with
all P-values exceeding 0.05. Therefore, mean speed
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TABLE 10.23
Mean and Standard Deviation (SD) of Vehicle Speed (Shoulder Work)

—— Beacon

Original Design (C1) Doubling-up (C2) LEDs (C3) Beacon (C4)
Time Scenarios Mean SD Mean SD Mean SD Mean SD
Daytime 59.4517 5.1585 59.2486 5.9280 59.9073 5.9199 59.2649 4.9922
Nighttime 60.2319 5.5282 60.0762 5.6134 59.8939 7.3369 59.8019 6.7074
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Figure 10.10 Relationship between vehicle speed and distance (shoulder work) during daytime and nighttime.
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remained consistent between daytime and nighttime
scenarios, regardless of the countermeasures. Details
of Paired t-test results are listed in Table E.41 in
Appendix E.

10.2.3.2 Speed reduction. For speed reduction, the
results cover three parts: descriptive statistics, ANOVA
test, and Paired T-test. Main results are summarized
as follows. Detailed tables and figures are listed in
Appendix E.2.2.2.

10.2.3.2.1 Descriptive statistics. Table 10.24 sum-
marizes the means and standard deviations (SD)
of vehicle speed reductions. Doubling-up (C2) showed

the largest mean speed reduction during the daytime
(-4.24 mph, SD = 7.92), while Beacons (C4) were most
effective at nighttime (-3.37 mph, SD = 5.53). LEDs
(C3) consistently demonstrated smaller reductions
(-2.43 mph daytime, -2.83 mph nighttime) with mod-
erate variability, and the original design (C1) exhibited
moderate effectiveness (-3.21 mph daytime, -2.85 mph
nighttime) with high variability. These results indicate
that countermeasure performance varies by time of day,
with doubling-up (C2) being most effective in the
daytime and Beacon (C4) performing better at night,
while LEDs (C3) offer limited effectiveness in both
scenarios. The boxplot (Figure E.18) and explanations
are listed in Appendix E.
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Figure 10.11 Relationship between vehicle acceleration and distance (shoulder work) during daytime and nighttime.
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Figure 10.12

10.2.3.2.2 Results of ANOVA test. As both
P-values were larger than 0.05, no significant differ-
ences in speed reductions between countermeasures
during both daytime and nighttime were identified in
the ANOVA test. It suggests that the countermeasures
did not impact drivers’ speed reduction. Details of
ANOVA test results are listed in Table E.42 in
Appendix E.

10.2.3.2.3 Results of Paired T-test. The Paired t-
test results reveal that both doubling-up (C2) and LEDs
(C3) showed significant differences in vehicle speed
reduction between daytime and nighttime scenarios (P-
values were smaller than 0.05). Doubling-up (C2)
exhibited a t-statistic of -2.6599, indicating greater
speed reduction during daytime. Similarly, LEDs (C3)
had a t-statistic of 1.848, suggesting significantly more
speed reduction during nighttime. In contrast, the
original design (Cl) and beacon (C4) showed no
significant differences in speed reduction between time
scenarios, as their P-values were larger than 0.05.
Details of Paired t-test results are listed in Table E.43 in
Appendix E.

Relationship between lateral position and distance (shoulder work) during daytime and nighttime.

10.2.3.3 Mean acceleration. Figure 10.11 shows the
relationship between vehicle acceleration and distance
for shoulder work under different countermeasures.

During daytime, doubling-up (C2) demonstrated
the most consistent and smooth acceleration patterns,
indicating more controlled driving behaviors. LEDs
(C3) and beacons (C4) showed moderate variability,
with occasional acceleration peaks before the first
drum location, while the original design (C1) exhibited
fluctuations, suggesting less predictable speed adjust-
ments by drivers. Acceleration increased steadily after
the last drum location for all countermeasures as
vehicles exited the work zone, with positive peaks near
the End Road Work sign. During nighttime, vehicle
acceleration patterns became more variable across all
countermeasures. Beacon (C4) showed sharper peaks in
acceleration, particularly near the countermeasure sign
and drum locations. In contrast, doubling-up (C2)
continued to promote smoother acceleration patterns,
similar to its daytime behavior.

Then, the main results of descriptive analysis,
ANOVA test, and Paired t-test related to the mean
acceleration were introduced in the following subsec-
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tions. Detailed tables and figures are listed in Appendix
E.2.2.3.

10.2.3.3.1 Descriptive statistics. Table 10.25 pre-
sents the mean and standard deviation (SD) of vehicle
acceleration. For both daytime and nighttime,
Doubling-up (C2) consistently exhibited the highest
mean acceleration (0.0443 for both time periods),
indicating a slightly more pronounced tendency for
drivers to increase acceleration compared to other
countermeasures. However, this measure showed
higher variability during the daytime (SD = 0.0701)
than nighttime (SD = 0.0464). The original design (C1)
and Beacons (C4) had comparable mean accelerations
across both scenarios, with moderate variability. LEDs
(C3) showed the lowest mean accelerations (0.0329
in daytime and 0.0236 at nighttime), suggesting a
tendency for less aggressive driving behavior, though
variability was comparable to other countermeasures.
The boxplot (Figure E.19) and explanations are listed in
Appendix E.

10.2.3.3.2 Results of ANOVA test. According to
the ANOVA test results for mean acceleration, as both
P-values were larger than 0.05, no significant differ-
ences in accelerations between countermeasures during
both daytime and nighttime were identified. It suggests
that the countermeasures did not impact drivers’
acceleration behaviors. Details of ANOVA test results
are listed in Table E.44 in Appendix E.

10.2.3.3.3 Results of Paired T-test. According
to the Paired t-test results comparing the mean
acceleration between daytime and nighttime for
countermeasures, none of the comparisons showed
statistically significant differences, with all P-values
exceeding 0.05. Therefore, drivers’ mean acceleration
remained consistent between daytime and nighttime
scenarios, regardless of the countermeasures. Details

TABLE 10.24

of Paired t-test results are listed in Table E.45 in
Appendix E.

10.2.3.4 Lateral position. Figure 10.12 illustrates
the relationship between vehicle lateral position and
distance for shoulder work under different counter-
measures during daytime (Figure 10.12a) and nighttime
(Figure 10.12b).

During daytime, drivers maintained relatively stable
lateral positions, centered within the right lane across
all countermeasures. Minimal variations were observed
near the countermeasure sign and drum locations, with
slightly larger fluctuations for the original design (Cl1)
compared to the other three countermeasures. During
nighttime, vehicles continued to maintain stability
within the right lane, but slightly larger variations were
observed compared to daytime, particularly near the
drum locations. The original design (C1) showed more
lateral position fluctuations, suggesting less precise
lane-keeping performance under nighttime conditions.
LEDs (C3) and beacon (C4), on the other hand,
exhibited more consistent patterns, indicating the two
countermeasures may help drivers maintain their lane
position more effectively.

Then, the main results of descriptive analysis,
ANOVA test, and Paired t-test related to the lateral
position were introduced in the following subsections.
Detailed tables and figures are listed in Appendix
E.2.2.4.

10.2.3.4.1 Descriptive statistics. Table 10.26 illus-
trates the mean and standard deviation (SD) of lateral
position, indicating slightly higher mean lateral posi-
tions during daytime for all countermeasures. For
example, the original design (C1) has a daytime mean
of 6.6169 feet and a nighttime mean of 6.5298 feet,
showing a small increase during daytime. Similarly,
doubling-up (C2) and beacon (C4) had slight increases
in lateral position during daytime, while for LEDs (C3),
the mean lateral positions were almost the same

Mean and Standard Deviation (SD) of Speed Reduction (Shoulder Work)

Original Design (C1) Doubling-up (C2) LEDs (C3) Beacon (C4)

Time Scenarios Mean SD Mean SD Mean SD Mean SD
Daytime -3.2074 7.4051 -4.2432 7.9185 -2.4326 4.2199 -2.4422 6.7506
Nighttime -2.8510 6.7197 0.1007 6.4792 -2.8297 7.3108 -3.3742 5.5263
TABLE 10.25
Mean and Standard Deviation (SD) of Vehicle Acceleration (Shoulder Work)

Original Design (C1) Doubling-up (C2) LEDs (C3) Beacon (C4)
Time Scenarios Mean SD Mean SD Mean SD Mean SD
Daytime 0.0367 0.0409 0.0443 0.0701 0.0329 0.0701 0.0356 0.0466
Nighttime 0.0316 0.0669 0.0443 0.0464 0.0236 0.0570 0.0277 0.0537
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TABLE 10.26

Mean and Standard Deviation (SD) of Lateral Position (Shoulder Work)

Original Design (C1) Doubling-up (C2) LEDs (C3) Beacon (C4)
Time Scenarios Mean SD Mean SD Mean SD Mean SD
Daytime 6.6169 0.5923 6.5496 0.4848 6.5758 0.5397 6.6204 0.5372
Nighttime 6.5298 0.5898 6.5059 0.4897 6.5742 0.4978 6.5322 0.5929

between daytime and nighttime. The standard devia-
tions show moderate variability within each condition,
with no substantial differences between day and night.
The boxplot (Figure E.20) and explanations are listed in
Appendix E.

10.2.3.4.2 Results of ANOV A test. According to
the ANOVA test results for lateral position, as both
P-values are larger than 0.05, no significant differences
in vehicle lateral position between countermeasures
during both daytime and nighttime were identified.
Thus, countermeasures did not impact drivers’ lane-
keeping/changing behaviors significantly. Details of
ANOVA test results are listed in Table E.46 in
Appendix E.

10.2.3.4.3 Results of Paired T-test. The Paired
t-test results compared vehicle lateral position between
daytime and nighttime for countermeasures. None of
the comparisons showed statistically significant dif-
ferences, with all P-values exceeding 0.05. Therefore,
drivers’ mean accelerations remained consistent
between daytime and nighttime scenarios, regardless
of the countermeasures. Details of Paired t-test results
are listed in Table E.47 in Appendix E.

10.2.4 Synchronized Data

Regarding the results of synchronized data, five
indicators introduced in Table 9.4 were discussed: first-
fixation distance to countermeasure, gas pedal varia-
tion, steering variation, speed variation, and lateral
position variation.

10.2.4.1 First-fixation distance to countermeasure.
The results of the first-fixation distance to countermea-
sure indicator cover four parts: descriptive statistics,
ANOVA test, Tukey’s HSD test, and Paired t-test.
Main results are summarized as follows. Detailed tables
and figures are listed in Appendix E.2.3.1 First-fixation
distance to countermeasure.

10.2.4.1.1 Description statistics. Table 10.27 sum-
marizes the mean and standard deviation (SD) of the
first-fixation distance to countermeasure under daytime
and nighttime scenarios. Beacon (C4) had the mean
first-fixation distance of 1,470.751 feet (SD = 359.648),
indicating superior visibility, closely followed by LEDs
(C3) with a mean of 1,469.998 feet (SD = 473.936).
Doubling-up (C2) achieved a mean of 1,283.401 feet
(SD = 541.235), while the original design (Cl)

demonstrated the lowest visibility with a mean distance
of 1,254.783 feet (SD = 651.158). During nighttime,
LEDs (C3) showed the highest mean first-fixation
distance of 1,253.83 feet (SD = 497.328), followed by
beacon (C4) with a mean of 1,170.594 feet (SD =
607.942). Doubling-up (C2) achieved a mean of 840.93
feet (SD = 495.919), while the original design (Cl)
again exhibited the least visibility, with a mean distance
of 739.213 feet (SD = 445.713). The boxplot (Figure
E.21) is listed in Appendix E.

10.2.4.1.2 Results of ANOVA test. According to
the results of the ANOVA test for the first-fixation
distance to countermeasure indicator, during daytime,
there was no statistically significant difference in first-
fixation distances between the countermeasures (P-
value = 0.291). During nighttime, significant differ-
ences were observed among the countermeasures (P-
value = 0.002), indicating that some countermeasures
could be seen at longer distances than others during
nighttime. Details of ANOVA test results are listed in
Table E.48 in Appendix E.

10.2.4.1.3 Results of Tukey’s HSD test. According
to the results of Tukey’s HSD test for the first-fixation
distance to countermeasure in the shoulder work
experiment, during the daytime scenario, no statistically
significant differences were identified, which is consis-
tent with the ANOVA results. During the nighttime
scenario, significant differences were found between
several pairs. LEDs (C3) had significantly greater
first-fixation distances than the original design (C1)
and doubling-up (C2), with mean differences of
514.617 feet (P-value = 0.007) and 412.9 feet (P-
value = 0.027), respectively. This indicates that LEDs
(C3) attracted drivers’ attention better than the
original design and doubling-up (C2). Beacon (C4)
also had a significantly greater first-fixation distance
compared to the original design (Cl), with a mean
difference of 431.382 feet (P-value = 0.035), suggest-
ing improved attention-capture ability. More details
of Tukey’s HSD test results are listed in Table E.49 in
Appendix E.

10.2.4.1.4 Results of Paired T-test. The Paired t-
test results compared first-fixation distances to counter-
measures C1-C4 between daytime and nighttime
scenarios. The original design (C1) exhibited a sig-
nificant increase in first-fixation distance to counter-
measure during nighttime, with a P-value of 0.007.
Similarly, doubling-up (C2) demonstrated a significant

60 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2025/11


https://1,253.83

TABLE 10.27

Mean and Standard Deviation (SD) of First-Fixation Distance to Countermeasure (Shoulder Work)

Original Design (C1) Doubling-up (C2) LEDs (C3) Beacon (C4)
Time Scenarios Mean SD Mean SD Mean SD Mean SD
Daytime 1,254.783 651.158 1,283.401 541.235 1,469.998 473.936 1,470.751 359.648
Nighttime 739.213 445.713 840.93 495.919 1,253.83 497.328 1,170.594 607.942
TABLE 10.28
Mean and Standard Deviation (SD) of Gas Pedal Variation (Shoulder Work)

Original Design (C1) Doubling-up (C2) LEDs (C3) Beacon (C4)

Time Scenarios Mean SD Mean SD Mean SD Mean SD
Daytime 0.013 0.09 0.012 0.124 -0.003 0.031 -0.024 0.065
Nighttime 0.019 0.059 -0.008 0.036 0.005 0.059 0.009 0.08

increase in first-fixation distance to countermeasure at
nighttime (P-value = 0.004). Beacon (C4) also showed a
statistically significant increase in nighttime first-fixa-
tion distances to countermeasure (P-value = 0.042).
The results suggest that time scenarios impact the
countermeasures’ effectiveness in attracting drivers’
attention. In contrast, LEDs (C3) did not exhibit any
statistically significant differences between daytime
and nighttime scenarios (P-value = 0.119). Details
of Paired t-test results are listed in Table E.50 in
Appendix E.

10.2.4.2 Gas pedal variation. For gas pedal variation,
the results cover three parts: descriptive statistics,
ANOVA test, and Paired T-test. Main results are
summarized as follows. Detailed tables and figures are
listed in Appendix E.2.3.2.

10.2.4.2.1 Description statistics. Table 10.28 sum-
marizes the mean and standard deviation (SD) of gas
pedal variation under daytime and nighttime scenarios.
During daytime, the original design (C1) and doubling-
up (C2) showed the highest mean values (0.013 and
0.012, respectively), indicating slight acceleration beha-
viors. In contrast, LEDs (C3) and beacon (C4) had
negative mean variations (-0.003 and -0.024), suggesting
drivers were releasing the gas pedal (deceleration).
During nighttime, the original design (C1) showed the
highest mean variation (0.019), showing acceleration
behaviors, while doubling-up (C2) exhibited the lowest
mean (-0.008), reflecting more deceleration. LEDs (C3)
and beacon (C4) had mean variations of 0.005 and
0.009, indicating stable gas pedal behaviors before and
after the first-fixation location of countermeasure.
Figure E.22 in Appendix E shows the boxplot of gas
pedal variation.

10.2.4.2.2 Results of ANOVA test. According to
the results of the ANOVA test for gas pedal variation in
the shoulder work experiment, during daytime and

nighttime, no statistically significant difference in gas
pedal variation was observed between the counter-
measures (P-value = 0.365 and 0.485, respectively). It
indicates similar gas pedal variations across all counter-
measures. Details of ANOVA test results are listed in
Table E.51 in Appendix E.

10.2.4.2.3 Results of Paired T-test. The Paired
t-test results compared gas pedal variation for counter-
measures C1-C4 between daytime and nighttime
scenarios. None of the comparisons showed statistically
significant differences, with all P-values exceeding 0.05.
Therefore, gas pedal variation remained consistent
between daytime and nighttime scenarios for all
countermeasures. Details of Paired t-test results are
listed in Table E.52 in Appendix E.

10.2.4.3 Steering variation. For steering variation, the
results cover three parts: descriptive statistics, ANOVA
test, and Paired T-test. Main results are summarized
as follows. Detailed tables and figures are listed in
Appendix E.2.3.3.

10.2.4.3.1 Description statistics. Table 10.29 sum-
marizes the mean and standard deviation (SD) of
steering variation under daytime and nighttime scenar-
ios. During daytime, mean steering variation was
negative for all countermeasures, with values ranging
from -0.049° for beacon (C4) to -0.107° for LEDs (C3).
The standard deviation (SD) varied more noticeably.
Doubling-up (C2) had the highest variability (SD =
0.833) and beacon (C4) and the original design (C1) had
the lowest SDs (0.251). At nighttime, the mean steering
variation remained negative but closer to zero, ranging
from -0.023° for LEDs (C3) to -0.153° for doubling-up
(C2). Doubling-up (C2) and beacon (C4) exhibited
higher variability (SD = 0.593 and 0.554, respectively),
while the original design (C1) had the lowest variability
(SD = 0.271). Figure E.23 in Appendix E shows the
boxplot of steering variation.

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2025/11 61



TABLE 10.29

Mean and Standard Deviation (SD) of Steering Variation (Shoulder Work)

Original Design (C1) Doubling-up (C2) LEDs (C3) Beacon (C4)
Time Scenarios Mean SD Mean SD Mean SD Mean SD
Daytime -0.092 0.251 -0.105 0.833 -0.107 0.475 -0.049 0.251
Nighttime -0.072 0.271 -0.153 0.593 -0.023 0.302 -0.059 0.554

10.2.4.3.2 Results of ANOVA test. According to
the results of the ANOVA, during daytime and
nighttime, no statistically significant difference was
found between countermeasures (P-value = 0.976 and
0.781, respectively). It suggests consistent steering
behavior variations before and after the first fixation
location across countermeasures. Details of ANOVA
test results are listed in Table E.53 in Appendix E.

10.2.4.3.3 Results of Paired T-test. According to
the Paired t-test results, none of the comparisons
showed statistically significant differences, with all P-
values exceeding 0.05. Steering variations remained
consistent between daytime and nighttime scenarios for
all countermeasures. Details of Paired t-test results are
listed in Table E.54 in Appendix E.

10.2.4.4 Speed variation. For speed variation, the
results cover three parts: descriptive statistics, ANOVA
test, and Paired T-test. Main results are summarized
as follows. Detailed tables and figures are listed in
Appendix E.2.3.4.

10.2.4.4.1 Description statistics. Table 10.30 sum-
marizes the mean and standard deviation (SD) of speed
variation under daytime and nighttime scenarios.
During the daytime, doubling-up (C2) exhibited the
highest positive speed variation (0.128 mph, SD =
1.575), indicating acceleration behavior after the first
fixation location. In contrast, LEDs (C3) showed the
lowest mean speed variation (-0.531 mph, SD = 1.341),
suggesting deceleration behavior. The original design
(Cl1) and beacon (C4) also exhibited negative speed
variations of -0.137 mph (SD = 0.664) and -0.177 mph
(SD = 1.085), respectively. At nighttime, doubling-up
(C2) again displayed the highest positive speed varia-
tion (0.274 mph, SD = 1.343), while LEDs (C3)
maintained the lowest negative speed variation (-0.472
mph, SD = 0.918). The original design (C1) and beacon
(C4) showed moderate negative speed variations of
-0.183 mph (SD = 1.094) and -0.335 mph (SD = 1.184),
respectively. Figure E.24 in Appendix E shows the
boxplot of speed variation.

10.2.4.4.2 Results of ANOV A test. During daytime
and nighttime, no statistically significant difference was
found between the countermeasures according to the
ANOVA test (P-value = 0.309 and 0.115, respectively).
Thus, speed variation before and after the first fixation
location remained consistent across countermeasures.

Details of ANOVA test results are listed in Table E.55
in Appendix E.

10.2.4.4.3 Results of Paired T-test. The Paired
t-test results show no statistically significant differences
for any countermeasure, with all P-values exceeding
0.05. Speed variation also remained consistent between
daytime and nighttime scenarios across all counter-
measures. Details of Paired t-test results are listed in
Table E.56 in Appendix E.

10.2.4.5 Lateral position variation. For Ilateral
position variation, the results cover three parts:
descriptive statistics, ANOVA test, and Paired T-test.
Main results are summarized as follows. Detailed tables
and figures are listed in Appendix E.2.3.5.

10.2.4.5.1 Description statistics. Table 10.31 sum-
marizes the mean and standard deviation (SD) of
lateral position variation under daytime and nighttime
scenarios. During daytime, doubling-up (C2) showed
the highest mean lateral position variation (0.295 feet,
SD = 1.147). Beacon (C4) exhibited the largest move-
ment to the right lane with a negative mean variation
(-0.395 feet, SD = 2.001). The original design (C1) also
had a negative mean variation (-0.25 feet, SD = 1.616),
while LEDs (C3) showed minimal variation (-0.071 feet,
SD = 0.701). At nighttime, LEDs (C3) demonstrated
the most stable lane position, with the smallest mean
lateral position variation (0.027 feet, SD = 0.83).
Beacon (C4) had a similar mean value (0.056 feet, SD =
0.83). Doubling-up (C2) and the original design (C1)
showed slight shifts toward the right lane with negative
mean variations of -0.325 feet (SD = 1.493) and -0.196
feet (SD = 1.219), respectively. Figure E.25 in
Appendix E shows the boxplot of lateral position
variation.

10.2.4.5.2 Results of ANOVA test. During day-
time and nighttime, no statistically significant differ-
ence was found between the countermeasures
according to the ANOVA test (P-value = 0.367 and
0.587, respectively). Lateral position variation was
consistent across all countermeasures, indicating
stable lane-keeping behaviors before and after the
location of the first fixation on countermeasure.
Details of ANOVA test results are listed in Table
E.57 in Appendix E.

10.2.4.5.3 Results of Paired T-test. The Paired
t-test results indicate no statistically significant differ-
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TABLE 10.30

Mean and Standard Deviation (SD) of Speed Variation (Shoulder Work)

Original Design (C1) Doubling-up (C2) LEDs (C3) Beacon (C4)
Time Scenarios Mean SD Mean SD Mean SD Mean SD
Daytime -0.137 0.664 0.128 1.575 -0.531 1.341 -0.177 1.085
Nighttime -0.183 1.094 0.274 1.343 -0.472 0.918 -0.335 1.184
TABLE 10.31
Mean and Standard Deviation (SD) of Lateral Position Variation (Shoulder Work)

Original Design (C1) Doubling-Up (C2) LEDs (C3) Beacon (C4)
Time Scenarios Mean SD Mean SD Mean SD Mean SD
Daytime -0.25 1.616 0.295 1.147 -0.071 0.701 -0.395 2.001
Nighttime -0.196 1.219 -0.325 1.493 0.027 0.83 0.056 0.83

ences between daytime and nighttime scenarios for any
of the countermeasures, with all P-values exceeding
0.05. Lateral position variation remains consistent
between daytime and nighttime scenarios for all
countermeasures. Details of Paired t-test results are
listed in Table E.58 in Appendix E.

10.2.5 Self-Evaluation

Regarding the results of self-evaluation data from
post-survey, the main results of descriptive analysis,
ANOVA test, and Tukey’s HSD test are discussed as
follows. Detailed tables and figures are listed in
Appendix E.2.4.

10.2.5.1 Descriptive statistics. Table 10.32 summar-
izes the participants’ subjective evaluations of three
countermeasures—doubling-up (C2), LEDs (C3), and
beacons (C4)—based on a post-survey conducted after
the shoulder work driving simulation experiment. It
shows that LEDs (C3) consistently received the highest
percentages across all questions, with values ranging
from 78.13% to 90.63% and an average of 84.38%, ind-
cating their best performance in perception, cognition,
and action, based on participants’ evaluation. Then,
beacon (C4) showed moderate effectiveness, with per-
centages ranging from 34.38% to 65.63% and an
average of 54.69%, while doubling-up (C2) was scored
as the lowest, with percentages between 34.38% and
53.13% and an average of 46.35%. The results suggest
that participants perceived LEDs (C3) countermeasure
as the most effective one for shoulder work, followed
by beacon (C4), while doubling-up (C2) was the least
effective one. All results are based on participants’ self-
evaluation and perceived effectiveness instead of their
real performance.

10.2.5.2 Results of ANOVA test. The ANOVA test
results for participants’ self-evaluation of the three
countermeasures indicate that there were statistically
significant differences in self-evaluation results between

countermeasures (P-value < 0.01). Further tests should
be performed to identify which countermeasure
contributed to the differences. Details of ANOVA test
results are listed in Table E.59 in Appendix E.

10.2.5.3 Results of Tukey’s HSD test. Tukey’s HSD
test compared participants’ self-evaluation scores
across three countermeasures under the shoulder
work experiment. It indicates that LEDs (C3) had
significantly different evaluation results compared to
beacon (C4) and doubling-up (C2) (with P-values
smaller than 0.05), when beacon and doubling-up did
not show significant differences (with P-value larger
than 0.05). Participants perceived LEDs (C3) as a more
effective countermeasure for all questions related to
perception, cognition, and action than doubling-up and
beacon countermeasures. Details of Tukey’s HSD test
results are listed in Table E.60 in Appendix E.

10.2.6 Comprehensive Analysis Results and Discussions

The comprehensive analysis of the shoulder work
experiment provides insights into the effectiveness of
the original design and three countermeasures con-
sidering various indicators, including eye movement,
driving performance, synchronized data, and self-
evaluation. Table 10.33 shows the summary of statis-
tical hypothesis tests results. Figure 10.13 shows the
findings across three stages of human information
processing using objective data as well as the self-
evaluation results based on subjective data.

According to the ANOVA tests, three counter-
measures and one original design showed significant
differences in fixation number, first-fixation distance to
countermeasure, fixation duration, and self-evaluation,
covering the perception and cognition stages of human
information processing and combining objective and
subjective data.

® For fixation number, LEDs countermeasure showed
significantly better performance in attracting drivers’
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TABLE 10.32

Results of Selection Percentages Based on the Post-Survey (Shoulder Work)

Countermeasures
Questions Doubling-up (%) LEDs (%) Beacon (%)
Ql 50.00 87.50 81.25
Q2 43.75 90.63 65.63
Q3 34.38 78.13 34.38
Q4 53.13 87.50 40.63
Q5 50.00 84.38 56.25
Q6 46.88 78.13 50.00
Average Value 46.35 84.38 54.69

attention than the original design and doubling-up coun-
termeasure under nighttime scenario only. Therefore,
LEDs countermeasure was more effective in attracting
attention under low-lighting conditions.

® As for first-fixation distance to countermeasure, the
LEDs countermeasure could be seen by drivers at
significantly longer distances than the original design
(with a mean difference of 515 feet) and doubling-up
countermeasures (with a mean difference of 413 feet)
during nighttime. Beacon countermeasure also showed
better performance than the original design at night, with
an average longer first-fixation distance of 431 feet. Thus,
LEDs and beacon countermeasures are more effective in
attracting drivers’ attention early during nighttime.

® Regarding fixation duration, LEDs countermeasure was
also recognized as a more effective one in maintaining
drivers’ cognitive workload and focus during nighttime
compared to doubling-up countermeasure, supporting the
significant impacts of countermeasures in the cognition
stage.

® The self-evaluation results show that LEDs counter-
measure was perceived as the most effective counter-
measure in all questions compared to doubling-up and
beacon countermeasures.

Therefore, the results show that LEDs counter-
measure is the most effective one in attracting drivers’
attention (perception stage) and maintaining drivers’
cognitive workload and focus (cognition stage) during
nighttime. The results are consistent with drivers’ self-
evaluation results based on subjective data. Beacon
countermeasure is also effective in attracting drivers’
attention for longer distances at night.

Then, the Paired t-test results showed that, between
daytime and nighttime, there were significant differ-
ences in fixation number, first-fixation distance to
countermeasure, the left pupil diameter, and the right
pupil diameter.

® For the fixation number, significant differences were
identified between the daytime and the nighttime for
LEDs countermeasure. It can attract drivers’ attention
better at night than in the daytime.

® The results of the first-fixation distance to counter-
measure show that the original design, doubling-up
countermeasure, and beacon countermeasure had signifi-
cantly different performances between the daytime and
the nighttime. They had longer first-fixation distances at
night. LEDs countermeasure had similar first-fixation
distances during daytime and nighttime.

® As for the left and right pupil diameters, there were
significant differences between the daytime and the
nighttime for all countermeasures, showing that lighting
conditions, rather than countermeasure design, primarily
influenced pupil dilation. Drivers had significantly larger
pupil diameters during nighttime, highlighting the critical
role of lighting conditions in influencing drivers’ atten-
tion and cognitive workload.

Even though no significant results were found in the
action stage, the relationships between the three stages
of human information processing (Proctor & Van
Zandt, 2018) indicate that the effectiveness of counter-
measures in the perception and action stages will also
influence the action stage. For example, LEDs counter-
measure can be seen at longer distances by drivers and
attract drivers’ attention more, which helps drivers
extract visual information from the sign. After assisting
drivers extract information visually, LEDs counter-
measure could also help maintain drivers’ cognitive
workload and focus, showing that it can also facilitate
the information analysis and decision-making process.
The effectiveness of countermeasures in the perception
and cognition stages could contribute to the action
stage by reducing potential reaction time, improving
driving behaviors, etc.

In addition, there are several potential reasons for
the insignificant results in the action stage. The first
potential reason is the learning effects for participants
during the experiment. In the driving simulation
experiment, each participant finished eight trials (four
countermeasures under daytime and nighttime) with
the same road and work zone settings. Even though we
used the Latin Square design to balance daytime and
nighttime and random orders of four countermeasures
to reduce the learning effects, drivers may still learn
more about the situation after driving through it several
times and take relevant behaviors based on the previous
trials. For example, some participants changed lanes to
the left at the beginning of the trial for the lane closure
experiment based on their experiences of previous trials,
when they actually did not see any signs or work zone
elements. Existing studies also indicate that repeated
trials/scenarios will impact reaction time and driving
behaviors (de Groot et al., 2011; Winkler et al., 2018;
Zangi et al., 2022). Thus, the learning effects during the
experiment may cause drivers’ driving behaviors to not
change significantly due to their familiarity with the
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TABLE 10.33

Summary of Statistical Hypothesis Tests Results (Shoulder Work)

Category Indicators

Meanings

ANOVA Test on
Countermeasures

Paired T-Test on Time
Scenarios

Drivers’ Perception Fixation Number

First-fixation Distance

to Countermeasure

More fixations — higher level of attention
— better countermeasure

Higher value — the driver could see the
countermeasure at a longer distance
(more effective in attracting the driver’s
attention)

J (nighttime only)

| (nighttime only)

Drivers’ Cognition  Fixation Duration

Left Pupil Diameter!
Right Pupil Diameter’

Longer duration — higher mental/
cognitive workload — greater concern
and focus — better countermeasure

Larger — higher level of attention and
mental workload — more attention,
concern, and focus — better
countermeasure

J (nighttime only)

Driving
Performance
(Drivers’” Action)

Speed Reduction

Mean Speed

Mean Acceleration

Lateral Position

Lower mean speed (average driving speed
across the entire road section) — better
driving performance

Higher value of speed reduction (speed of
sign with countermeasures minus speed
of the speeding penalty sign) — better
driving performance

Lower mean acceleration (average
acceleration during the entire road
section) — better speed control and
better driving performance

Higher lateral position (distance from the
center of the vehicle to the right lane
edge line) — the driver changes lanes
earlier and has better driving
performance

Driving Gas Pedal Variation

performance
(Drivers’ action)

Steering Variation

Speed Variation

Lateral Position
Variation

Negative value — the driver is releasing the
gas pedal (deceleration); Higher
absolute value — greater gas pedal
behavior variation before and after the
driver’s first fixation on the
countermeasure

Negative value — the driver is turning the
steering wheel to the right (moving
closer to the right lane); Higher absolute
value — greater variation in steering
behavior

Negative value — the driver is
decelerating; A higher absolute value —
greater speed variation

Negative value — the vehicle is moving
closer to the right lane; Higher absolute
value — greater variation in the lateral
position

Self-evaluation Average Selection

Percentage

Higher average percentage — better
countermeasure

Note: | = significant difference; x = non-significant difference; — = did not examine the impacts.

road section. Second, simulation scenarios are not
exactly the same as the real-life scenarios. Even though
we put much effort into simulating the road section,
work zones, traffic signs, etc., simulation cannot 100%
reproduce real-world scenarios. Therefore, drivers’

behaviors might be different between driving simulation
and real-world driving, which may impact the potential
effectiveness of countermeasures. Third, the changes in
the perception and cognition stages may not lead to
changes in behaviors. Even though the human informa-

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2025/11 65



* Fixation number

* First-fixation .
: * Fixation duration

* Left & right pupil
diameter

distance to
countermeasure

e Left & right pupil
diameter

Self-
evaluation

* Mean speed

* Speed reduction

* Vehicle acceleration R —
* Lateral position e

* Gas pedal variation SEleeton
* Steering variation percentage
.

Speed variation

* Lateral position

X variation .

Note: Red text shows that there are significant differences between countermeasures or time scenarios.
Blue text shows that there are no significant differences between countermeasures or time scenarios.

Figure 10.13 Summary of findings in shoulder work experiment.

tion processing theory illustrates that differences in
drivers’ perception and cognition will lead to changes in
the action stage, in real driving, drivers may not change
their behaviors even if there are improvements in their
perception and cognition stages. For example, drivers
may see the countermeasures several hundred feet
ahead and process the information earlier, they may
decide not to reduce speed because the current speed is
within the speed limit, or they feel the situation is under
their control. Traffic signs with countermeasures could
only provide warning information ahead and facilitate
drivers’ understanding of the information, instead of
forcing drivers to take necessary actions. Many other
factors may influence drivers’ decisions, such as drivers’
age, gender, driving experience, and education
(McGwin & Brown, 1999; Singh & Kathuria, 2021),
drivers’ emotions and personalities (Jafarpour &
Rahimi-Movaghar, 2014; Singh & Kathuria, 2021),
and other distractions (Kountouriotis & Merat, 2016;
Stutts et al., 2001; Stutts & Hunter, 2003). For example,
investigating the differences in behaviors between
drivers who exceed the speed limit or have distracted
driving and normal drivers could provide valuable
insights into the action stages of different drivers.
Future studies could explore how to address those
reasons to further explore the effectiveness of counter-
measures, such as reducing learning effects by recruiting
more participants, conducting field experiments in real-
world work zones, and considering other factors that
may influence driving behaviors in the process.

11. SUMMARY AND RECOMMENDATIONS

11.1 Summary and Limitations

Work zone safety remains a persistent concern in
the United States, with 20%-30% more crashes than
normal roads (Ullman et al., 2008). Color patterns are
an effective way to provide visual information for
drivers, especially in work zones. This study aims to
systematically investigate color patterns considering
various work zone elements and human information

processing theory to improve the overall safety and
perception of INDOT work zones. Methodology used
in this study covers the following parts: (1) a literature
review to summarize the current efforts related to
work zone crashes as well as color-related factors; (2)
crash data analysis to identify the representative work
zones in Indiana; (3) crash data analysis using NLP
method to explore color-related root causes of Indiana
work zone crashes; (4) interviews and literature review
to propose color-related countermeasures to reduce
work zone crashes in Indiana; and (5) driving simula-
tion experiment to evaluate the effectiveness of
proposed countermeasures in representative work
zones. Several key findings were summarized in this
study as follows.

First, the color-related root causes of work zone
crashes in Indiana were proposed as follows: (1) poor
visibility and brightness of color for work zone elements
(e.g., traffic signs, channelizing devices, pavement
markings, etc.); (2) insufficient color contrast between
work zone elements and the overall environment,
especially in the areas of road geometry change (e.g.,
turn directions, intersections with traffic lights) and
road surface conditions change (e.g., slippery roads);
and (3) lack of changes in color for work zone elements
in dangerous areas (e.g., entering the work zone,
transition area, road geometry change and road surface
conditions change).

Moreover, the effectiveness of the proposed counter-
measures was identified as follows.

® For lane closure scenario, the proposed countermeasures
had significant impacts on all three stages of human
information processing for drivers (perception, cogni-
tion, and action stages). Fluorescent orange sign with
orange LEDs was the most effective countermeasure in
attracting drivers’ attention more and at longer distances
in the perception stage (with mean differences of 164 feet
and 153 feet than the original design during daytime and
nighttime, respectively), maintaining drivers’ cognitive
workload better in the cognition stage, and influencing
drivers’ steering behaviors in the action stage by moving
vehicles more to the left as there was a lane closure work
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zone on the right lane. The significant impacts on
perception and cognition stages are during both daytime
and nighttime, while the significant changes at the action
stage are during daytime only. Fluorescent orange sign
with orange beacon countermeasure also helped attract
drivers’ attention more and at longer distances during
nighttime (with a mean difference of 185 feet than the
original design) and maintain drivers’ cognitive workload
and focus better during daytime. The two counter-
measures were also ranked as more effective ones
according to drivers’ self-perception.

® For shoulder work scenario, the proposed counter-
measures had significant impacts on both perception
and cognition stages of human information processing
for drivers, while no significant differences were found in
the action stage. Fluorescent orange sign with orange
LEDs was the most effective countermeasure in attract-
ing drivers’ attention more and at longer distances (with
a mean difference of 515 feet than the original design)
and maintaining drivers’ cognitive workload more at
nighttime. It was also ranked as the most effective
countermeasure based on drivers’ self-evaluation. The
fluorescent orange sign with orange beacon counter-
measure also helped attract drivers’ attention at longer
distances during nighttime (with a mean difference of
431 feet than the original design).

® Time scenarios (with major differences in lighting
conditions) had a significant impact on drivers’ attention
and cognitive workload under both lane closure and
shoulder work experiments, emphasizing the importance
of considering time scenarios when proposing and
applying countermeasures to improve work zone safety.

In addition, this study has several limitations.

® First, there are potential learning effects for participants
during the driving simulation experiments. In both
driving simulation experiments, each participant finished
eight trials (four countermeasures during daytime and
nighttime) using the same road and work zone settings,
with only the countermeasures differing across trials.
Even though we used the Latin Square design to balance
daytime and nighttime and random orders of four
countermeasures to reduce the learning effects, drivers
may still learn after driving through it several times and
take relevant behaviors based on the previous trials. It
may influence the experiment results, especially the
action stage. Existing studies also indicate that repeated
trials/scenarios will impact reaction time and driving
behaviors (de Groot et al., 2011; Winkler et al., 2018;
Zangi et al., 2022). Future studies should address this
limitation by recruiting more participants and allowing
each participant to finish fewer trials to reduce the learn-
ing effects.

® Second, simulation cannot be the same as the real world
because simulation cannot 100% reproduce real-world
scenarios. Existing studies showed that even though
driving simulation is a useful tool for research on driving
behaviors, simulation is a more relaxed environment
for drivers to experiment, resulting in more variations
in driving behaviors and underestimation of speed
(Ekanayake et al.,, 2013; Hussain et al., 2019). Diff-
erences in drivers’ behaviors between driving simulation
and real-world driving may impact the measurement of
countermeasures’ effectiveness. Future work should

consider combining simulation results with field tests to
further explore the effectiveness of countermeasures.

® Third, other potential factors influencing driving beha-
viors should be considered. Even though the human
information processing theory illustrates that differences
in drivers’ perception and cognition will lead to changes
in the action stage, in real driving, drivers may change
their behaviors even if there are improvements in their
perception and cognition stages. Because many other
factors may influence their decisions and behaviors, such
as drivers’ age, gender, driving experience, and education
(McGwin & Brown, 1999; Singh & Kathuria, 2021),
emotions and personalities (Jafarpour & Rahimi-
Movaghar, 2014; Singh & Kathuria, 2021), and other
distractions (Kountouriotis & Merat, 2016; Stutts et al.,
2001; Stutts & Hunter, 2003). Future studies could
explore the factors that may influence driving behaviors
in the process to better understand the effectiveness of
countermeasures.

11.2 Recommendations

Based on comprehensive analysis, recommendations
to improve work zone safety for both lane closure and
shoulder work scenarios were provided.

For lane closure scenario, fluorescent orange sign
with orange LEDs countermeasure is recommended as
the most effective solution due to its strong ability to
attract drivers’ attention more and at longer distances
and maintain drivers’ cognitive workload during both
daytime and nighttime as well as improve drivers’
steering behaviors during daytime, which may con-
tribute to the reduction of work zone -crashes.
Moreover, fluorescent orange sign with orange beacon
countermeasure is also recommended as an effective
solution for improving work zone safety, which
demonstrated strong performance in attracting drivers’
attention early during nighttime and maintaining
drivers’ cognitive workload during daytime.

For shoulder work scenario, fluorescent orange sign
with orange LEDs countermeasure is also the most
effective countermeasure during nighttime scenario.
LEDs countermeasure was more effective in capturing
drivers’ attention more and at longer distances and main-
taining drivers’ cognitive workload at night. In addition,
fluorescent orange sign with orange beacon counter-
measure is also recommended as an effective one as it can
attract drivers’ attention at longer distances at night.

The results also show that time scenarios (with major
differences in lighting conditions) significantly influence
drivers’ attention and cognitive workload. When
proposing and adopting the countermeasures, time
scenarios should be considered. During daytime, some
countermeasures might not be as effective as nighttime,
more effort should be devoted to exploring other poten-
tial countermeasures. During nighttime, even though
effective countermeasures were identified, it is also
important to consider the combination of multiple
lighting sources in the work zones to avoid potential
distractions.
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In addition, the study proposed a comprehensive
research method to evaluate new countermeasures in
work zones in a virtual environment considering
drivers’ perception, cognition, and action stages. It
can be applied to evaluate new countermeasures,
especially the ones that are not included in standards
(e.g., MUTCD). The results of the driving simulation
experiment could provide preliminary evidence about
the effectiveness of new countermeasures before poten-
tial field tests.
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APPENDIX A. INTERVIEW QUESTIONS

Part 1: Basic information

1.

2.

What institute/organization are you working for?

What is your working title/position?

How many years of working experience related to work zones do you have?

How many years of working experience related to Indiana work zones do you have?
Please provide more details about your working experience related to work zones.

How would you rate your level of expertise in the following topics using a 5-point scale?

Beginner | Novice | Intermediate | Advanced

Expert

Application of traffic signs in work zones

Color code of traffic control devices (e.g.,
Section 14.12 in MUTCD)

Design of traffic signs in work zones

Design of channelizing devices in work zones

Design of pavement markings in work zones

Design of personal protective equipment
(PPE) for workers




Part 2: Traffic signs
1. Please rank the following 8 traffic signs that are usually used when entering the work

zone based on the listed criteria.

No.

Sign

Figure

Commonly
Used

Effectiveness
to Reduce
Crashes

Driver’s
Attention

Reduce
Speed

Overall
Importance

Speeding Max
$1000
Reckless
Driving Max 8
yrs (XW2-6)

Speeding
Max $1000
Reckless Driving
Max8Yrs

Lane(s) Closed
(with distance)
(W20-5)

One Lane Road
(with distance)
(W20-4)

Yield Ahead
(W3-2)

Road Work
(with
distance/ahead)
(W20-1)

Flagger (W20-
7)

Shoulder Work
(W21-5)

Detour (with
distance)
(W20-2)

DETOUR
. S500FT




2. According to Work Zone Traffic Control Guideline, 4 signs can be used instead of Road
Work Ahead sign. Please select the top one from the following 4 signs and Road Work
Ahead sign based on the listed criteria.

No.

Sign

Figure

Commonly
Used

Effectiveness
to Reduce
Crashes

Driver’s
Attention

Reduce
Speed

Overall
Importance

Road Work
(with
distance/ahe
ad) (W20-1)

ROAD
WORK
AHEAD

Workers
(W21-1)

Slow Traffic
Ahead
(W23-1)

Utility
Work
Ahead
(W21-7)

Road
Machinery
Ahead
(W21-3)

3. Please select the top one from the following two signs with similar meanings based on the
listed criteria.

No.

Sign

Figure

Commonly
Used

Effectiveness
to Reduce
Crashes

Driver’s
Attention

Reduce
Speed

Overall
Importance

Be
Prepared
To Stop
(W3-4)

Yield
Ahead
(W3-2)

A-3




listed criteria.

4. Please select the top one from the following two signs with similar meanings based on the

No.

Sign

Figure

Commonly
Used

Effectiveness
to Reduce
Crashes

Driver’s
Attention

Reduce
Speed

Overall
Importance

Detour (with
distance)
(W20-2)

DETOUR
500 FT

Road (Street)
Closed (with
distance)
(W20-3)

(when the drivers leave the work zone) based on the listed criteria.

5. Please rank the following 2 traffic signs that are usually used at the end of the work zone

Effectiveness
Commonly | to Reduce Driver’s | Reduce | Overall

No. | Sign Figure Used Crashes Attention | Speed | Importance

End Road END
1 Work (G20- ROAD WORK

2)
) Exit Open EXIT

(E5-2) OPEN




6. Please rank the following 7 traffic signs that are used both in general road and work zones
(changed to be orange) based on the listed criteria.

No.

Sign

Figure

Commonly
Used

Effectiveness
to Reduce
Crashes

Driver’s
Attention

Reduce
Speed

Overall
Importance

Lane Ends
(W4-2)

Advisory
Speed
(W13-1P)

XX

MPH

Two-Way
Traffic
(XW6-3)

On Ramp
(W13-4P)

ON RAMP

One-
Direction
Large
Arrow
(W1-6)

Turn and
Curve Sign
(Reverse

curve W1-
4)

Road
Narrows
(W5-1)

Please provide any other work zone signs/plaques that you think are important but are not

listed above:
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Part 3: Color-related countermeasures
1. Which of the following 11 color designs of traffic signs could be used in work zones based
on your experience? Please select all that apply.

No. | Countermeasure Example No. | Countermeasure | Example
Fluorescent orange PN
sign with ROAD Fluorescgnt . - ROAD \

1 WORK 6 orange sign with WORK
fluorescent yellow- AHEAD - - “\. AHEAD

white LED units
green border A o d
Doubling-up of day Lo Fluorescent y {m/cu\n

2 fluorescent orange WORK WORK 7 orange sign with WORK N

sign I I yellow LED units "\ AHEAD /
X7

Fluorescent orange

sign with ‘ ‘ Fluorescent /--ﬁ;}\

3 retroreflective v'\‘,g‘;,'} 8 orange sign with WORK )
aluminum orange AHEAD orange LED units “HE:}
flags :

& Fluorescent
Fluorescent orange orange sign with
4 sign with yellow ﬁlgaﬂi 9 orange
warning beacon AHEAD, retroreflective
strip on support
Fluorescent i
Fluorescent orange orange sign with 4 ROAD
i i WORK
5 sign Wlth orange 10 yellow flash i
warning beacon .
warning light
Fluorescent Q)
orange sign with HAAR
11 WORK
orange flash AHEAD
warning light




2. Which of the following 11 color designs of traffic signs would be effective to reduce work
zone crashes based on your experience? Please select all that apply.

No. | Countermeasure Example No. | Countermeasure | Example
Fluorescent orange PN
sign with ROAD Fluoresc.ent ‘  Roap

! fluorescent yellow- :f-luERAlB 6 orange sign with ~ e

y white LED units AHEAD
green border h o
Doubling-up of daoy Lo Fluorescent y {m;n\n

2 fluorescent orange WORK WORK 7 orange sign with WORK N\

sign D ) yellow LED units N AHEAD
N7

Fluorescent orange -

sign with ‘ ‘ Fluorescent /'é;n\\

3 retroreflective v'\‘,gﬁ.'} 8 orange sign with 7 WORK 4
aluminum orange AHEAD orange LED units \Qﬂn
flags

@ Fluorescent
Fluorescent orange orange sign with

4 sign with yellow :;%AH?( 9 orange

warning beacon AHEAD, retroreflective
strip on support
Fluorescent

Fluorescent orange . .

. ) orange sign with
5 sign with orange 10
. yellow flash

warning beacon Y
warning light
Fluorescent 9/
orange sign with k]

11 WORK
orange flash AHEAD
warning light

3. Please suggest any other new color designs of traffic signs that you think are feasible in work

zones but are not listed above:

Please suggest any other new color designs of traffic signs that you think are effective in
work zones but are not listed above:




5. Which of the following 4 color designs of channelizing devices could be used in work zones
based on your experience? Please select all that apply.

No. | Countermeasure Example

Fluorescent orange and white drum
with yellow warning light

F B 24 8 &
Fluorescent orange, white, and green

2 drum for exit ramp ‘E_E_E_\E\ % é

Fluorescent orange, white, and green é é é

3 drum for exit ramp with warning
lights

Fluorescent orange and white
barricade with yellow warning light ' VY4
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6. Which of the following 4 color designs of channelizing devices would be effective to reduce

work zone crashes based on your experience? Please select all that apply.

No. | Countermeasure

Example

Fluorescent orange and white drum
with yellow warning light

Fluorescent orange, white, and green

g 8 3 A 4

2 drum for exit ramp % {_&
Fluorescent orange, white, and green é é é
3 drum for exit ramp with warning
lights
4 Fluorescent orange and white
barricade with yellow warning light [ZZZZZ
VO IIIL

7. Please suggest any other new color designs of channelizing devices that you think are
feasible in work zones but are not listed above:

8. Please suggest any other new color designs of channelizing devices that you think are

effective in work zones but are not listed above:

9. Which of the following 2 color designs of pavement markings could be used in work zones
based on your experience? Please select all that apply.

No. | Countermeasure | Example No. | Countermeasure Example
Red pavement
kings f -
Orange pavement markings for one-way
1 2 roadways, ramps, or

markings

travel lanes that shall
not be entered




10. Which of the following 2 color designs of pavement markings would be effective to reduce

work zone crashes based on your experience? Please select all that apply.

No. | Countermeasure | Example No. | Countermeasure Example
Red pavement
kings f -
Orange pavement markings for one-way
1 2 roadways, ramps, or

markings

travel lanes that shall
not be entered

11. Please suggest any other new color designs of pavement markings that you think are feasible
in work zones but are not listed above:

12. Please suggest any other new color designs of pavement markings that you think are effective
in work zones but are not listed above:

13. Which of the following 8 color designs of personal protective equipment (PPE) for workers
could be used in work zones based on your experience? Please select all that apply.

No. | Countermeasure Example No. | Countermeasure | Example
Fluorescent
Fluorescent yellow- orane-red with \‘ ' I
I | green with yellow 5| white and silver |
and silver strips strips s
Fluorescent yellow-
2 green with white 6 Red hard hat
and silver strips
Fluorescent orange- u ‘
3 rger(ele\zlz?l(}{:lil](\)/zjr- \‘ 'I 7 Yellow hard hat ‘@'
strips ]
Fluorescent orange- \ u ' I
4 red with yellow and 8 Blue hard hat
silver strips -




14. Which of the following 8 color designs of personal protective equipment (PPE) for workers
would be effective to reduce work zone crashes based on your experience? Please select all
that apply.

No. | Countermeasure Example No. | Countermeasure | Example

Fluorescent
orange-red with
white and silver
strips

Fluorescent yellow-
1 green with yellow 5
and silver strips

Fluorescent yellow-
2 green with white 6 Red hard hat
and silver strips

Fluorescent orange- u \
3 red with yellow- \‘ 'I 7 Yellow hard hat
L

green and silver
strips

-
_ |
y
-

Fluorescent orange- \‘ u ' I
4 red with yellow and 8 Blue hard hat
]

silver strips

15. Please suggest any other new color designs of PPE of workers that you think are feasible but
are not listed above:

16. Please suggest any other new color designs of PPE of workers that you think are effective but
are not listed above:

17. Please provide any other color-related countermeasures in work zones that you think are
feasible but are not listed above:

18. Please provide any other color-related countermeasures in work zones that you think are
effective but are not listed above:

Part 4: Comments
1. Please provide any comments or suggestions for the study, if applicable:



APPENDIX B. PRE-SURVEY OF DRIVING EXPERIMENT

Welcome and thank you for your interest in the driving simulation experiment!
The survey will collect your basic information, driving experience, and available time slots for

the experiment. It should take no longer than 10 minutes to complete. If you are selected, the
research team will contact you by email soon.

If you have any questions, please contact Yunfeng Chen at chen428@purdue.edu or Hongyue
Wu at wul513@purdue.edu.

By clicking “Yes” below you are offering consent to participate in this survey.
e Yes, proceed to the survey
e No, quit the survey

Part 1: Basic information
1. Do you have a valid Indiana driver’s license?
e Yes

e No (quit the survey)

2. What is your gender?
e Male
e Female
e Others (please specify):
e Prefer not to disclose

3. What is your age?

4. What is your highest level of education?
e High school

Some college

Associate

Bachelor

Master

Doctorate

Others (please specify):

Prefer not to disclose

5. What is your occupation?

6. What is your major/industry?

B-1



What is your ethnicity?

White

Hispanic or Latino

Black or African American

Native American or American Indian
Asian

Pacific Islander

Other (please specify)

Prefer not to disclose

What is your marital status?

Single, never married

Married or domestic partnership
Widowed

Divorced

Separated

Prefer not to disclose

What is your annual household income (AHI) (after tax)?

AHI <$20,000

$20,000 < AHI < $40,000
$40,000 < AHI < $60,000
$60,000 < AHI < $80,000
$80,000 < AHI < $100,000
$100,000 < AHI < $120,000
AHI > $120,000

Prefer not to disclose

10. What is your visual ability (select all the items that you meet)?

Myopia
Hypermetropia
Normal

Color blindness
Other (please specity)

11. Do you wear glasses when driving?

Yes
No

B-2



12. Do you have color blindness?
e Red-green color blindness
e Blue-yellow color blindness
Complete color blindness
Other types of color blindness (please specity):
No
Prefer not to disclose

Part 2: Driving experience
13. How many years have you been driving?

14. How many years have you been driving in Indiana?

15. How often do you drive?
e Everyday
e 3 to 6 days per week
e 1 to 2 days per week
e Fewer than once per week

16. How many miles do you drive per year?

17. Did you have any crashes or near-miss crashes in work zones?
e No (to Q19)
e Yes (to Q18)

18. Please specify the reasons of the crashes or near-miss crashes in work zones:

19. Please evaluate your driving ability in work zones using a five-point Likert scale:
e 1:Poor

2: Fair

3: Good

4: Very good

5: Excellent



Part 3: Experiment time slots

20. Please provide your name and email for the research team to contact you. Your
information will be kept confidential and will not be used for any other purposes.
Name:
Email address:

Please provide all available time slots for the experiment through the link. Please provide your
name or email when submitting the availability for researchers to track your response.
https://whenisgood.net/driving

If you are selected, the research team will contact you by email soon. Thank you very much
for your time and support!


https://whenisgood.net/driving

APPENDIX C. POST-SURVEY OF DRIVING EXPERIMENT
Participant No. (provided by the research team):

Work zone scenario:
e Lane closure
e Shoulder work

For Lane closure:
In this experiment, we have the following three countermeasures (red box in the figures
below).
1. Doubling-up of fluorescent orange sign

i
L 4 '?i!t ﬂ
R M X 75 FHHE




Please select the countermeasures based on the listed sub-questions (select all that apply).

Questions

Fluorescent
Doubling-Up | Orange Sign

of Fluorescent | with Orange
Orange Sign | Warning Beacon

Fluorescent
Orange Sign
with Orange
LEDs

None of
Them

Which countermeasure(s) did
you notice during the driving?
(select all that apply)

Which countermeasure(s)
attracts your attention? (select all

that apply)

Which countermeasure(s) helps
you understand the sign more
quickly? (select all that apply)

Which countermeasure(s) makes
you more aware of the work
zone? (select all that apply)

Which countermeasure(s) better
helps you make decisions about
driving behaviors? (select all
that apply)

Which countermeasure(s) helps
you improve your driving
performance? (select all that
apply)

For Shoulder work:

In this experiment, we have the following three countermeasures (red box in the figures

below).

1. Doubling-up of fluorescent orange sign

--------




2. Fluorescent orange sign with orange warning beacon

3. Fluorescent orange sign with orange LEDs

Please select the countermeasures based on the listed sub-questions (select all that apply).

Fluorescent Fluorescent
Doubling-Up | Orange Sign Orange Sign
of Fluorescent | with Orange with Orange None of
Questions Orange Sign Warning Beacon | LEDs Them

Which countermeasure(s) did
you notice during the driving?
(select all that apply)

Which countermeasure(s)
attracts your attention? (select
all that apply)

Which countermeasure(s)
helps you understand the sign
more quickly? (select all that

apply)

Which countermeasure(s)
makes you more aware of the
work zone? (select all that

apply)

Which countermeasure(s)
better helps you make
decisions about driving
behaviors? (select all that

apply)

Which countermeasure(s)
helps you improve your
driving performance? (select
all that apply)




2. Please rate your level of fatigue after the driving task using the Stanford Sleepiness Scale.
1 Feel active and vital; alert, wide awake

Functioning at a high level, but not at peak, able to concentrate
Relaxed; awake; not at full alertness, responsive

A little foggy, not at peak; let down

Fogginess; beginning to lose interest in remaining awake; slowed down
Sleepiness; prefer to be lying down; fighting sleep; woozy

Almost in reverie; sleep onset soon; lost; struggle to remain awake

NN [N B W

3. Please rate your level of motion sickness after the driving task using the global sickness
rating scale.

1 No symptoms

Initial symptoms of motion sickness but no nausea

Mild nausea

Moderate nausea

Severe nausea and/or retching

Vomiting

N B (W

4. Please evaluate your driving style in the listed scenarios.
Note: A higher number indicates a more aggressive driving style.

1 2 13145 6 7 8

Daytime with original fluorescent orange sign

Daytime with fluorescent orange sign having
orange warning beacon

Daytime with fluorescent orange sign having
orange LEDs

Daytime with doubling-up of fluorescent
orange sign

Nighttime with original fluorescent orange sign

Nighttime with fluorescent orange sign having
orange warning beacon

Nighttime with fluorescent orange sign having
orange LEDs

Nighttime with doubling-up of fluorescent
orange sign

5. Please provide any comments or suggestions on the driving experiment, if applicable:

Thank you very much for your time and support!
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Figure D.1 Frequency and correlation heatmap of top 50 unigrams (ARIES crash reports).
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Figure D.2 Frequency and correlation heatmap of top 50 bigrams (ARIES crash reports).

D-2



('driver', 'state’, 'travel

(o i e
ear

surf dn
(ve&ucla_ d \rer' ‘stEte
('nea e' ‘farker’
(cr(asr yvt;:ath r, ‘clear
‘clear’, roa ac
(' ather‘ ‘clear', ‘'road’
river, 'u |t' ‘state
(front' 'en !
urfac' 'dri’, 'vehic
rlver' state’, 'stop’
tate', "stop’ 'tra ic

(c:)ncre?l arrier', wacl
I( hicl!, ‘rear”,
aneI drlver state
(fstate' 'trave? IJH
wn ront', ‘passeng’, 'sw
E 'struck’, 'rear’, 've!
© 'slow’ "'stop', 'traf |c
o ‘front 'pqlveé'l, 'side!
= ar', 'end”, 'u
= (‘damag’, 'driver' 'sﬁ'e
((vehlcl' 'stré !, 'wehicl
(asseng t?' 'vehicl!
rear',”'vel rlver

'v' 'stry
(drlver' ‘advis', 'trave
e Wi’ 'fmnt', ‘end!
rivér', 'v', 'state'
(rear' driver”, ‘side
('vehicl', 'struck’; ‘regr’
(?rlman' ‘caus’, ‘cras
'state’, 'travel', "west'
‘fractor’, 'trailer’
er' n st

(se(t rail
ate' 'trave' "'south’

tra ef east ‘bqund’

Y{ dl 1 “ I

(d H’]eand'v vagsslc ' 'Hrri;e.'aelrfl'
(" ||g htp

% reen
(roaér' ! ose' 'swgn

0 25 50 75

T
100

T
125

Frequency

(a)

T
150

T
175

T
200

Iﬁg“‘:er Stﬁ'tqﬂu L00
F & 'h‘! = | [ _|
ﬁq ol .
\reﬁ"llcﬂ. vpr st 3 0.75
“fﬂ W
iy er F;: "s 3 -
" Eh ; V’:' :. 0.50
A i f‘iﬂ :
arr ér Ia'm
(" ne qhyer ste ﬁ_' - - 0.25
‘i ;éa“fs‘ae"“ Wik
g&‘ an E - 0.00
‘L&;dsslgrf ﬂ?rlv Iaql :
frast g'ﬁfqﬁ'n,c - 'Ercwer - - —0.35
'dri|. er. ':‘ mfrpirej . :
‘g IJ' 52?3.!- x
Fh“: s -0.50
fE{‘Eq "tr vgl‘ w; )= ’
('s i, GLor "l;r%l ') -
Sl et ualErl
E, Late ;I'ava:F,, south ) -
E%Epn“[fr%q;.bﬁ;g 1B ~0.75
wehicl' “driver) - m
Idaaﬁﬁ Eser\g. side!) -
g}f—'ﬁ" .
srg?; - 1.00
LI I L] -1
L Rl LUl oAV =T O 1 T I I B e
oo ST m e g e e B P e N e Y ST U E S e f a2 B E ROy 5T,
snm;.g%gg egeﬁi%gﬁspgwﬁgﬁpﬁﬁa@ya—?g%@gg=.E_.~e'—s-_agmm,.v
- - = =T - - - - [ - - - - b
R RS e e T pey e o e S e By
W i, BE e RuT Ly oGS iy JhY=C "
R b e b P e
WoUS SERe 5 M AERA 5 SUFRS PERG.T guarEY B, WeREL
R B L B R D L. PR R T ¢ s REL e e < B Pt
58 S0y seceioyuseey v UBECREL yESHERY cuwhi, £7F
2.8 & S2EES 55 MCCme= CoBT >E-LSENERR - =
c o “ﬁuﬁ—u"'_‘“ YEREEE—" ZEois ZEWY T —OSREFPER T —
SE PEEUPST<55s — FEPTT SURC 5 25§ M5 <E
- - 2= = = =8 = == 77 -

(b)
Figure D.3 Frequency and correlation heatmap of top 50 trigrams (ARIES crash reports).

D-3



('north',}
2 st}
st’, = ‘we
S b.z;,%w“d nd (driver,)
A
(“r’g ("go’)
A et \ S %
4B @ - |25
('south’.) é (tume) & r% (;BIEa-‘]
e ‘Qﬂe';\ o
N 2 Iy Ateofistriict )
("intersect’.) (i g:)’m‘]:l '
) R
¥ t'h’aveitj’ight ! m
y b (cﬁsh 6 ~
(light’,) 2, (ve kY T time'— 0.202 —road’)

v (madw

& nbadue )

\0 EIdE
<o
)k Py ["—" j‘scene WO

(Sﬁtpnbserv J m
o2l

»
('struck™) i

S B

o fdamag V1 Etow')

("drivaflalsidtravel')

(‘'mile, ‘marker’)

(lefhghtncline)
oy

0203
s

It
("lane’, 'driver')
("driver’, '?Bie‘] ,[
('passeng’, 'side’) o (" craﬂﬁ“w )

f
rqspon l:rash )
Ut Gags"

('state’, ‘veicl)

"l
(‘travel', "an "%ﬁléaaﬂ ‘state')

]

("wehicl®, ‘driver')
k]
o
Ustruck!, 'vehic)
[ ehEREHRS )
("erid, vehict') “%.
D7 ('struck!, 'rear')
{' Eﬂnf._l ~
('state’, 77, 25
,‘: (leal‘ endJ 2
@’ 251
/ ('end’, vi
(‘damag’, ‘vehicl’) - 0,

v, sim(k )

=% (sl;ﬁ:’k e
v state) v

("driver, ‘unit’)
("unit’, 'state")

(@)

(b)

{"struck’, ‘'rear', 'v')
"6,‘.:
("', 'struck’, 'rear')

("heavt', ‘front’, end'J
t"fmnt' end' ‘damag’)

(‘time'; 'crash’, 'weather’)

¢ iuﬁac f:l.%kllf%&d )
tdeaﬁ"l’{ﬂ’&‘d ifHﬁfF }:lrl

{"slow’, 'stop. ‘traffic')

{‘rear’, "end’, 'v')
=
w

{"v', 'rear’, 'end")

("vehicl’, ‘rear’, ‘end’}
(‘rear’, 'end’, Jrehicl')
g
('state’, 'stop’, 'traffic') t'endr'k“\r\rehicl' ‘driver’)

.

e
9 {'lane’, 'dnver‘ st!t ‘tfr{:nt' la it
{"driver’, state', stog) ©
\0 »‘? = (‘passend’ P8MEY LEARIENY". side’)
Sy
(AN

{"driver!, vElyEs", "JEHAT") 'state’)
/N,
o 1’r
$
/ N

E rear', "vehicl', 'driver')
("driver’, ‘state’, 'travel’ 3

—[!.21? =

- T
P2 e {'struck', ‘fear’, ‘vehicl’)
0 - struck’, ‘rear’ ic
S s {'vehick, 'struck’, 'rear')
hY

('state’, (rauel’, west EHEE!L BB, south)

Figure D.4 Network graph of top N-grams (ARIES crash reports).



Table D.1 Ranks of Traffic Signs

Attracting Effectiveness
Commonly Drivers’ Reducing In Reducing Overall
Used Attention Speed Crashes Importance
Signs Mean \ SD | Mean ‘ SD | Mean ‘ SD | Mean ‘ SD Mean | SD
Signs when entering work zones
Road Work (with
distance/ahead) 1.18 [0.40 | 3.67 |2.24 | 4.00 |2.67 |3.82 |2.23 2.82 | 244
(W20-1)
Flagger (W20-7) 400 [1.48 [3.25 |1.83 |4.71 |2.93 |3.80 |2.39 210 [1.29
gromderwork(wm' 518 |1.60 |6.25 |1.49 |6.86 |1.35 |5.60 |1.65 |5.30 |2.31
Speeding Max $1000
Reckless Driving Max | 2.91 2.21 [4.78 | 2.82 |2.50 |2.45 |4.91 2.34 4.40 |2.21
6 yrs (XW2-6)
Lane(s) Closed (with
distance) (W20-5) 3.18 |1.25 |3.67 |1.80 |4.88 |1.89 [3.09 |1.45 3.00 |[1.34
One Lane Road (with
distance) (W20-4) 409 |[1.58 [4.38 |1.69 543 |1.51 |4.09 |1.81 450 |2.17
Yield Ahead (W3-2) 6.91 2.02 | 550 |2.56 |543 |2.82 |520 |294 490 |2.73
Detour (with
distance) (W20-2) 6.18 |1.60 |3.50 |[1.20 [4.71 |2.50 |4.50 |2.01 5.20 |2.25
Signs at the end of the work zone or leaving the work zone
E;TdRoadwork(Gzo' 1.00 |0.00 |1.71 |0.49 |1.71 |0.49 |1.56 |0.53 |1.70 |0.48
Exit Open (E5-2) 2.00 |0.00 |1.29 |0.49 |1.29 |0.49 [1.44 |0.53 1.30 |0.48
Signs used in general road and work zones
Lane Ends (W4-2) 1.45 |0.52 [{2.00 |1.41 213 |0.83 |1.70 |1.25 1.80 | 1.48
Turnand Curve Sign |, o |4 97 | 575 | 158 |3.00 | 1.51 |3.30 |1.77 |3.60 |1.51
(Reverse curve W1-4)
One-Directionlarge | | oy | 143 |325 |1.83 [3.13 |1.89 |370 |1.42 |4.10 |1.37
Arrow (W1-6)
;‘)’VO'WG'yTraff'C(WG' 460 |1.17 |4.00 |1.31 |450 [1.41 |450 [1.51 |4.60 |1.78
Advisory Speed
(W13-1P) 450 |2.22 [6.00 |1.31 |4.00 |2.67 |5.10 |2.13 4.30 |2.54
On Ramp (W13-4P) 6.30 |2.06 |[6.00 |2.07 |[6.88 |0.83 |6.30 |2.06 6.30 |1.70
Road Narrows (W5-1) | 4.00 |1.41 |[4.88 |1.81 |4.38 |0.92 [4.10 |1.60 410 |1.79

Note: A smaller value of Mean indicates a higher rank. There is missing data for the last four criteria.
And for the Attracting drivers’ attention and Reducing speed, there were only 9 responses.




Table D.2 Results of Color-related Countermeasures

Feasibility Effectiveness
Not Not
Countermeasures Yes | No sure Yes | No sure Comments from Participants
Traffic Signs
This will cause confusion because this color
Fluorescent orange . C
sion with is for school zones and pedestrians; It is
g 5 5 1 6 3 2 | difficult to get approval; Can be specifically
fluorescent yellow- .
used for signs related to people (e.g.,
green border .
worker and flagger signs).
Required on divided highways and multiple
. lanes; Recommended for yield conditions
Doubling-up of g
fluorescent orange 9 2 0 8 3 0 on entrqnce ramp; Might cause more
sion distractions; Have been there for a long
g time and people may not pay attention to it;
Can provide minor benefits.
Fluorescent orange It is w'eather ‘dependent‘(e. g., 1mpacted by .
sign with wind); Aluminum flag is a possible option;
. 10 | 1 0 7 3 1 | Would be bleached with sunlight; Have
retroreflective .
been there for a long time and people may
orange flags . >
not pay attention to it.
Fluorescent orange Prefer orange because it is the work zone
sign with yellow 8 2 1 8 2 1 | color; Can be effective during both day and
warning beacon night; Can be used for very explicit signs.
Fluorescent orange
sign with orange 9 1 1 8 2 1
warning beacon
Fluorescent orange It is the most effective one that could attract
sign with white 8 2 1 8 1 2 | attention, which is very impressed; Prefer
LED units orange because it is the work zone color;
Fluorescent orange Yellow stands out; White may not be a
sign with yellow 8 2 1 9 0 2 | good color; It is a good way to denounce
LED units signs and should be used for some specific
Fluorescent orange signs; Can be turned on at night as an
sign with orange 10 | 1 0 10 | O 1 | accomplishment; Do not do it for every
LED units sign.
Fluorescent orange Should be sparingly used; It is the least
sign with orange 9 ) 0 7 3 0 effective one; May cause extra distraction;
retroreflective strip Have been there for a long time and people
on support may not pay attention to it.
F}uoregcent orange It is current standard practice; Provide
sign with yellow 9 1 1 4 5 2 L S
o nighttime visibility only; Prefer orange
flash warning light o
because it is the work zone color; Have
Fluorescent orange been there for a long time and people ma
sign with orange 10 | O 1 4 5 2 not pav attention togit peop y
flash warning light pay ]




Channelizing Devices

Fluorescent orange and
white drum with yellow
warning light

It is the standard requirement; Should
use steady burned lights; Lights are
only effective at night; Drums are more
effective than other devices; Had lights
a long time ago but stopped using them
because of more maintenance needs;
Use solar to reduce maintenance;
Adding lights for merging situations
only.

Fluorescent orange,
white, and green drum
for exit ramp

Fluorescent orange,
white, and green drum
for exit ramp with
warning lights

Should use fluorescent green rather
than fluorescent yellow-green; Adding
light would be more effective at night;
Set-up of drums is more effective than
color; Would only go with orange;
Need to educate people; Adding 10
more drums to warning ahead; Use the
same green as guide signs; Use drums
without lights for general location and
have the green drum with the lights at
the exit.

Fluorescent orange and
white barricade with
yellow warning light

It is the standard requirement;
Barricade has specific utilization for
road closure.

Pavement Markings

Orange pavement
markings

Use orange as complimentary with
existing white and yellow rather than
orange only, which could make the line
wider and enhance color contrast; The
design makes people center up and
causes a slight reduction in speed; It
will become dark in 2-3 weeks and lose
the contrast and retro-reflectivity;
Orange color does not seem consistent
during daytime and nighttime; Same
orange color as other work zone
elements will not let people be alerted
to it; Can use it in transition areas.

Red pavement
markings for one-way
roadways, ramps, or
travel lanes that shall
not be entered

Red is too dark and less retroreflective;
Cannot see it unless you are almost on
top of it; Red pavement is for public
vehicle transit lanes; Should be used for
lane closure rather than closed ramp.




PPE for Workers

Fluorescent yellow- The current design (fluorescent yellow-
green with yellowand | 11 |0 |0 10 |1 0 green with orange and silver strops) is
silver stripes the most effective and safe one;
Fluorescent yellow- Fluorescent yellow-green stands out
green with whiteand | 11 |0 |0 10 |1 0 better; Could provide great conspicuity,
silver stripes especially at night.
Fluorescent orange- Blend in the orange background (make
red with yellow-green | 8 3 0 3 8 |0 people look like a barrel); It is the
and silver stripes INDOT’s past practice (prefer not to go
Fluorescent orange- back); Orange and red would be
red with yellow and 8 3 0 3 8 |0 effective; More orange lets people get
silver stripes lost.
Fluorescent orange-
red with white and 8 3 0 3 8 |0
silver stripes
May have other meanings (e.g., fire
Red hard hat 6 4 1 4 6 1 chief); Look similar to the orange
background.
Yellow hard hat ] ) 1 6 4 1 Yellow is more effective and stands out
from the background.
May have other meanings (e.g., police);
Blue hard hat 5 3 2 3 7 1 Blend in a little bit more; Prefer not to
use this calming color.

Note: The table shows the number of participants for each answer.

Central and noncentral distributions Protocol of power analyses

critical F = 2.09238

0.8 4

0.6 4

0.4 4

0.2 =TT T T

B -0 T~ -
N N S e .
0 2 4 6 8 10

Test family Statistical test

F tests v ANOVA: Repeated measures, within factors v
Type of power analysis

A priori: Compute required sample size - given o, power, and effect size &7

Input Parameters
Determine = Effect size f
o err prob
Power (1-B err prob)
Number of groups
Number of measurements
Corr among rep measures

Nonsphericity correction €

0.25
0.05
0.95
8

8
0.5
1

Output Parameters

Noncentrality parameter A 24.0000000
Critical F 2.0923808

Numerator df 7.0000000
Denominator df 7”2

Total sample size 24

Actual power 0.9567759

Figure D.5 Power analysis for driving experiment sample size.
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Table D.3 The List of Participants

Participant | Work zone Scenario Time Scenarios and Countermeasures

1 Lane closure Day | C3 | C4 | Cl | C2 | Night | C4 | C3|[C2] Cl
2 Lane closure Night | C4 | C2 [ C3 [ Cl | Day | C4 | Cl | C3 | C2
3 Lane closure Day | Cl | C4 | C2 | C3 | Night | C3 | C4 | Cl | C2
4 Lane closure Night | C4 | C3 | Cl1 | C2 | Day | C4 | Cl | C3 | C2
5 Lane closure Day | C3 | C4 | C2 | Cl | Night | C2 | C4 | Cl | C3
6 Lane closure Night | C4 | C1 | C2 | C3 | Day | C3 | C2 | Cl | C4
7 Lane closure Day | C1 | C3 | C2 | C4 | Night | C2 | C4 | Cl | C3
8 Lane closure Night | C1 | C2 | C3 | C4 | Day | C2 | C3 | Cl | C4
9 Lane closure Day | C3 | C4 | C2 | Cl | Night | C1 | C3 | C2 | C4
10 Lane closure Night | C1 | C3 | C4 | C2 | Day | C3 | C2 | Cl | C4
11 Lane closure Day | C3 | Cl | C2 | C4 | Night | C1 | C3 | C4 | C2
12 Lane closure Night | C3 | C1 | C4 | C2 | Day | Cl | C3 | C4 | C2
13 Lane closure Day | C3 | C4 | Cl | C2 | Night | C3 | Cl | C2 | C4
14 Lane closure Night | C1 | C2 [ C4 [ C3 | Day | C4 | C2 | C3 | CI
15 Lane closure Day | Cl | C2 | C4 | C3 | Night | C2 | Cl | C3 | C4
16 Lane closure Night | C4 | C1 | C2 | C3 | Day | C3 | Cl | C2 | C4
17 Lane closure Day | Cl1 | C3 | C4 | C2 | Night | C3 | C4 | Cl | C2
18 Lane closure Night | C1 | C2 | C3 | C4 | Day | C4 | C2 | Cl | C3
19 Lane closure Day | C4 | C2 | Cl | C3 | Night | C3 | C4 | C2 | CI
20 Lane closure Night | C3 | C4 | Cl | C2 | Day | Cl | C2 | C3 | C4
21 Lane closure Day | C3 | C4 | C2 | Cl | Night | C2 | C4 | C3 | CI
22 Lane closure Night | C3 | Cl1 | C2 | C4 | Day | Cl | C3 | C4 | C2
23 Lane closure Day | C4 | C3 | C2 | Cl | Night | C2 | Cl | C4 | C3
24 Lane closure Night | C4 | C2 | Cl1 | C3 | Day | C4 | Cl | C3 | C2
25 Lane closure Day | C4 | Cl | C3 | C2 | Night | C4 | C3|[C2] Cl
26 Lane closure Night | C3 | C1 | C2 | C4 | Day | C4 | C2 | C3 | CI
27 Lane closure Day | C4 | Cl | C2 | C3 | Night | C1 | C3 | C2 | C4
28 Lane closure Night | C3 | C2 | C4 | Cl | Day | C4 | C2 | C3 | CI
29 Lane closure Day | C4 | C3 | C2 | Cl | Night | C3 | Cl | C2 | C4
30 Lane closure Night | C3 | C4 | Cl | C2 | Day | C4 | C2 | Cl | C3
31 Lane closure Day | C4 | C3 | C2 | Cl | Night | C1 | C2 | C3 | C4
32 Lane closure Night | C1 | C2 | C3 | C4 | Day | C3 | C4 | C2 | Cl
33 Shoulder work Day | C3 | C4 | Cl | C2 | Night | C4 | C3 | C2 ]| Cl
34 Shoulder work Night | C4 | C2 | C3 | CI1 Day | C4 | ClI | C3 | C2
35 Shoulder work Day | Cl1 | C4 | C2 | C3 | Night | C3 | C4 | Cl | C2
36 Shoulder work Night | C4 | C3 | Cl1 | C2 | Day | C4 | Cl | C3 | C2
37 Shoulder work Day | C3 | C4 | C2 | Cl | Night | C2 | C4 | Cl | C3
38 Shoulder work Night | C4 | C1 | C2 | C3 | Day | C3 | C2 | Cl | C4
39 Shoulder work Day | Cl1 | C3 | C2 | C4 | Night | C2 | C4 | Cl | C3
40 Shoulder work Night | C1 | C2 | C3 | C4 | Day | C2 [ C3 [ Cl | C4
41 Shoulder work Day | C3 | C4 | C2 | Cl | Night | Cl | C3 | C2 ]| C4
42 Shoulder work Night | C1 | C3 | C4 | C2 | Day | C3 | C2 | Cl | C4
43 Shoulder work Day | C3 | Cl | C2 | C4 | Night | C1 | C3 | C4 | C2
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44 Shoulder work Night | C3 | Cl1 [C4 [ C2 | Day | Cl | C3 | C4 | C2
45 Shoulder work Day | C3 | C4 | Cl | C2 | Night | C3 | Cl |C2]| C4
46 Shoulder work Night | C1 | C2 [ C4 | C3 | Day | C4 | C2 | C3 | Cl
47 Shoulder work Day | Cl | C2 | C4 | C3 | Night | C2 | Cl | C3 | C4
48 Shoulder work Night | C4 | C1 | C2 | C3 | Day | C3 | Cl | C2 | C4
49 Shoulder work Day | C1 | C3 | C4 | C2 | Night | C3 | C4 | Cl | C2
50 Shoulder work Night | C1 | C2 | C3 | C4 | Day | C4 | C2 | Cl | C3
51 Shoulder work Day | C4 | C2 | Cl | C3 | Night | C3 | C4]C2 ] Cl
52 Shoulder work Night | C3 | C4 [ Cl [ C2 | Day | Cl | C2 | C3 | C4
53 Shoulder work Day | C3 | C4 | C2 | Cl | Night | C2]C4]C3 | Cl
54 Shoulder work Night | C3 | Cl1 [C2 [ C4 | Day | Cl | C3 | C4 | C2
55 Shoulder work Day | C4 | C3 | C2 | Cl1 | Night [ C2 | Cl1 | C4 | C3
56 Shoulder work Night | C4 | C2 [Cl [C3 | Day | C4 [ Cl | C3 | C2
57 Shoulder work Day | C4 | Cl | C3 | C2 | Night | C4]C3|C2]|Cl
58 Shoulder work Night | C3 | Cl1 [C2 | C4 | Day | C4 | C2 | C3 | Cl
59 Shoulder work Day | C4 | Cl | C2 | C3 | Night | Cl1 | C3 | C2 | C4
60 Shoulder work Night | C3 | C2 | C4 | CI1 Day | C4 | C2 | C3 | Cl
61 Shoulder work Day | C4 | C3 | C2 | Cl | Night | C3 | Cl | C2 | C4
62 Shoulder work Night | C3 | C4 | Cl | C2 | Day | C4 | C2 | Cl | C3
63 Shoulder work Day | C4 | C3 | C2 | Cl | Night | C1 | C2 | C3 | C4
64 Shoulder work Night | C1 | C2 | C3 | C4 | Day | C3 | C4 | C2 | C]

Note: C1: Original design of traffic sign (fluorescent orange sign); C2: Doubling-up of fluorescent orange
sign (setting signs on both sides of the road); C3: Fluorescent orange sign with orange LEDs; C4:

Fluorescent orange sign with orange beacon.
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APPENDIX E. SUPPLEMENTARY INFORMATION FOR SESSION 10

E.1 Lane Closure Experiment
E.1.1 Eye Movement

E.1.1.1 Fixation duration

I daytime
° [ nighttime
1.4

1.2 C

[y
o
L

o
oo
.
@

0.6 1

Fixation Duration (Second)

o

i
o]

Q

0.2 1

0.0

T T T T
cl 2 c3 4
Countermeasure

Figure E.1 Boxplot of fixation duration (lane closure).

Table E.1 ANOVA Test Results for Fixation Duration (Lane Closure)

Time Sum of
Scenarios | Source DF Squares | Mean Square | F Value | P-value
Daytime | Model 3 0.4372 0.1457 3.3984 0.0312
Error 124 7.5346 0.0608 —
Corrected Total 127 7.9718 — —
Nighttime | Model 3 0.6135 0.2045 7.0741 <0.01
Error 124 3.5845 0.0289 —
Corrected Total | 127 4.1980 — —
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Table E.2 Tukey’s HSD Test Results for Fixation Duration (Lane Closure)

Time Mean P-

Scenarios | Group 1 Group 2 Difference | value | Lower | Upper | Reject
Original design (C1) | Doubling-up (C2) -0.0931 0.4339 | -0.2536 | 0.0674 | FALSE
Original design (C1) | LEDs (C3) 0.0269 0.9722 | -0.1336 | 0.1874 | FALSE

Daytime Original design (C1) | Beacon (C4) 0.0653 0.7144 | -0.0952 | 0.2258 | FALSE
Doubling-up (C2) LEDs (C3) 0.1776 0.0439 | -0.0405 | 0.2805 | TRUE
Doubling-up (C2) Beacon (C4) 0.1685 0.0413 | -0.0020 | 0.3189 | TRUE
LEDs (C3) Beacon (C4) 0.0385 0.9242 | -0.1220 | 0.1989 | FALSE
Original design (C1) | Doubling-up (C2) 0.0475 0.6798 | -0.0632 | 0.1582 | FALSE
Original design (C1) | LEDs (C3) 0.1857 0.0002 | 0.0750 | 0.2964 | TRUE

Nighttime Original design (C1) | Beacon (C4) 0.1049 0.0699 | -0.0057 | 0.2156 | FALSE
Doubling-up (C2) LEDs (C3) 0.1382 0.0079 | 0.0275 | 0.2489 | TRUE
Doubling-up (C2) Beacon (C4) 0.0575 0.5318 | -0.0532 | 0.1682 | FALSE
LEDs (C3) Beacon (C4) -0.0808 0.2334 | -0.1915 | 0.0299 | FALSE

Table E.3 Paired T-test Results for Fixation Duration (Lane Closure)

Countermeasures T-Statistic P-value
Original design (C1) 1.9023 0.0782
Doubling-up (C2) -0.2857 0.7770
LEDs (C3) -0.6669 0.5098
Beacon (C4) 1.5300 0.1362

E.1.1.2 Left pupil diameter

Figure E.2 shows the boxplot of left pupil mean diameter for the original design (C1) and three

countermeasures (doubling-up of fluorescent orange sign (C2), fluorescent orange sign with
orange LEDs (C3), and fluorescent orange sign with orange beacon (C4)) under daytime and
nighttime conditions. For all countermeasures (including the original design group), the left pupil

mean diameters were higher during nighttime compared to daytime. It indicates that there were
increased left pupil diameters under low-lighting conditions. The distribution of data
(interquartile range) was also wider for some nighttime scenarios, suggesting greater variability

in pupil response. Outliers are observed in a few cases, indicating that some participants had
different left pupil diameters from the majority.
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Figure E.2 Boxplot of left pupil mean diameter (lane closure).

Table E.4 ANOVA Test Results for Left Pupil Mean Diameter (Lane Closure)

Time Sum of

Scenarios | Source DF Squares | Mean Square | F Value | P-value
Model 3 0.4602 0.2301 0.2519 0.8599

Daytime Error 124 75.5282 4.1960 — —
Corrected Total 127 75.9884 - — -
Model 3 0.3941 0.1971 0.1403 0.9357

Nighttime | Error 124 116.1403 6.4522 - -
Corrected Total 127 116.5344 - — -

Table E.5 Paired T-test Results for Left Pupil Mean Diameter (Lane Closure)

Countermeasures T-Statistic P-value
Original design (C1) -4.9087 <0.01
Doubling-up (C2) -7.8887 <0.01
LEDs (C3) -9.2670 <0.01
Beacon (C4) -7.1153 <0.01

E.1.1.3 Right pupil diameter

Figure E.3 shows the boxplot of right pupil mean diameter for C1-C4. Similar as the left pupil
mean diameter, for all countermeasures (including the original design group), the right pupil
mean diameters were higher during nighttime compared to daytime, possibly due to the natural
dilation response in low-light environments. The interquartile ranges were generally larger for
nighttime than for daytime across most countermeasures, indicating more variability in pupil
diameter in low-lighting conditions. Outliers are obvious at nighttime, suggesting individual
differences in adaptation to nighttime conditions.
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Figure E.3 Boxplot of right pupil mean diameter (lane closure).

Table E.6 ANOVA Test Results for Right Pupil Mean Diameter (Lane Closure)

Time Mean

Scenarios | Source DF | Sum of Squares Square F Value | P-value
Model 3 0.5802 0.2901 0.2777 | 0.8414

Daytime Error 124 86.368 4.7982 - -
Corrected Total | 127 86.9482 - - -
Model 3 1.2406 0.6203 0.4756 | 0.6998

Nighttime | Error 124 107.8151 5.9897 — —
Corrected Total | 127 109.0557 — — —

Table E.7 Paired T-test Results for Right Pupil Mean Diameter (Lane Closure)

Countermeasures T-Statistic P-value
Original design (C1) -3.0716 <0.01
Doubling-up (C2) -8.3513 <0.01
LEDs (C3) -5.4875 <0.01
Beacon (C4) -6.8882 <0.01

E.1.2 Driving Performance

E.1.2.1 Mean speed

Figure E.4 shows the vehicle speed data for the original design (C1) and three countermeasures
(doubling-up (C2), LEDs (C3), and beacon (C4)) under daytime and nighttime conditions.
Median speeds were fairly consistent across all countermeasures, with small differences between
daytime and nighttime conditions, suggesting that drivers generally maintained similar speeds
regardless of time scenarios.
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Figure E.4 Boxplot of vehicle speed (lane closure).
Table E.8 ANOVA Test Results for Mean Speed (Lane Closure)
Time Sum of Mean F P-
Scenarios Source DF Squares Square Value | value
Model 3 64.7357 21.5786 0.3150 | 0.8145
Daytime Error 124 8,494.3543 68.5029 — —
Corrected Total | 127 8,559.0900 — — —
Model 3 14.0433 4.6811 0.0719 | 0.9749
Nighttime Error 124 8,075.8426 65.1278 - —
Corrected Total | 127 8,089.8859 — — —

Table E.9 Paired T-test Results for Mean Speed (Lane Closure)

Countermeasures T-Statistic P-value
Original design (C1) 0.1141 0.9099
Doubling-up (C2) -1.9010 0.0666
LEDs (C3) -0.8715 0.3902
Beacon (C4) 1.1563 0.2564

E.1.2.2 Speed reduction

Figure E.5 shows the speed reduction data for the original design (C1) and three
countermeasures (doubling-up (C2), LEDs (C3), and beacon (C4)) under both daytime and

nighttime conditions. It indicates that speed reductions were larger during nighttime across all
countermeasures, suggesting drivers’ cautious behaviors at nighttime.
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Figure E.5 Boxplot of speed reduction (lane closure).
Table E.10 ANOVA Test Results for Speed Reduction (Lane Closure)
Time Sum of Mean
Scenarios Source DF Squares Square | F Value | P-value
Model 3 49.6115 16.5372 0.6258 0.5996
Daytime Error 124 3,276.5703 26.4240 — -
Corrected Total | 127 3,326.1818 — — -
Model 3 48.5640 16.1880 0.6318 0.5959
Nighttime Error 124 3,177.1926 25.6225 — —
Corrected Total | 127 3,225.7566 — — —

Table E.11 Paired T-test Results for Speed Reduction (Lane Closure)

Countermeasures T-Statistic P-value
Original design (C1) 1.8197 0.0785
Doubling-up (C2) 1.1290 0.2676
LEDs (C3) 0.3835 0.7040
Beacon (C4) 0.4088 0.6855

E.1.2.3 Mean acceleration

Figure E.6 shows a boxplot of vehicle acceleration for C1-C4 under daytime and nighttime
scenarios. For the original design, doubling-up, and beacon, acceleration was larger during
daytime compared to nighttime, while LEDs (C3) showed the opposite result. Outliers were
presented in all countermeasures, with slightly more variability in acceleration observed during
nighttime scenario for doubling-up and beacon countermeasures.
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Figure E.6 Boxplot of vehicle acceleration (lane closure).

Table E.12 ANOVA Test Results for Mean Acceleration (Lane Closure)

Time Sum of Mean

Scenarios Source DF Squares Square F Value | P-value
Model 3 0.0021 0.0007 0.2001 0.8961

Daytime Error 124 0.4213 0.0034 — —
Corrected Total | 127 0.4234 — — —
Model 3 0.0099 0.0033 1.3153 0.2725

Nighttime Error 124 0.3111 0.0025 — —
Corrected Total | 127 0.3210 — — —

Table E.13 Paired T-test Results for Mean Acceleration (Lane Closure)

Countermeasures T-Statistic P-value
Original design (C1) 1.4344 0.1618
Doubling-up (C2) 1.0688 0.2937
LEDs (C3) 0.5496 0.5867
Beacon (C4) 0.6316 0.5324

E.1.2.4 Lateral position

Figure E.7 displays the distribution of vehicle lateral position (in feet) for C1 — C4 under both
daytime and nighttime scenarios. Overall, the lateral positions were consistent across conditions,
with a slight increase in median position during nighttime. There were some lower outliers,
particularly during the daytime, indicating instances where the vehicle position was closer to the
right lane edge.
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Table E.14 ANOVA Test Results for Lateral Position (Lane Closure)

Time Sum of Mean

Scenarios Source DF Squares Square | F Value | P-value
Model 3 1.6657 0.5552 0.2104 0.8891

Daytime Error 124 327.2422 2.6391 — —
Corrected Total | 127 328.9079 - - —
Model 3 0.4618 0.1539 0.0642 0.9787

Nighttime Error 124 297.1840 2.3966 — —
Corrected Total | 127 297.6458 — — —

Table E.15 Paired T-test Results for Lateral Position (Lane Closure)

Countermeasures T-Statistic P-value
Original design (C1) -1.6713 0.1047
Doubling-up (C2) -0.6399 0.5269
LEDs (C3) -1.7696 0.0866
Beacon (C4) -1.1733 0.2496

E.1.3 Synchronized Data

E.1.3.1 First-fixation distance to countermeasure

Figure E.8 shows the boxplot of the first-fixation distance to countermeasure indicator for C1—
C4 under the lane closure scenario. It shows that LEDs (C3) and beacon (C4) had longer average
first-fixation distance to countermeasure than the original design (C1) and doubling-up (C2).
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Figure E.8 Boxplot of first-fixation distance to countermeasure (lane closure).

Table E.16 ANOVA Test Results for First-fixation Distance to Countermeasure (Lane Closure)

Time Scenarios | Source DF | Sum of Squares | Mean Square | F Value | P-value
Model 3 337,233.466 112,411.155 3.111 0.03

Daytime Error 87 3,143,418.15 36,131.243 — —
Corrected Total | 90 3,480,651.616 — — -
Model 3 414,067.311 138,022.437 3.815 0.013

Nighttime Error 79 2,858,262.271 36,180.535 — —
Corrected Total | 82 3,272,329.582 — — -

(Lane Closure)

Table E.17 Tukey’s HSD Test Results for First-fixation Distance to Countermeasure

Time Mean P-

Scenarios | Group 1 Group 2 difference | value | Lower Upper | Reject
Original design (C1) | Doubling-up (C2) 68.701 0.675 | -91.228 | 228.630 | FALSE
Original design (C1) | LEDs (C3) 163.538 | 0.021 | 18.671 | 308.405 | TRUE

Daytime Original design (C1) | Beacon (C4) 113.635 | 0.189 | -33.746 | 261.015 | FALSE
Doubling-up (C2) LEDs (C3) 94.837 0.362 | -56.669 | 246.343 | FALSE
Doubling-up (C2) Beacon (C4) 44.934 | 0.870 | -108.977 | 198.845 | FALSE
LEDs (C3) Beacon (C4) -49.904 | 0.780 | -188.098 | 88.291 | FALSE
Original design (C1) | Doubling-up (C2) 72.900 | 0.719 | -108.806 | 254.605 | FALSE
Original design (C1) | LEDs (C3) 152.553 | 0.044 | 2.754 | 302.352 | TRUE

Nighttime Original design (C1) | Beacon (C4) 184.830 | 0.015 | 27.726 | 341.934 | TRUE
Doubling-up (C2) LEDs (C3) 79.654 | 0.594 | -86.975 | 246.282 | FALSE
Doubling-up (C2) Beacon (C4) 111.930 | 0.333 | -61.296 | 285.155 | FALSE
LEDs (C3) Beacon (C4) 32.276 0.929 | -107.115 | 171.667 | FALSE
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Table E.18 Paired T-test Results for First-fixation Distance to Countermeasure (Lane Closure)

Countermeasures T-Statistic P-value
Original design (C1) -0.024 0.981
Doubling-up (C2) -0.072 0.943
LEDs (C3) 0.201 0.842
Beacon (C4) -1.240 0.222

E.1.3.2 Gas pedal variation
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Figure E.9 Boxplot of gas pedal variation (lane closure).

Table E.19 ANOVA Test Results for Gas Pedal Variation (Lane Closure)

Time

Scenarios | Source DF | Sum of Squares | Mean Square | F Value | P-value
Model 3 0.032 0.011 1.549 0.208

Daytime | Error 87 0.6 0.007 — —
Corrected Total | 90 0.632 — — —
Model 3 0.019 0.006 1.283 0.286

Nighttime | Error 79 0.382 0.005 — —
Corrected Total | 82 0.401 — — —

Table E.20 Paired T-test Results for Gas Pedal Variation (Lane Closure)

Countermeasures T-Statistic P-value
Original design (C1) -0.878 0.388
Doubling-up (C2) 1.829 0.078
LEDs (C3) 0.055 0.957
Beacon (C4) -0.210 0.835

E-10



E.1.3.3 Steering variation

I Daytime
[ Nighttime
1 o o
o o °©
< ) ? ﬁ
=
k] ©
=1
T
g o 8
2 o
prar} (o] o]
wn o] o
o}
_2 -
Q
(o]
o
_3
a @ G 4
Countermeasure

Figure E.10 Boxplot of steering variation (lane closure).

Table E.21 ANOVA Test Results for Steering Variation (Lane Closure)

Time P-
Scenarios | Source DF | Sum of Squares | Mean Square | F Value | value
Model 3 2.871 0.957 3.244 0.026
Daytime | Error 87 25.664 0.295 — —
Corrected Total | 90 28.535 — — —
Model 3 1.550 0.517 1.512 0.218
Nighttime | Error 79 27.003 0.342 — —
Corrected Total | 82 28.553 — — —




Table E.22 Tukey’s HSD Test Results for Steering Variation (Lane Closure)

Time Mean P-

Scenarios | Group 1 Group 2 difference | value | Lower | Upper | Reject
Original design (C1) | Doubling-up (C2) 0.307 0.301 | -0.150 | 0.764 | FALSE
Original design (C1) | LEDs (C3) 0.463 0.022 | 0.049 | 0.877 | TRUE

Daytime Original design (C1) | Beacon (C4) 0.404 0.065 | -0.017 | 0.826 | FALSE
Doubling-up (C2) LEDs (C3) 0.156 0.781 | -0.277 | 0.589 | FALSE
Doubling-up (C2) Beacon (C4) 0.098 0.937 | -0.342 | 0.538 | FALSE
LEDs (C3) Beacon (C4) -0.058 0.980 | -0.453 | 0.337 | FALSE
Original design (C1) | Doubling-up (C2) 0.456 0.827 | -0.940 | 1.852 | FALSE
Original design (C1) | LEDs (C3) 0.319 0.886 | -0.832 | 1.471 | FALSE

Nighttime Original design (C1) | Beacon (C4) 0.055 0.999 | -1.152 | 1.263 | FALSE
Doubling-up (C2) LEDs (C3) -0.137 0.992 | -1.417 | 1.144 | FALSE
Doubling-up (C2) Beacon (C4) -0.401 0.859 | -1.732 | 0.930 | FALSE
LEDs (C3) Beacon (C4) -0.264 0916 | -1.336 | 0.807 | FALSE

Countermeasures T-Statistic P-value

Original design (C1) -1.979 0.059

Doubling-up (C2) -1.036 0.314

LEDs (C3) 1.762 0.085

Beacon (C4) -0.276 0.784

E.1.3.4 Speed variation
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Figure E.11 Boxplot of speed variation (lane closure).
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Table E.24 ANOVA Test Results for Speed Variation (Lane Closure)

Time P-
Scenarios | Source DF | Sum of Squares | Mean Square | F Value | value
Model 3 1.6 0.533 0.386 0.763
Daytime | Error 87 120.264 1.382 - -
Corrected Total | 90 121.864 - - -
Model 3 2.468 0.823 0.385 0.764
Nighttime | Error 79 168.802 2.137 — —
Corrected Total | 82 171.27 — — —

Lateral Position Variation (feet)

Table E.25 Paired T-test Results for Speed Variation (Lane Closure

Countermeasures T-Statistic P-value

Original design (C1) 0.721 0.477

Doubling-up (C2) -0.304 0.765

LEDs (C3) -1.003 0.320

Beacon (C4) 0.270 0.788

E.1.3.5 Lateral position variation
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Figure E.12 Boxplot of lateral position variation (lane closure).
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Table E.26 ANOVA Test Results for Lateral Position Variation (Lane Closure)

Time P-
Scenarios | Source DF | Sum of Squares | Mean Square | F Value | value
Daytime | Model 3 2.747 0.916 0.679 0.567
Error 87 117.394 1.349 - -
Corrected Total | 90 120.141 - - -
Nighttime | Model 3 3.777 1.259 0.854 0.468
Error 79 116.398 1.473 - -
Corrected Total | 82 120.175 — - —
Table E.27 Paired T-test Results for Lateral Position Variation (Lane Closure)
Countermeasures T-Statistic P-value
Original design (C1) 0.289 0.774
Doubling-up (C2) 0.101 0.920
LEDs (C3) 0.614 0.544
Beacon (C4) -0.876 0.386
E.1.4 Self-evaluation
Table E.28 ANOVA Test Results for Participants’ Self-Evaluation (Lane Closure)
Source DF Sum of Squares Mean Square F Value P-value
Model 2 8,301.1545 4,150.5773 50.4636 <0.01
Error 15 1,233.7345 82.2490 — -
Corrected Total 17 9,534.8890 - — -

Table E.29 Results of the Tukey’s HSD Test for Participants’ Self-Evaluation (Lane Closure)

Mean
Group 1 Group 2 Difference | P-value | Lower | Upper | Reject
Beacon (C4) Doubling-up (C2) -48.9567 <0.01 | -62.557 | -35.356 | TRUE
Beacon (C4) LEDs (C3) -7.8133 0.3223 | -21.413 | 5.787 | FALSE
Doubling-up (C2) | LEDs (C3) 41.1433 <0.01 27.542 | 54.743 | TRUE

E.2 Shoulder Work Experiment

E.2.1 Eye Movement

E.2.1.1 Fixation number

Figure E.13 shows the boxplot of fixation number for C1-C4 in the shoulder work experiment.
The boxplot shows that during daytime, doubling-up (C2) had a higher median and wider spread
of fixation numbers compared to the other countermeasures, suggesting increased drivers’
attention. In contrast, LEDs (C3) exhibited the highest variability during nighttime, with several
outliers indicating a diverse response from participants. The original design (C1) and beacon

(C4) had relatively low and consistent fixation numbers.
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Figure E.13 Conditions boxplot of fixation number (shoulder work).

Table E.30 ANOVA Test Results for Fixation Number (Shoulder Work)

Time
Scenarios | Source DF | Sum of Squares | Mean Square | F Value | P-value
Model 3 54.3359 18.1120 1.6015 0.1925
Daytime | Error 124 1,402.4062 11.3097 - —
Corrected Total | 127 1,456.7421 — - -
Model 3 226.9375 75.6458 5.1371 0.0022
Nighttime | Error 124 1,825.9375 14.7253 - —
Corrected Total | 127 2,052.8750 - — —
Table E.31 Tukey’s HSD Test Results for Fixation Number (Shoulder Work)
Time Mean P-
Scenarios | Group 1 Group 2 Difference | value | Lower | Upper | Reject
Original design (C1) | Doubling-up (C2) 1.6875 0.1909 | -0.5020 | 3.8770 | FALSE
Original design (C1) | LEDs (C3) 0.5000 0.9335 | -1.6895 | 2.6895 | FALSE
Daytime Original design (C1) | Beacon (C4) 0.2188 0.9938 | -1.9707 | 2.4082 | FALSE
Doubling-up (C2) LEDs (C3) -1.1875 0.494 | -3.3770 | 1.0020 | FALSE
Doubling-up (C2) Beacon (C4) -1.4688 | 0.3041 | -3.6582 | 0.7207 | FALSE
LEDs (C3) Beacon (C4) -0.2812 | 0.9870 | -2.4707 | 1.9082 | FALSE
Original design (C1) | Doubling-up (C2) 0.1562 0.9985 | -2.3421 | 2.6546 | FALSE
Original design (C1) | LEDs (C3) 3.3125 0.0042 | 0.8142 | 5.8108 | TRUE
Nighttime Original design (C1) | Beacon (C4) 1.5312 0.3846 | -0.9671 | 4.0296 | FALSE
Doubling-up (C2) LEDs (C3) 3.1562 0.0071 | 0.6579 | 5.6546 | TRUE
Doubling-up (C2) Beacon (C4) 1.3750 0.4811 | -1.1233 | 3.8733 | FALSE
LEDs (C3) Beacon (C4) -1.7812 ] 0.2522 | -4.2796 | 0.7171 | FALSE

E-15




Table E.32 Paired T-test Results for Fixation Number (Shoulder Work)

Countermeasures T-Statistic P-value
Original design (C1) 0.2065 0.8378
Doubling-up (C2) 1.9841 0.0562
LEDs (C3) -3.2926 0.0025
Beacon (C4) -1.6451 0.1100

E.2.1.2 Fixation duration

Figure E.14 shows the boxplot of fixation durations for C1 — C4 under daytime and nighttime
scenarios. The figure shows that, for all countermeasures, the median fixation duration was
relatively consistent between daytime and nighttime, but variability was noticeably higher for
beacon (C4) during daytime. Outliers were observed, particularly for LEDs (C3) and beacon
(C4), suggesting that some participants exhibited longer fixation durations compared to others.
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Figure E.14 Boxplot of fixation duration (shoulder work).

Table E.33 ANOVA Test Results for Fixation Duration (Shoulder Work)

Time

Scenarios | Source DF | Sum of Squares | Mean Square | F Value | P-value
Model 3 0.2283 0.0761 1.5316 0.2096

Daytime | Error 124 6.1603 0.0497 — —
Corrected Total | 127 6.3886 — — —
Model 3 0.2124 0.0708 2.9389 0.0359

Nighttime | Error 124 2.9867 0.0241 — —
Corrected Total | 127 3.1991 - — —
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Table E.34 Tukey’s HSD Test Results for Fixation Duration (Shoulder Work)

Time Mean

Scenarios | Group 1 Group 2 Difference | P-value | Lower | Upper | Reject
Original design (C1) | Doubling-up (C2) 0.0616 0.6871 | -0.0835 | 0.2067 | FALSE
Original design (C1) | LEDs (C3) 0.0614 0.6888 | -0.0837 | 0.2065 | FALSE

Daytime Original design (C1) | Beacon (C4) 0.1194 0.1454 | -0.0257 | 0.2645 | FALSE
Doubling-up (C2) LEDs (C3) -0.0002 1.0000 | -0.1453 | 0.1450 | FALSE
Doubling-up (C2) Beacon (C4) 0.0578 0.7275 | -0.0873 | 0.2029 | FALSE
LEDs (C3) Beacon (C4) 0.0580 0.7258 | -0.0871 | 0.2031 | FALSE
Original design (C1) | Doubling-up (C2) -0.0074 0.9975 | -0.1085 | 0.0936 | FALSE
Original design (C1) | LEDs (C3) 0.0949 0.0738 | -0.0061 | 0.1960 | FALSE

Nighttime Original design (C1) | Beacon (C4) 0.0420 0.7008 | -0.0590 | 0.1430 | FALSE
Doubling-up (C2) LEDs (C3) 0.1023 0.0459 | 0.0013 | 0.2034 | TRUE
Doubling-up (C2) Beacon (C4) 0.0494 0.5814 | -0.0516 | 0.1505 | FALSE
LEDs (C3) Beacon (C4) -0.0529 0.5244 | -0.1540 | 0.0481 | FALSE

Table E.35 Paired T-test Results for Fixation Duration (Shoulder Work)

Countermeasure T-Statistic P-value
Original design (c1) -0.8777 0.3868
Doubling-up (c2) 1.2489 0.2211
LEDs (c3) -1.5863 0.1228
Beacon (c4) 0.9633 0.3428

E.2.1.3 Left pupil diameter

Figure E.15 shows the boxplot of left pupil mean diameter for C1-C4 under daytime and
nighttime. It indicates that across all conditions, nighttime pupil diameters were consistently
higher than daytime, indicating increased pupil dilation under low-lighting conditions. Also, the

variability was greater at nighttime, as shown by wider interquartile ranges and more outliers.
Among all countermeasures, the nighttime condition for the original design (C1) exhibited the

largest range, suggesting diverse pupil dilation responses.
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Figure E.15 Boxplot of left pupil mean diameter (shoulder work).

Table E.36 ANOVA Test Results for Left Pupil Mean Diameter (Shoulder Work)

Time

Scenarios | Source DF | Sum of Squares | Mean Square | F Value | P-value
Model 3 0.1559 0.0520 0.0570 0.9820

Daytime | Error 124 113.0602 0.9118 — —
Corrected Total | 127 113.2161 — — —
Model 3 0.2375 0.0792 0.0446 0.9874

Nighttime | Error 124 220.0631 1.7747 - -
Corrected Total | 127 220.3006 — — —

Table E.37 Paired T-test Results for Left Pupil Mean Diameter (Shoulder Work)

Countermeasures T-Statistic P-value
Original design (C1) -8.6476 <0.01
Doubling-up (C2) -8.0761 <0.01
LEDs (C3) -7.2776 <0.01
Beacon (C4) -8.3693 <0.01

E.2.1.4 Right pupil diameter

Figure E.16 shows the boxplot of right pupil mean diameter for C1-C4. The boxplot shows a
consistent trend of larger pupil diameters during nighttime compared to daytime across all
countermeasures, suggesting a higher level of attention or cognitive load at night.
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Figure E.16 Boxplot of right pupil mean diameter (shoulder work).

Table E.38 ANOVA Test Results for Right Pupil Mean Diameter (Shoulder Work)

Time P-
Scenarios | Source DF | Sum of Squares | Mean Square | F Value | value
Model 3 0.3036 0.1012 0.1046 | 0.9572
Daytime | Error 124 119.9442 0.9673 — —
Corrected Total | 127 120.2478 — — —
Model 3 0.7375 0.2458 0.1400 | 0.9359
Nighttime | Error 124 217.7442 1.7560 — —
Corrected Total | 127 218.4817 — — —

Table E.39 Paired T-test Results for Right Pupil Mean Diameter (Shoulder Work)

Countermeasures T-Statistic P-value
Original design (C1) -8.1646 <0.01
Doubling-up (C2) -9.3333 <0.01
LEDs (C3) -7.7875 <0.01
Beacon (C4) -8.3617 <0.01
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E.2.2 Driving

E.2.2.1 Mean

Performance

speed

Figure E.17 shows a boxplot of mean speed. Among all countermeasures, vehicle speed was
generally consistent between daytime and nighttime, with similar medians and interquartile
ranges. Nighttime conditions exhibited slightly wider variability in some countermeasures,
particularly LEDs (C3) and beacon (C4), as indicated by a larger spread and the presence of

more outliers.
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Figure E.17 Boxplot of vehicle speed (shoulder work).

Table E.40 ANOVA Test Results for Mean Speed (Shoulder Work)

Time Sum of Mean

Scenarios Source DF Squares Square F Value | P-value
Model 3 9.0439 3.0146 0.0991 0.9604

Daytime Error 124 3,773.2906 30.4298 - —
Corrected Total | 127 3,782.3345 - - -
Model 3 3.5214 1.1738 0.0292 0.9933

Nighttime Error 124 4,987.5904 40.2225 - —
Corrected Total | 127 4991.1118 — — —

Table E.41 Paired T-test Results for Mean Speed (Shoulder Work)

Countermeasures T-Statistic P-value
Original design (C1) -1.2226 0.2307
Doubling-up (C2) -1.1814 0.2464
LEDs (C3) 0.0146 0.9884
Beacon (C4) -0.5981 0.5541
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E.2.2.2 Speed reduction

Figure E.18 presents a boxplot for vehicle speed reduction. The speed reduction was small for all
countermeasures and considering both daytime and nighttime, with most values centered around
zero. However, greater variability was observed for doubling-up (C2) and beacon (C4), with

wider interquartile ranges and several outliers, particularly during daytime. For most
countermeasures, speed reductions were slightly larger during daytime compared to nighttime,
except for doubling-up (C2), where speed increased a little bit during nighttime.
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Figure E.18 Boxplot of speed reduction (shoulder work).

Table E.42 ANOVA Test Results for Speed Reduction (Shoulder Work)

E-21

Time Mean
Scenarios Source DF | Sum of Squares Square | F Value | P-value
Model 3 70.2438 23.4146 | 0.5177 | 0.6709
Daytime Error 124 5,608.4019 45.2290 - —
Corrected Total | 127 5,678.6457 - - -
Model 3 239.5678 79.8559 1.8666 | 0.1387
Nighttime Error 124 5,304.7787 42.7805 - —
Corrected Total | 127 5,544.3465 - — —
Table E.43 Paired T-test Results for Speed Reduction (Shoulder Work)
Countermeasures T-Statistic P-value
Original design (C1) -0.2226 0.8253
Doubling-up (C2) -2.6599 0.0123
LEDs (C3) 1.8480 0.0377
Beacon (C4) 0.6126 0.5446




E.2.2.3 Mean acceleration

Figure E.19 shows boxplots of vehicle acceleration. It shows that acceleration values were
generally small and stable across all countermeasures, with medians close to 0. Outliers were
observed for all countermeasures, indicating occasional instances of higher or lower acceleration,
particularly for nighttime conditions. Among countermeasures, doubling-up (C2) showed a wider
interquartile range, suggesting slightly higher variability in acceleration. In contrast, the original
design (C1) and beacon (C4) exhibited more compacted distributions, implying greater stability.
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Figure E.19 Boxplot of vehicle acceleration (shoulder work).

Table E.44 ANOVA Test Results for Mean Acceleration (Shoulder Work)

Time Sum of Mean

Scenarios Source DF Squares Square | F Value | P-value

Daytime Model 3 0.0022 0.0007 0.2190 0.8831
Error 124 0.4098 0.0033 — —
Corrected Total | 127 0.4120 — — —

Nighttime Model 3 0.0077 0.0026 0.8069 0.4923
Error 124 0.3956 0.0032 — —
Corrected Total | 127 0.4033 — — —

Table E.45 Paired T-test Results for Mean Acceleration (Shoulder Work)

Countermeasures T-Statistic P-value
Original design (C1) 0.5837 0.5638
Doubling-up (C2) 0.1202 0.9052
LEDs (C3) 0.6949 0.4925
Beacon (C4) 0.6032 0.5509
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E.2.2.4 Lateral position

Figure E.20 shows a boxplot of the vehicle’s lateral position. It reveals similar distributions in
lateral position across all countermeasures, with minor variations between daytime and
nighttime. The original design (C1) and beacon (C4) showed a larger scale of distribution during
both daytime and nighttime.
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Figure E.20 Boxplot of lateral position (shoulder work).

Table E.46 ANOVA Test Results for Lateral Position (Shoulder Work)

Time Sum of Mean

Scenarios Source DF Squares Square F Value | P-value
Model 3 0.1113 0.0371 0.1273 0.9438

Daytime Error 124 36.1396 0.2914 — —
Corrected Total | 127 36.2509 — — —
Model 3 0.0774 0.0258 0.0870 0.9671

Nighttime Error 124 36.7977 0.2968 — —
Corrected Total | 127 36.8751 — — —

Table E.47 Paired T-test Results for Lateral Position (Shoulder Work

Countermeasures T-Statistic P-value
Original design (C1) 0.5588 0.5803
Doubling-up (C2) 0.3563 0.7240
LEDs (C3) 0.0121 0.9904
Beacon (C4) 0.5447 0.5898
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E.2.3 Synchronized Data

E.2.3.1 First-fixation distance to countermeasure
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Figure E.21 Boxplot of first-fixation distance to countermeasure (shoulder work).

Table E.48 ANOVA Test Results for First-fixation Distance to Countermeasure

(Shoulder Work
Time
Scenarios | Source DF | Sum of Squares | Mean Square | F Value | P-value
Model 3 964146.549 321382.183 1.264 0.291
Daytime | Error 93 23640949.89 254203.762 — —
Corrected Total | 96 24605096.44 — — —
Model 3 4314811.871 1438270.624 5.373 0.002
Nighttime | Error 91 24359630.14 267688.243 — —
Corrected Total | 94 28674442.01 — — —
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Table E.49 Tukey’s HSD Test Results for First-fixation Distance to Countermeasure

(Shoulder Work)
Time Mean P-
Scenarios | Group 1 Group 2 Difference | value Lower | Upper | Reject
Daytime | Original design (C1) | Doubling-up (C2) 28.619 0.998 | -372.825 | 430.062 | FALSE
Original design (C1) | LEDs (C3) 215.215 0.494 | -182.881 | 613.310 | FALSE
Original design (C1) | Beacon (C4) 215.969 0.484 | -179.002 | 610.939 | FALSE
Doubling-up (C2) LEDs (C3) 186.596 0.552 | -182.869 | 556.061 | FALSE
Doubling-up (C2) Beacon (C4) 187.350 0.541 | -178.746 | 553.445 | FALSE
LEDs (C3) Beacon (C4) 0.754 1.000 | -361.668 | 363.175 | FALSE
Nighttime | Original design (C1) | Doubling-up (C2) | 101.718 0911 | -301.018 | 504.453 | FALSE
Original design (C1) | LEDs (C3) 514.617 0.007 | 108.395 |920.839 | TRUE
Original design (C1) | Beacon (C4) 431.382 0.035 21416 | 841.348 | TRUE
Doubling-up (C2) LEDs (C3) 412.900 0.027 33.610 |792.189 | TRUE
Doubling-up (C2) Beacon (C4) 329.664 0.118 | -53.633 | 712.961 | FALSE
LEDs (C3) Beacon (C4) -83.235 0.943 | -470.194 | 303.724 | FALSE
Table E.50 Paired T-test Results for First-fixation Distance to Countermeasure (Shoulder Work)
Countermeasures T-Statistic P-value
Original design (C1) 2.871 0.007
Doubling-up (C2) 3.041 0.004
LEDs (C3) 1.588 0.119
Beacon (C4) 2.112 0.042

E.2.3.2 Gas pedal variation
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Figure E.22 Boxplot of gas pedal variation (shoulder work).
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Table E.51 ANOVA Test Results for Gas Pedal Variation (Shoulder Work

Time

Scenarios | Source DF | Sum of Squares | Mean Square | F Value | P-value
Model 3 0.022 0.007 1.071 0.365

Daytime | Error 93 0.651 0.007 — —
Corrected Total | 96 0.673 - - —
Model 3 0.009 0.003 0.821 0.485

Nighttime | Error 91 0.328 0.004 — —
Corrected Total | 94 0.337 — — —

Table E.52 Paired T-test Results for Gas Pedal Variation (Shoulder Work)

Countermeasures T-Statistic P-value
Original design (C1) -0.261 0.796
Doubling-up (C2) 0.791 0.435
LEDs (C3) -0.635 0.529
Beacon (C4) -1.606 0.115

E.2.3.3 Steering variation
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Figure E.23 Boxplot of steering variation (shoulder work).

Table E.53 ANOVA Test Results for Steerin

Variation (Shoulder Work)

Time

Scenarios | Source DF | Sum of Squares | Mean Square | F Value | P-value
Model 3 0.057 0.019 0.071 0.976

Daytime | Error 93 25.056 0.269 — —
Corrected Total | 96 25.113 — — —
Model 3 0.232 0.077 0.362 0.781

Nighttime | Error 91 19.434 0.214 — —
Corrected Total | 94 19.666 - — —
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E.2.3.4 Spe

Speed Variation (mph)

Table E.54 Paired T-test Results for Steering Variation (Shoulder Work)

Countermeasures T-Statistic P-value
Original design (C1) -0.233 0.817
Doubling-up (C2) 0.239 0.812
LEDs (C3) -0.753 0.456
Beacon (C4) 0.080 0.937
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Figure E.24 Boxplot of speed variation (shoulder work).

Table E.55 ANOVA Test Results for Speed Variation (Shoulder Work)

Time

Scenarios | Source DF | Sum of Squares | Mean Square | F Value | P-value
Model 3 5.599 1.866 1.214 0.309

Daytime | Error 93 142.991 1.538 — —
Corrected Total | 96 148.59 — — —
Model 3 8.066 2.689 2.034 0.115

Nighttime | Error 91 120.298 1.322 — —
Corrected Total | 94 128.364 — — —

Table E.56 Paired T-test Results for Speed Variation (Shoulder Work)

Countermeasures T-Statistic P-value
Original design (C1) 0.159 0.874
Doubling-up (C2) -0.357 0.723
LEDs (C3) -0.184 0.855
Beacon (C4) 0.495 0.623
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E.2.3.5 Lateral position variation
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Figure E.25 Boxplot of lateral position variation (shoulder work).

Table E.57 ANOVA Test Results for Lateral Position Variation (Shoulder Work)

Time

Scenarios | Source DF | Sum of Squares | Mean Square | F Value | P-value
Model 3 6.711 2.237 1.067 0.367

Daytime | Error 93 195.045 2.097 — —
Corrected Total | 96 201.756 — — —
Model 3 2.484 0.828 0.647 0.587

Nighttime | Error 91 116.359 1.279 — —
Corrected Total | 94 118.843 — — —

Table E.58 Paired T-test Results for Lateral Position Variation (Shoulder Work)

Countermeasures T-Statistic P-value
Original design (C1) -0.118 0.907
Doubling-up (C2) 1.668 0.102
LEDs (C3) -0.453 0.652
Beacon (C4) -1.074 0.290

E.2.4 Self-Evaluation

Table E.59 ANOVA Test Results for Participants’ Self-Evaluation (Shoulder Work)

Source DF Sum of Squares Mean Square F Value P-value
Model 2 4,792.9774 2,396.4887 19.7587 <0.01
Error 15 1,819.3178 121.2879 — —
Corrected Total 17 6,612.2952 - - —
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Table E.60 Tukey’s HSD Test Results for Participants’ Self-Evaluation (Shoulder Work)

Group 1 Group 2 Mean Difference | P-value | Lower | Upper | Reject
Beacon (C4) Doubling-up (C2) -8.3333 04111 | -24.849 | 8.1824 | FALSE
Beacon (C4) LEDs (C3) 29.6883 0.0008 | 13.172 | 46.204 | TRUE
Doubling-up (C2) | LEDs (C3) 38.0217 0.0001 | 21.505 | 54.537 | TRUE
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